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When flying in the clouds or during rainfall there may appear
corona or even sparks on the surface of the airplane. As a result,
strong statics develop» which increase the probability of hitting
the airplane by lightning. In some cases, the aerodynamics of the
airplane may be subjected to changes. The electrification of the
airplane may distort the results of micro-physical observation of
the clouds, particularly the measurement of the atmospheric elec¬
tricity. This volume is the first attempt to cover the subject in
all meteorological aspects. An analysis is given of the static
electrification of bodies in streams of particles. The relationship
between electrification of the airplane and cloud parameters is
discussed. Experimental data on electrification in different
meteorological conditions are given./tThe book is designed for
meteorologists, specialists in aviati/oh and in electricity who
deal with the problem of static electrification, also for post¬
graduates who specialize in hydrometeorology, airplane design and
in physics.
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INTRODUCTION

The study of static electrification has a curious history.

The

first sources of electricity, discovered back in the seventh century
B.C., were in today's terms static electricity generators.

Amber —

electron in Greek — becomes luminous when rubbed with wool or fur
,

and gave its name to the new form of energy and the science associated
0

with it — electricity.

And yet the nature of static electrification

lias received far less study than the nature of the processes in
chemical current sources or electromagnetic generators, even in the
latest electrodynamic and magnetodynamic modifications.

The little

attention devoted to the nature or even the very phenomena of static
electrification is usually associated, first of all, with the rela¬
tively cool relationship of the other sciences and technologies to
this problem and, second, with the difficulty involved in the study
of the static electrification phenomena.

"In our preoccupation with

the dramatic developments in the numerous fields of modern physics
...we tend to forget our profound ignorance of some of the longestknown phenomena of physics.

Among these are... static electrification,"

wrote one of the foremost Investigators in this field, L. Loeb, in
1957 in his book "Static Electrification".

The introduction of the

term "triboelectricity" (or frictional electricity) really did not
clarify anything about the nature of static electricity, since the
quantitative and qualitative relationships which arise in the process
of rubbing two bodies together remained completely mysterious.

"It

is not unusual," wrote P. S. H. Henry in 1953, "to encounter two
pieces of material which are apparently Identical in all respects and
can be highly charged under identical conditions, but. are found to be
>

•

charged with electricity of opposite signs."

The reason for this great variability of the magnitude and even
the sign of static electrification is that this electrification de¬
pends on the properties of the surface — on minute traces of
contamination or the quality of the finish.

Even a monatomic impurity

film on the surface is sufficient to alter the static electrification
characteristics .

FTD-HC-23-5^-70
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The ever-changing twentieth century with its constant generation
of new fields of engineering, continuous and rapid increase of travel
speeds and material machining speeds, use of new synthetic materials,
and ventures into new regions of space have forced the engineers to
return to the problem of static electrification. The static electri¬
fication phenomena are having an increasing effect on production
technology, communications, and flight vehicle operating conditions.
%

The static electrification which develops during flight in clouds
and precipitation has had a very significant effect on aircraft
flight.

t

Summarizing the results of the major studies in this field,
R. Gunn, an outstanding American investigator, noted in 1946 that in
certain regions of the United States the annual military aircraft
losses resulting from interference created by static electricity
amounted to more than IS of the total number of airplanes. The inten¬
sity of static electrification grows as the square or even the cube
of the flight vehicle speed, increases markedly with increasing cloud
density and with increase of the precipitation intensity from the
clouds; yet the basic trends in airplane design and operation are
toward progressive increase of the speed, particularly with the intro¬
duction of Jet engines and the trend toward all-weather flight
operations.
While in 1946 airplanes were charged to a potential of 300-400,000
volts and their charging currents did not exceed a few hundred micro¬
amperes, i.e., the power of the airplane electrostatic interference
generator reached several tens of watts, today these parameters
amount to 1-1.5 million volts, 10 mA and 10 kw. In this coneectlon,
we recall that the stability and reliability of radio communication
with the airplane, the quality of the on-board radio navigation equip¬
ment operation, and the probability of lightning striking the airplane •
dependcto a considerable degree on the magnitude ot* the airplane's
electric charge. It is not surprising that the static electrification
problem has been termed the static hazard problem and is drawing
increasing attention from airplane designers, radio communication
FTD-HC-23-544-70
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equipment designers, operational personnel, and meteorologists.

For

the latter, this problem is also important in that the static electri¬
fication phenomena have a marked effect on the results of atmospheric
electricity measurements and many microphysical measurements in clouds
and precipitation.

Cases are known in which the results of studies of

cloud and precipitation electricity carried out over several years
have been found to be completely incorrect because of failure to
account for the effect of static electricity on the experimental
results.

At the present time, static electrification is studied basically
as a source of interference with the normal operation of aircraft,
in meteorological measurements, and so on.

However, there is no doubt

that many effects associated with static electrification are useful.
Study of the static electrification of bodies moving in clouds and
precipitation is the key to understanding the processes of intensive
electrification of water droplets and hailstones, and this means the
particle interaction conditions and, thus, the processes of precipi¬
tation formation in electrified clouds.

The success in solving the problems of actively affecting the
electric state of clouds and electrical influence on the development
of clouds and precipitation is closely associated with the studies
of static electrification of airplanes and cloud particles.

The

static electrification processes together with the Intense ionization
of the air at the surface of the airplane have a marked effect on the
aerodynamic characteristics of the airplane and can, in particular,
play the role of a Mlubricant" to reduce significantly the in-flight
aerodynamic drag.

The static hazard problem for airplanes is a complex problem and
its solution involves both the study of the effect of meteorological
conditions on airplane electrification and the solution of specific
problems of radio communication, high-voltage engineering, and so on.
The objective of the present work was to study the connection between
the airplane charge and the currents flowing to the airplane, the
connection with meteorological characteristics of the atmosphere, and

FTD-HC-23-5M-7O
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also to clarify the nature of airplane electrification.

This formu¬

lation of the task Is a result of the fact that the characteristics
being considered are purely electrical parameters, which must form the
basis of the modeling experiments or calculations.

On the other hand,

the large number of airplane types and the variety of radio equipment
used make it impossible to solve with sufficient generality the problem
of the concrete interference which develops on a given airplane under
given conditions with the use of some specific apparatus.

Therefore,

we have limited ourselves to simply presenting the methodology for
solving concrete problems.

Many general static electrification problems can be explained on
the basis of the study of airplane static electrification.

Prom this

viewpoint, the book may be useful to readers involved with the theory
and application of static electrification.

In this book, we examine the electrification conditions during
flights at speeds less than the speed of sound.

The book is based to a considerable degree on the results of
investigations at the laboratory of free atmospheric electrification
of the Main Geophysical Observatory im. A. I. Voyekov, where the
author works.

Various laboratory personnel have participated actively in
designing the equipment for the measurements, in the experiments
themselves, and in the discussion and analysis of the measurement
results:

Chief Engineer B. P. Evteyev; Senior Scientific Associate

Ya. M. Shvarts; Candidate of Tech. Sei.Ye. V. Chubarina, Candidate of
Phys. and Math. Sei; Junior Scientific Associate V. V. Mikhaylovskaya;
and Engineers S.

I. Andreyeva, N. P. Ziganov, N. T. Markchev, and

Yu. F. Ponomarev.

The acquisition of the requis ¿d data involved extensive flight
investigations.

Many of the studies were made on áirplanes of the

State Scientific and Research Institute for Civil Aviation.

Airplane

commanders V. K. Klyaus, A. A. Krestenko, V. K. Kuz'menko, S. D. Popov,
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and A. N. Lebedev and their flight crews carried out measurements
under the most difficult weather conditions.

The success of the

flight tests was due in considerable measure to the continued partici¬
pation of V. S. Aleksandrov, Chief Engineer of GOSNIIOA (State
Scientific Research Institute of Civil Aviation).

The organization

of the test program owes much to the initiative and interest of
M. M. Kulik, Deputy Minister of Civil Aviation, and R. V. Sakach,
Deputy Director of GOSNIIGA.
m

The author wishes to thank sincerely all the personnel listed
above and feels it his duty to note that this book could not have
appeared without their invaluable assistance.
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CHAPTER 1

PROBLEMS ASSOCIATED WITH STATIC ELECTRIFICATION OF
AIRPLANES AND OTHER FLIGHT VEHICLES

About 50 years ago it was noted that St. Elmo’s fire — a
luminous corona discharge in a strong electric field — occurs not
only on the tops of ship masts, church spires, and lightning rod
points, but also at the tips of airplane wings, propellers, and the
antennas of airplanes flying in clouds.

Electrical sparks sometimes

flash across the cockpit windows with a strong crackling noise.

Dis¬

ruption of radio communication by interference was frequently observed
back in the early nineteen twenties during flights in clouds by air¬
planes equipped with radio receivers.

Although these flights were

infrequent — the pilots tried to keep as far as possible from clouds
and precipitation — the researchers attempted to discover the nature
of these phenomena and particularly the interference.

By analogy with

ground-level St. Elmo's fire, the luminosity was explained by the
presence in the clouds of strong electric fields.

Findeisen advanced

the hypothesis that radio interference is the result of microdischarges
which occur in clouds during collisions of charged particles.

However,

it was noted that this interference (termed static) occurs after the
airplane enters the cloud and is not noted during flight near clouds.
Therefore, Morgan [1] suggested the idea that the interference is

FTD-HC-2 3-5^-70
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created as the result of variations of the antenna potential which
occur during contact with charged cloud particles.

This theory made

It possible to explain, in particular, the then known fact that Inter¬
ference is less during reception on a shielded loop than during
rece^J^orr-^rTaíT unshielded antenna.

The rapid development of aviation and radio communication and
navigation equipment led to the situation in which flights in clouds
became routine operations rather than infrequent events, particularly
in military aviation.

However, even during World War

II

the pilot

of an airplane entering clouds could not determine where the cloud
was more or less dense, where the cloud was less hazardous, and in
wnat parts of the cloud the danger was the greatest.

Some aircraft

found themselves in dangerous conditions and at the same time lost
their communications and the radio navigation instruments, particularly
the radio compasses, could not be trusted.
quently led to accidents.

This situation not infre¬

In certain regions of the United States

the annual military airplane losses due to interference created by
static electricity amounted to more than IS of the total airplane
fleet [4].

Hucke [3] was one of the first to make a detailed study

of the sources of this interference.

He installed points on the

sharp extremities of the airplane and measured the current flowing
through these points.

It was noted that during flight in clouds, a

corona current flows through the points,and radio static interference
occurs when this corona appears.

Hucke suggested that the corona

current arises as a result of electrical charging of the airplane as
a whole.

This assumption was later confirmed by several studies, in

particular the fundamental investigation conducted during the war
years under the leadership of R. Gunn [4-8].

It was later found that the effect of the airplane's electrical
charge is not limited to the generation of radio interference.

Studies of the conditions under which airplanes are struck by
lightning, conducted by the present author [9] and by Fitzgerald [10],
showed that under certain conditions the probability of lightning
striking the airplane is associated with the effect of the airplane

FTD-HC-23-544-70
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on the lightning.

Here, the airplane‘8 electrical charge plays an

essential role
Both the electrical charge of the flight or lifting vehicle as
a whole and the electrical charge of individual parts of the instru¬
ments may have a significant effect on the results of atmospheric
electricity measurements in the free atmosphere.

Probe charging may

have an effect on the results of microphysical measurements.

We note

also that electrical charging of airplanes may have an effect on their
aerodynamic characteristics.

The variation of the charge distribution

over the airplane surface as it approaches the ground may be used to
determine airplane flight altitude, and so on.
Without considering,for the time being,the reason behind the
origin of the electrical charge of airplanes, let us examine some
questions which arise in connection with the existence of this charge.

§ i. Effect of Charging of Flight Vehicles and Measuring
Devices on the Results of Meteorological Measurements

The appearance of an electrical charge on airplanes or other
flight vehicles carrying atmospheric electricity measuring equipment,
and also the currents flowing to these vehicles, may have a signifi¬
cant effect on the accuracy of the measurement of both the atmospheric
electricity elements and the microphysical characteristics of clouds.
Moreover, there are often cases in which the measurement errors owing
to the effect of the charge are so large that measurements become
impossible.

Let us examine in greater detail the effect of electrical

charging on the measurement of the individual elements.

For simplicity

we assume that the measurements are being made on an all-metal airplane

Atmospheric electric field Intensity measurements.

Assume a

conducting uncharged body is introduced into the uniform electrical
field of intenisty E which is being measured.
E

The field intensity

at the individual points i of the body will be completely defined

by the field intensity E and the body geometry

FTD-HC-23-544-7O
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r

(1.1)
where

Is a coefficient defined by the body shape.

measuring the field intensity

Thus, by

at the body surface and knowing the

coefficient k^ we can determine^the magnitude of the atmospheric field
intensity.

~

If there is an electrical charge â on the body, then the field
intensity

at the point i will be the sum of the field intensities

created by the field being measured and the body charge

£i»A|£+PiQ,

where

(1.2)

is a coefficient defined by the body shape.

We recall that the connection between the field intensity

at

any point of the airplane surface and the surface charge density- oi
is given by the relation

£i«4w|.

It is obvious that the field intensity measurement error in this
case is

(1.3)

and, if the value of 6 exceeds an acceptable magnitude, measurement is
impossible.

Measurements of the external field intensity can be made with
relatively large body charges by making measurements at two points of
the body [11].

On a charged conducting body at diametrically opposed points A
and B (Figure 1.1) the field intensity in the case of the indicated
field uirection will be, respectively,

FTD-HC-23-5^-70
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EÁ-kAE-pAQ,
(1.4)

Por example, for a sphere

\Pa\^\p»\»-¡¡ , and if the points A and

B are taken on a diameter directed along the line of intensity of the
field being measured, then kAwmkB^3 .

After suitable transformations of (1.4) we obtain

B ^ AEa "I- BEg,
q-cea-deb.
Pa, Pa), B=ft(kÄ,
Pa, Pê), D^Mka, *». Pa, Pê).

where ¿-(t(*4.

(1.5)

pA, pB), C-UkA% A.,

For example, for a sphere of radius r

Thus, by measuring simultaneously the field intensity at two
points of the airplane surface, we can determine the magnitude of the
atmospheric electric field intensity and the magnitude of the airplane
charge.

In this case, the error

in the measurement of the atmospheric

field intensity introduced by the airplane charge

will be

(1.6)
where

is the error in the measurement of the atmospheric field

intensity in the absence of the charge, and

and Eg are the average

intensities of the field created at the measurement points by the
electrical charge and the atmospheric field.

We note also that the

measurement of the airplane’s self-charge in the presence of the
external field is also associated with additional measurement errors.

The error

6*q

in the measurement of the magnitude of the

airplane’s self-charge £ introduced by the external field will be

FT D-i:C-23-544-70
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(1.7)

where

is the measurement error in the absence of the external

field.

The overall error in the measurement of the external field
intensity is

+•>«“ *>«(*+•
'

"

a.8)

and the error in the self-charge measurement is

+ ‘Är)*

(1.9)

It is convenient to write these equations in the form

(1.10)

(1.11)
where VtA, Vmb, Vqa and VqB

are the voltages developed at the output

of sensors located at the points A and B (assuming the coefficients
relating the output signal with the input signal are linear) owing to
the external field and the airplane’s self-charge, respectively.

It follows from (1.8) and (1.9) or (1.10) and (1.11) that if the
self-charge field exceeds the atmospheric charge field by, say, a
factor of 1, 10, or 100, then for a field intensity measurement error
of

the overall measurement error will be 201^, Uftif and

repectively.

In the case of high measurement accuracy

1010»^ ,
it

becomes impossible to make measurements with £«>1001*^and the technique
in question (in the form being discussed) can serve basically only

FTD-HC-23-544-7C
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for the elimination of questionable cases during data analysis.
However, we must bear in mind that there are techniques (differential
measurement methods and the method using feedback to suppress the noise
signal) which permit measurements to be made even with £*> (1000-10000)
£. 19].
For such low ratios of the useful signal to the interference
signal, the measurement accuracy will be determined primarily by the
»

accuracy of the determination of the field deformation coefficients
and

Pb

(see [1.*!]).

In a medium which is not perturbed by

the presence of a body, an increase of the accuracy of the determina¬
tion of these coefficients can be achieved by the use of models
which reproduce the original exactly, by the use of advanced techni¬
ques for measuring the distribution of the field intensity or
potential (the electrolytic bath technique, for example).

In a

medium in which the presence of a body disrupts the charge distribu¬
tion in the medium, there is no advantage in increasing either the
equipment accuracy or the accuracy of the determination of the field
deformation coefficients (within the framework of the technique being
discussed) in comparison with the measurement accuracy which is
defined by the field created as a result of the medium charge redis¬
tribution.

The question of the magnitude of the disturbance

introduced by the metering body must be posed anew in each specific
research problem, since the disturbance depends both on the probe
properties and the characteristics of the medium.

We shall examine

somewhat later the problem of the effect of the airplane and probes
on the magnitude of the electrical field in a clear atmosphere, in
clouds, and in precipitation.

We should also note that the coefficients *a, *■,
.

pa

and P*

change

as the airplane approaches the ground» therefore, measurements at
altitudes less than 10-15 fuselage diameters either cannot be made

•

with the indicated precision or the values of these coefficients
must be determined for each measurement altitude.

FTD-HC-2 3-5^-70
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Disruptions of the charge
distribution In the atmosphere
created by the probing body and

l

'H£

their effect on the accuracy of
the measurement of the ion spectrum«
conductivity, atmospheric electric
field intensity, and airplane
self-charge.

The appearance of

an airplane or other body in the
Figure 1.1.
Method for measuring
the charge of an isolated body.

atmosphere leads to a redistri¬
bution in the vicinity of the body

a) sphere in electrical field;
b) charged sphere.

of the electrical charges under
the influence

at

the intrinsic

electrical charge of the body and
as a result of the action of the
external electrical field.

This charge redistribution — the electrode

effect — leads to the appearance of a space charge layer near the
body, in which the ion spectrum is different from the spectrum in the
free atmosphere, and whose electrical field affects the results of
the self-charge field and atmospheric field measurements.

The properties of the medium can also change significantly with
the occurrence of corona discharges at individual points of the body.
Corona or even spark breakdown occurs when the field intensity at
individual points of a body reaches the breakdown value, that is, when
the body charge or the external field intensity reach certain critical
values.

Under the influence of the discharges, the conductivity, ion

concentration, and so on, may change by many orders of magnitude in
comparison with their values in the atmosphere.

We shall return to

this question in subsequent chapters, but in the present section we
shall discuss only the electrode effect.

The sise of the electrode effect region and also the magnitude
of the change of the ion concentration, space charge, and conductivity
in this region increase with increase of the body electrical charge
£ and ion mobility K, while they decrease with increase of the
airplane motion velocity w.

FTD-HC-2 3-5^-70

It is obvious that the concentration of
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the ions having the same sign as that of the body charge will be
reduced and that the concentration of the ions of opposite sign will
be increased somewhat at the walls of the sounding body in comparison
with their values in the free atmosphere.

Let us examine the trajectory of an air ion near a charged body
T, traveling with the velocity w (Figure 1.2), neglecting the addi¬
tional field created by displacement of the ions under the influence
of the body.
The ion velocity components along the*, y

2

axes, respectively,

will be

iM

"ar“

*M+KEa.
KEf,

■%--*.+KB,.
(1.12)
where 1C is the ion mobility,

ws,wyw,

are the freestream

air velocity

components along the corresponding axes, and £«.£»£« are the intensity
components of the field created by the charged body.

For the solution of the quasisteady equation we can obtain from

(1.12)

w.+KB.
(1.13)

With the aid of (1.13).we can calculate the individual ion tra¬
jectories, and after performing the corresponding summation for the
ions of different mobilities and for the ions located at different
distances £ and z from the x-axis, we can determine the values of the
ion concentration, conductivity, and space charge at any distance from
the body and thereby account for the perturbation of these elements.
The solution of (1.13) for bodies of complex form cannot be expressed
by a simple analytic expression and in actual cases is found either

FTD-HC-23-544-70
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Figure 1.2. Electrode effect about a body T
carrying the charge +Q and traveling with the
velocity w.
1) and 2) trajectories of negatively and posi¬
tively charged ions. The upper part of the figure
shows the distributions of the concentrations of
the n+ and n_ ions, polar conductivities X+ and
A_, and the space charge p at the walls of the
body.

by modeling [12] or is calculated by one of the approximate techniques.

In order to reduce measurement errors, the ion concentration and
conductivity measurements should be made by either extending the
instrument sensor beyond the limit of the disturbed layer or locating
it on the body axis of symmetry along the flight axis (see Figure 1.2).
In the latter case, for â ”

ions whose trajectories at infinity

pass through the areaS» will entar the inlet port of area Sq.
relationship between the dimensions of the area
that

(it is obvious

) crossed by the ions whose trajectories cross

the body charge and size is again given by (1.13).

The

Sm

and

Knowing the

relationship between S^and

&» , we can derive the relationship between

the ion concentration

or the conductivity

in the zone which

is not perturbed by the body and their measured values I>3.14] .

FTD-HC-23-5^4-70
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Assuming the ion stream to be incompressible, we can write

(1.14)

where the subscript «*» denotes values of the corresponding elements in
the zone which is not perturbed by the body, and the subscript 0 denotes
the values of these elements near the body.

It follows from (1.14)

that
>

(1.15)
since the ion velocity at an infinite distance from the body is
independent of the body charge.

If ^ is the normal component of the electric field at the point
of entry õf the air stream into the ion probe, Wq is the airstream
velocity at the point of entry into the probe, and w^ is the ion
velocity under the influence of the airplane charge, then the numter
of ions with mobility K which enter the probe is given by the
relations [14]:

(1.16)
and

(1.17)
where n1 is the number of trapped ions repelled by the field and n2
is the number of ions of the opposite sign.

It can be shown that an

increase of the number of ions n2 does not affect the accuracy of the
ion concentration and conductivity measurements, since these "excess”
ions settle on the probe walls as a result of "sagging" of the field
inside the probe tube [14].

The number of ions

n1

entering the probe will diminish with an in¬

crease of the intensity of the field proportional to the airplane

PTD-HC-23-544-70
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charge, which leads to a reduction of the measured ion concentration
and conductivity in comparison with the true values.

The errors of

the ion concentration 6

and conductivity 5. mearurement associated
n
A
with the effect of the airplane charge are given by the following
relations which follow from (1.16)

where

is the coupling factor between the field intensity and Q,

and K is the average mobility of the ions which create the conducttivity.

We recall that

k^eJ^iuKt

where e is the ion charge.

In the

case in which the freestream velocity is constant across the probe
section and equal to ««», (1.18) can be written in the simplified
form
«.-A*«-.
«0

k-5é£.
*•

(1.19)

If we recall that the field intensity,at the surface of bodies
of similar shape,from a given charge is inversely proportional to
the body area, and that wo=*6«cp , where 8«

in the first approximation

is inversely proportional to the projected frontal area,then, as
noted previously, the measurement error introduced by the charge

is

larger,the larger the charge, and it is smaller, the higher the airplane
speed.
For more precise estimates of the errors it is necessary to take
into account the geometry of the sounding body.

For bodies of very

simple shapes this accounting may be made in analytic form.

The

solution of (1.13) and (1.15) in the first approximation yields [13]

n, I _ ff KP&
*0

PTD-UC-23-544-70
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and

(1.20)
for a body T of spherical form

*"S7(,-V^ ,-4)where ^ is the sphere radius, and rQ is the probe radius.

For a body T of elongated cylindrical form traveling along its
axis

The measurement errors Í Introduced by the charge of the sounding
body into the Ion concentration and conductivity measurements will be,
respectively

(1.21)
For small r^/R the Equations (1.2) for both the sphere and the
cylinder may be written in the form

JÜÜ — i __
«•*

•»

and

In this case, the corresponding measurement errors will be

FTD-HC-23-544-70
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(1.22)
Similar expressions for the measurement errors can also be
obtained for charged bodies having the form of an ellipsoid of revolu¬
tion, elongated in the flow direction, and for an

elliptical cylinder

[13].

These errors in the conductivity and ion concentration measure¬
ment can be reduced if the probe is mounted in an undisturbed flow
zone, and
dictory.

should be small.

Usually, these conditions are contra¬

Therefore, the measurement error introduced by the charge

may be very large and may reach lOOSt.

Moreover, the error in the

measurement of the ratio of the polar conductivities may amount to
thousands or tens of thousands of percent.

Figure 1.3 shows the effect of the airplane charge on the
measurement of the electrical conductivity of the air.

With a field

intensity near the fuselage greater than 2-4,000 V/m, conductivity
measurements become impossible.

Let us examine the influence of the electrode effect on the
measurements of the space charge.

By definition, the space charge is

—/V|),
where e is the ion charge, and

(1.23)

and Ng are the concentrations of

the positive and negative ions of all mobilities.

In accordance with

(1.16) and (1.17), N, and N2 ions enter the probe opening (see
Figure 1.2) under the influence of the airplane charge.

Since the space charge p is calculated on the basis of the
magnitude of the charge

entering the probe per unit time, using the

formula

FTD-HC-23-544-70
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then, using (1.23)» (1.16), (1.17)»
we can write
A404esu

.-[ßrjöä

90dS

EdS
+

Figure 1.3.
Air conductivity
measurement error induced by
airplane charge.

(1.24)
where »»tj and nij are the concen¬

X+» and A-» are the true values
of the air conductivity, X+ and X_
are the measured values of the air
conductivity. Measurements were
made on an airplane flying at a
speed of about 300 km/hr. The
sensor was a tube mounted from the
airplane nose and having a length
of about one meter and diameter
10 cm [4].
The abscissa axis is
the field intensity created by the
airplane charge at the center of
the fuselage.

trations of the positive and
negative ions with the mobilities

Kif and Kt¡.
The space charge measurement
error fip introduced by the charge
of the sounding body will be

JU "‘t

(1.25)
if we set ^wtdS^wtSt and jJ£dS—p«QSo .

If the space charge is created by light ions, the measurement
error is always large and may exceed hundreds or thousands of percent.

The additional field intensity introduced by the electrode effect
at the airplane surface in the clear atmosphere is small.

If the per¬

turbed layer thickness is much less than the body dimensions, the
maximal perturbed layer thickness d (see Figure 1.2) can be found from
the formula d » kEt, where t is the time for the body to travel a
distance equal to the dimensions of the perturbed zone.
of a unit column of the perturbed layer is

The charge

and the corresponding

field intensity Jump is

EE -■

FTD-HC-23-544-7O
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—enRi

,

(1.26)

where L is the body length, and £ is the average value of the
coefficient £¢For a body having the length L ■ 20 m and traveling with the
velocity w * 50 m/sec in an atmosphere with ion concentration
«=1000 l/cM* having the average mobility K ■ 2^10-11 m2/V*sec with an
average field intensity E - 10,000 V/m at the walls of the body, the
maximal perturbed layer thickness (at the level of the body trailing
edge) does not exceed l60 cm, the additional field intensity AE intro¬
duced by the space charge layer will not be more than 3 V/m, i.e.,
three orders of magnitude less than the primary field intensity.

The

error introduced by the additional field can reach a significant
magnitude only for very slowly moving bodies.

Influence of airplane charging and currents to airplanes during
flight in clouds and precipitation on the results of measurement of
atmospheric electricity elements and the mlcrophyslcal characteristics
of clouds.

Airplane flight in clouds and precipitation is accompanied

not only by intense charging of the airplane but also by charging of
the particles with which the airplane and the meteorological metering
equipment collide.

Let us examine the primary effects on the

measurement results in this case.

Without dwelling on the reasons for charging of the airplane
(this will be done in subsequent chapters) we simply note that,after
collision of particles with the airplane and their separation from
the airplane surface, the particles are charged with electricity of
one sign,and the airplane is charged with electricity of the opposite
sign.

In this case, the magnitude of the charge acquired by the

particles is much greater than the charge which existed on them prior
to contact with the airplane.

The primary charged particle stream

rebounds from the airplane upon striking its frontal parts.

Let us examine how the stream of charged particles separating
from the airplane affects the accuracy of the measurement of the
airplane charge and the atmospheric electrostatic field.

It is

obvious that if the airplane charging current owing to the aerosol
particles is I.ch> then the current charging the aerosol particles
FTD-HC-23-5^-70
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as they separate from the airplane is

•

If a constant aerosol

particle stream with velocity w relative to the body and concentration
n strikes the sounding body T having the length 1 and thickness h in
the directions perpendicular to the air stream, and if each of the
particles of radius r acquires the charge £r, then the current trans¬
ported by these particles after separation is

^ch =lhwnqrt assuming that

the particles pass over the body T with the velocity which they had
prior to impact.

Behind the points 0, located somewhere near the

midsection of the body, the stream of particles which have separated
from the surface of the sounding body does not change in magnitude.
The total electrical charge a

aerosol particles located in a

perpendicular (with respect to the velocity vector) column of unit
cross section also remains constant behind the points 0.

Then,

neglecting edge effects, we can find
—: Ihwnq, = 2qlw,

if the particle flux is symmetric, and

(1.27)
if the particle fluxes above and below the body are not equal and the
charges above and below the body equal c^i and c^, respectively.

If we neglect the change of the individual particle field with
distance from the body along the normal to its surface, then the in¬
tensity created by the particle flux at the body surface is A£=4n^
behind the points 0 and somewhat less in the regions closer to the
nose part of the body.

If the thickness of different sections of the

sounding body is different while the material of the body surface is
the same, then in the first approximation we can consider that the
magnitudes of the charge ^ are distributed in proportion to the thick¬
nesses h of the different body sections.

For example, for an airplane

the charged particle flux above the fuselage may exceed by several
times the flux above the wings and, correspondingly, the charge
of this flux above the fuselage is greater than the charge
flux above the wings by a factor of Aí .
hm

FTD-HC-23-544-70
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of the

Then, for an airplane the

Formula (1.2?) may be written In the form

where

and

are the average charges of a unit aerosol column above

the wings and fuselage, and 1K and lf are the wing length and fuselage
width.

or

(1.27')
This formula makes it possible to evaluate the additional field
intensity created by the charged aerosol flux at the fuselage.

In

deriving the formula, we have omitted the fact that the current I .
—cn
also flows to the engine nacelles, landing gear nacelles, antennas,
and so on.

Neglect of this fact leads to the situation in which the

formula yields somewhat high values of AE. Contamination of the
airplane surface may lead to the appearance of

which differ from

the calculated values, but on the average, this formula yields
reasonable values for the estimate of the quantity AE.

Usually, during flights in clouds, the overall current Ich does
not exceed 100 uA in the case of relatively strong charging of the
airplane (when the charge field above the fuselage reaches several
tens of kV/m).

Let us estimate the order of magnitude of the error

introduced by the charged aerosol flux into the measurements of the
atmospheric field and the airplane charge .We assume that w«700 km/h,
A«=50 cm,/w=4-10» cm,/if*300 cm./f=300 cm* then the field intensity from the
particle charge at the fuselage is A£f=3000 V/m and at the wings it is
A£Ka=500 V/m.

We recall that the assumptions made in the derivation of

the computational formula lead to obtaining values which are somewhat

FT 0-110-23-544-70
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high. Moreover, the values of
are presented on the assumption
that the entire particle charge ^ is located on one side of the air¬
plane. In actuality, after encountering the airplane, the aerosol
particle flux splits into two relatively equal streams which pass
above and below the airplane. Therefore, we must assume that at the
point A and the point B of the airplane fuselage (see Figure 1.4) the
additional field intensity does not exceed ±1000 v/m, and at the
corresponding points of the wing the intensity does not exceed ±200
V/m. The + signs mean that this additional field acts in different
directions at the points A and B, Just as the airplane charge field
does. The errors in the determination of the external field and the
ch ge which arise with the appearance of the charged aerosol layer
depend on the relationship of
and
above the surface points A
and B. It follows from (1.4) that in the case in question
Ea

~~ PaQ ~

“

>

EB--kaE-PA-*«h’

(1.28)

hence, the calculated field intensity
in the presence of the
charged aerosol will differ from the true E, defined by (1.5) in the
absence of the aerosol
AZ?

~E

(Aÿi —

1 .e.,

|gf—

;

(1.29a)

similarly
(1.29b)
where ô£t and 6QV are the measurement relative errors of the
corresponding quantities .
Let us evaluate the magnitudes of these errors for a specific
airplane. For the Tu-104B A-%7B , therefore, the correction in
determining the field intensity for
is about 30Ï of the

FTD-I1C-2 3-54 4-70
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Figure 1. ^.
Distribution of charge £ of
aerosol particles near the airplane surface
during flight through aerosols.
w is the aerosol particle velocity relative
to the airplane; 1 and 2 are the boundaries
of the stream of the particles which have
acquired a charge after contact with the
airplane.

Intensity of the field created by the aerosol charge (for the example
examined above, the correction is 100-200 V/m).

The error in the

charge determination may be quite large, and the field intensity from
the aerosol charge may reach 2000 V/m (in the example considered
above).

The error introduced by the charged aerosol layer into the
measured values of E and ^ will depend both on the characteristics of
the clouds and precipitation and on the characteristics of the probe
used and its flight regime.

For example, the following values of the

measurement error have been obtained for the Tu-104B airplane in
different clouds.

We see from the table that when making measurements in clouds
and precipitation, we should not expect high accuracy of the measure¬
ment of the armospheric field intensity or, particularly, of the
measurement of the airplane charge, although in the majority of cases
measurement precision which is quite adequate for geophysical

FTD-HC-2 3-5^-70
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TABLE 1.1 INTENSITY OP ADDITIONAL FIELD CREATED BY
CHARGED AEROSOL LAYER (Tu-104B AIRPLANE)

Cloud field Airplane Current
intensity charge. flowing
to
V/m
esu*10
airplane
UA

Form of
cloud or
precipitation

0)

s?M
?

!

4>
$

40

Stratus

200

1000

Cirrus

100

1000

Thundercloud

SO 000

200000

Showers

10000

50000

1000

20000

Ninbostratus

_

purposes is possible.

pH

§

I

«1

%u

1 I

%

rH

3

Intensity of
additional
field at
fuselage AE V/m

«00
(0
u

pH

I

1 S

200

10

50

200

1000

1500
500 7000

100

1500

2000

30000

500

5000

10000 loo ooo

100

2000

50

1500

1000 30000

200

2800

10

200

120

J_

_

200

4000
1_

Only in thunderclouds can the field intensity

measurement error increase to 10,000—20,000 V/m and the airplane
charge field measurement error at the measurement points to 50,000100,000 V/m; it is true that in these cases both the external field
and the airplane self-charge field reach values of ~ 100000—200000

v/m.

We must keep in mind that the error introduced by the aerosol
layer can be reduced markedly by selection of the airplane type used
for the research.

The instrument sensors should be located near the

wingtips in order to reduce this error.
Significant errors in the measurements in clouds and precipita¬
tion of the ion concentration, conductivity, space charge, particle
charge, and so on may arise as a result of the charge currents
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created by the aerosol particles striking the electrodes of the
measuring instruments.

If the metering instrument electrode has a sensor (metering
electrode) with section area S and the useful signal current density
Is

Je

, then the useful signal current /c=»/c5 (11]

when measuring the

ion concentration, conductivity, and space charge.

On the other

hand, if the particles rebound from the entire receiver surface area,
the interference current
in this case fir =

=

Ar=S/n develops, and the measurement error
and may amount to thousands, tens of thousands,

or even hundreds of thousands of percent during measurements in clouds,
which excludes in principle any possibility of a measurement.

This error can be reduced significantly by making the electrode
so that the useful signal is sensed by the entire electrode surface
area, while the cloud particles can leave only along the perimeter of
the instrument; in this case, the particles striking the inner parts
of the electrode will be trapped by the electrode.
magnitude of the error is reduced.

In this case, the

If the end surface of the elec¬

trode facing the stream has the form of a circle of radius R and if
the instrument wall thickness isûR and the particle radius is r, then

.

2<AÄ + r>/.

^—“ror—
In this case, the error may exceed thousands of percents. Without
dwelling on the specific designs which permit reduction of this error
[13> IS], we simply note that neglect of this error has been the
reason for many research failures [l6, 173.

In cloud particle spectrum measurements with the aid of an air¬
plane we must remember that the particles which are charged during
contact with the airplane, or the particles having a self-charge and
flying past the charged airplane, travel along trajectories which
differ from those calculated from aerodynamic considerations.

In the general case, the Equations (1.12) can be used to calcu¬
late the particle trajectories.

We shall simply note here that if a
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particle travels a distance L along the fuselage, say, and the
average field intensity from the airplane charge along its trajectory
is

then the deflection of the particle in this field will reach

the following magnitude at the end of the path

where Wg is the particle velocity component normal to the airplane
surfaced owing to the action of the airplane charge), t is the time
for a particle of radius r to travel the distance L, n is the viscosity
of the air; i.e., the particles may be deflected, creating marked
distortions of the measured flow pattern.

If the particle charges

are high and are limited, let us assume, by the initiation of corona
from the particles and

where Eth is the value of the field

intensity at which the particles display corona, then the equation
can be written in the form
E-riOt

i.e., large particles may be deflected even more than small particles.

In absolute magnitude, the displacement

hz

may reach several tens

of centimeters.

The change of the particle trajectory under the influence of the
airplane electric charge, together with the action of the electric
field from the airplane charge on the water particle freezing
conditions [18], may also have an influence on the airplane icing
conditions .

§ 2.

Influence of Airplane Electrification on
Operating dondltlons

Influence of electrical charging of airplanes on lightning
strike conditions.

The probability of airplane damage by lightning

is very low if we evaluate this probability from purely "geometric"
considerations, examining the situation in which an independently
traveling lightning bolt strikes the airplane.
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In fact, if the cloud volume is Wg and the "strike” volume is
iûi^LmSe » i.e., equal to the average length

of the primary light¬

ning channel in the cloud multiplied by the airplane platform area
Sc, then the probability

of lightning striking the airplane will

be

(1.30)

where n is the number of lightning discharges in the cloud during the
time the airplane is in the cloud.

Denoting the lightning discharge repetition time interval in the
given cloud by x, the airplane characteristic dimension (length or
wingspan) by 1 , the airplane speed by w, and neglecting the thickness

jf the lightning bolt channel in comparison with the airplane dimen¬
sions, we can write
»

4

_

*

»

4«o *t '

(1.31)

where dg is the cloud length in the direction of airplane motion.
Taking a>o*: 10x10x10

io tan, t=10 sec, lc “ 30 m and w * 500 km/hr,

we find that PtCIO-4 , i.e., a single direct primary lightning bolt
strike on the airplane occurs for every 10,000 flights through
thunderclouds.

In actuality the statistics on cases of direct lightning bolt
strikes

show

a considerably higher strike probability.

Several

lightning strikes occur for less than a hundred random airplane flights
through thunderclouds^1^ in a period of a year.

Consequently, the

actual strike probability equals a few per hundred flights.

What is

the reason for the discrepancy between the theoretical and observed
probabilities?

Footnote (1) appears on page 45
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First of all, this discrepancy may be associated with the
possibility that the crews of airplanes which enter thunderclouds may
wisely consider it prudent not to report these flights through thunderheads in those cases when there is no damage.

However, it is difficult

to believe that in light of today's information on the weather situa¬
tion it would be possible to conceal more than 50% of the entries into
thunderheads.

Thus, in the temperate latitudes the actual lightning strike pro¬
bability fÂct=10-* .

In fact, according to the data of Fitzgerald [2^],

who measured the number of lightning discharges in Florida which struck
an airplane in active thunderclouds and the total number of lightning
discharges occurring in the clouds during the time the airplane was
in the cloud, the actual probability of lightning striking the air¬
planes is ^act*2* 10"*

.

We recall that in the tropics lightning dis¬

charges are more highly branched than in our latitudes.

Second, the disparity between PT and

may be associated with

the difference between the data used for the calculation and the con¬
ditions observed in real life.

The values adopted for most of the

quantities used for the estimate based on (1.31) understate the proba¬
bility PT in comparison with the true value.

The linear horizontal

dimensions of the thundercloud are usually greater than those used in
the calculation by 2-3 times

[18], the lightning repetition fre¬

quency in a single thundercloud usually does not exceed 3-4 discharges
per minute.

According to the data of Aiya [21], even in very active

tropical frontal thunderstorms the maximal lightning discharge fre¬
quency does not exceed 25 strokes per minute, but these thunderstorms
occupy an area of at least 10,000 km , i.e., the ratio —Î- in (1.31)

w

in these thunderstorms will also be less than the ratio we have used.
The primary lightning channel length of 10 km (for the indicated cloud
dimensions) corresponds approximately to the actual length.

But in

certain cases, the currents in the lightning branches are sufficiently
high to cause damage to the airplane.

It is not entirely clear how

we should evaluate the length of a lightning discharge with such
branchings in a cloud.

If we use the data from photographs of

lightning outside the cloud, then the lightning length may be increased
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by 2-3 times over that used in the calculation.

With account for what

we have said above about the underestimation of the role of the other
parameters in (1.31), we can assume that the role of the cloud charac¬
teristics has been properly accounted for in our estimate of PT (the
estimate may even give a somewhat high value of PT).

The remaining

possible assumptions are that the considerable discrepancy between the
actual Pact and calculated PT probabilities is associated either with
incorrect account for the strike volume or with the possibility that
the occurrence of lightning with the airplane in the cloud is not
always a random event and may be associated with the influence of the
airplane.

Let us examine what factors can lead to an increase of the strike
volume.

Very frequently the assumption is made that lightning follows
along the plume of the hot exhaust gases and the probability of light¬
ning striking the airplane is increased, since the dimensions of the
zone of "capture" of the lightning by the airplane increase.

However,

NACA data obtained prior to 1941 [22] show that of the 370 points of
airplanes damaged by lightning, the exhausts and engines were never
struck.

Following

is a summary of lightning strike probabilities for

modern airplanes, prepared in 1958 from NACA

data [23].

The summary

is based on an analysis of several hundred cases of lightning strikes
on airplanes.

Radio antennas

27*

Wings

22* (half on the flaps)

Tailplane

21*

Fuselage

15* (12* on the nose, 3*
at other points of the
fuselage)

Propellers

7*

Radiocompass antenna

27*

Inspection panels

6*
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It is clear from this summary that the exhaust gas Jet has no
effect on the lightning trajectory.

We must then assume that the airplane itself, like a lightning
rod, leads to curvature of the lightning path and attracts the light¬
ning discharge to the airplane itself.

This may be associated either

with the distortion of the cloud electric field by the airplane as a
conducting metallic body or with the influence of the airplane's
electric self-charge.

In the first case, the charges induced on the airplane by the
external field disturb the cloud field.

An estimate of the increase

of the strike volume dimensions can be obtained on the basis of what
is known about the action of a lightning rod.

The action of the

lightning rod, which is a grounded elongated semiellipsoid of revolutjon of height h, can be replaced by the action of an isolated
ellipsoid of revolution of twice the height 2h.

The. lightning rod

intercepts more than 99< of the lightning strokes which pass within a
distance less than h (the lightning rod protective cone) and part of
the lightning strokes which pass at a distance less than 2h.

Assuming

the airplane to be equivalent to a lightning rod, we must assume that
lightning strokes passing at a distance 21

—c

airplane may be intercepted by the airplane.

from the surface of the
It is obvious that the

airplane can be approximated by an ellipsoid in the direction of
maximal field magnification (along the wings) only very roughly, but
in any case, this assumption leads to overestimation of the strike
volume dimension.

This overstatement will be even greater in the

directions along the airplane fuselage and perpendicular to the plane
of the wings.

Then (1.31) may be written in the form

p —(1.32)
4«o m

Assessment using (1.22) leads (for

(e£s3/c ) to a value of the

strike probability < 10-1 , which is also considerably less than the
actual value.
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airplane electrical charge affects the
magnitude of the strike volume.
Let us evaluate the action of this
charge. This action may appear, first of all, as a change of the
field along the lightning path and, second, as a change of the condi¬
tions for the initiation of the return discharge from the airplane
We can assume that the

surface.

on the airplane by an external field
of intensity E& creates on the airplane the electric moment M, which
causes along 1 at the distance R from the airplane the atmospheric
C
electric field disturbance
(Figure 1.5a)
The electric charge induced

(1.33)

k is a coefficient defined by the airplane construction and
shows how the charge induced on the airplane is connected with the
cloud field intensity; 1 is the airplane length in the corresponding
—c
direction (airplane length or wingspan); c is a coefficient which indi¬
cates in relative units the location of the centers of gravity of the
airplane induced charges c<l.
For modern passenger airplanes c« flus—(18
where

[11] .
The field disturbance

â£q caused by the airplane self-charge £

is given by the expression (see Figure 1.5b)

*£<,**#.
where

(1.3*0

is a dimensionless coefficient which depends on the airplane

construction.

At large distances from the airplane g. ■ 1, at small

distances £ > 1.

Thus, at some distance from the airplane we may find that
(setting

c=p=l )
(1.35)
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We note that the data from our flights (Table 1.2) show, for
example, that for the Tu-104 airplane in thunderclouds pQ>kEê ; in
this case, it becomes obvious that the disturbance of the cloud elec¬
tric field by the airplane charge acts at a considerably greater
distance than the disturbance created by the airplane as a metallic
body.

Even if pQ»l£a , at a distance

the field intensity from

the charge will exceed by a factor of three the intensity from the
induced charges, and at the distance 1

will be equal to the field

“C

intensity from the latter.
strong airplane charging

Thus, we can assume that in the case of
¿ef*10/e , i.e., the value of the strike

probability [see ( 1.32)]

.

If the airplane acts as a charged lightning rod, the occurrence
of a return discharge which intercepts the lightning may be facili¬
tated by the fact that the field from the self-charge is superposed
on the external field.

The return discharge then occurs at greater

distances from the lightning stroke, i.e., the dimensions of the
strike volume are increased.

Assume there is no self-charge on the airplane, then the return
discharge occurs at some point i for some

Ecr¿ .

On the other

hand, the atmospheric field intensity created by the approaching
lightning stroke, carrying in its forepart the charge

at the dis¬

tance R, from the lightning stroke, may be represented approximately
”1
/V
Om
in the form £a = ir •
Thus
~x

(1.36)
If a lightning stroke approaches a charged airplane carrying the
charge 0 , then the return discharge again occuis for
C

£<=*£« v * but

now

(1.37)

It follows from (1.36) and (1.37) that the distance R2 at which
the return discharge occurs on a charged airplane is connected with
the distance R, at which the discharge occurs on an uncharged airplane
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I

>

Figure 1.5.
Electric field around airplane in flight (a)
and electric field around charged airplane (b)

by the relation

(1.38)
where il

is the field intensity for which 12

.

is reached.

Equation (1.38) shows that the appearance of a charge on an airplane
may either increase or decrease the probability of lightning striking
the airplane, depending on the signs of the airplane and lightning
charges.

But for the calculation of the strike hazard, we must
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1
figure on the worst case, i.e., consider the increased probability.

If we consider that the return discharge initiates with a field
intensity

^3^101 V/m, then results of measurements of airplane charge

in thunderclouds (Table 1.2)

show that

(2-3)/ft , i.e., the airplane

charge may further increase Igj. [see (1.32)] by 2 - 3 times AefQ “
(2 - 3) Igj, i.e., in the presence of a large airplane charge PtäIO-*.
With increase of the flight altitude, i.e., with reduction of the
air pressure, Ecr decreases, therefore with increase of altitude
the relative magnitude of R2 and

Ufq must increase.

Let us examine the second assumption regarding the reasons for
the discrepancy between the actual and theoretical probabilities of
lightning strikes on airplanes, associated with the idea that the
actual occurrence of the lightning in the cloud is caused by the
presence of the airplane in the cloud.
We can assess the probability that the airplane acts as a sort
of igniting electrode to cause the lightning stroke by referring
to airplane lightning strike statistics.

According to the NACA data

collected prior to 19^0, of the I69 cases of lightning striking air¬
planes, 50> of the strikes occurred in clouds in which lightning was
not observed prior to the appearance of the airplanes [22].

The NACA

statistics are based on'pilot observations, but the U.S. pilots did
not have any responsibility to avoid entry into thunderclouds,and
therefore there is no basis to consider the information which they
reported to the NACA to be in error.

Therefore, we get the impression

that it is the entry of the airplane into the cloud which causes the
Initiation of the lightning discharge, which then inevitably, rather
than by accident, strikes the airplane.

In civil aviation practice

there have been many cases in which airplanes were struck by lightn¬
ing in clouds in which there had been no prior observations of dis¬
charges, no extreme turbulence, none of the radar returns typical of
thunderheadsj in fact the clouds were described by the flight crews
as being --mbostratus.

However, further investigation of these

I.jvau l uaii

iliui

-

cases disclosed that the crews of the airplanes which had been struck
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TABLE 1.2.

VALUES OF AVERAGE (EL^) AND MAXIMAL (Emax) INTENSIiY OF ATMOSPHERIC ELECTRIC FIELD, AVERAGE
aND MAXIMAL AIRPLANE CHARGE, AVERAGE AND MAXIMAL AIRPLANE POTENTIAL, AVERAGE AND MAXIMAL
POWER OF ELECTRICAL NOISE SOURCE ON AIR-PLANE DURING FLIGHT IN THUNDERCLOUDS.
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by lightning had noted severe radio reception interference and sparks
on the cockpit windows, which indicated intense electrification of
the airplanes which were struck by the lightning.

Data were presented in [25] on the conditions under which a
DC-6 specially equipped for thunderstorm studies was struck by
lightning (Table 1.3).

The measurements were made in nine thunder¬

storms.

Strikes 1 and 2 occurred in the same thunderstorm cell, strike
3 occurred in another cloud.
clouds.

The conditions were similar in the two

Both clouds were in the decaying stage.

In all cases the

strike occurred near the freezing isothermj strong corona discharge
was noted, which for the weak external fields was caused by the
strong charging of the airplane.

The strong corona discharge occurred

about two seconds prior to the lightning strike on the airplane.

We

note that one lightning strike occurred in a zone of light turbulence,
while another occurred in a moderate turbulence zone.

Moreover the

filled intensity in the cloud was not high (the last observation needs
some checking, since the authors used a nonstandard measurement
technique).
%

Let us examine in more detail the conditions under which the
airplane can lead to the occurrence of lightning discharge in a cloud.
For the development of a lightning discharge we must have:

first,

in a considerable volume of the cloud there must be an electric field
with average intensity above the critical value required for support¬
ing the discharge and, second, a sufficiently large region in which
filed intensity extrema arise which are greater than that necessary
for the occurrence of a discharge.

If we assume that the cases of

lightning strikes on airplanes are associated with the fact that the
airplane played the role of this region, then we can understand both
the cases of airplanes being struck by the first lightning discharge
occurring in the clouds and also the cases of lightning strikes on
airplanes in "quiet” clouds, frequently characterized as "nimbostratus."
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The light turbulence in quiet clouds does not prevent the accum¬
ulation of significant charges [26], and in fact high field intensities
have been observed in individual nimbostratus clouds [27].

At the

same time the light turbulence does not permit the development of
nonhomogeneities with a field Intensity sufficiently high to initiate
a discharge.

The airplane can play the role of such a nonhomogeneity.

In order to prove this assertion we would have to compare the elec¬
trical characteristics of the airplane in the cloud and the charac¬
teristics of the nonhomogeneity capable of initiating a discharge.
However, such a direct comparison cannot be made because of the lack
of adequate information on the nonhomogeneities in question.

In order to evaluate the role of the airplane in the occurrence
of a discharge in a cloud we can use the data of Newman [28], who
conducted experiments on discharge initiation in clouds with the aid
of a long wire carried aloft by a rocket.

Newman indicates that

raising a wire 300 meters long in two cases out of five led to the
occurrence of a lightning stroke which followed the wire and vaporized
it.

Consequently, the wire in the cloud field as an initiating elec¬

trode created an electrical nonhomogeneity which was sufficient both
with respect to the field intensity created and with respect to
stored energy for the occurrence of a discharge.

Comparing the distur¬

bance introduced by the wire with the disturbance created by the
charged airplane and comparing the stored energy of both systems, we
can conclude that in thunderstorm clouds the airplane charge is suffi¬
cient

(see Table 1.2) to initiate a discharge and thus to cause light¬

ning to strike the airplane.

Newman [28] also notes the necessity for

rapid movement of the initiating electrode for the latter to be effec¬

tive — this prevents the appearance of the electrode effect, the forination of a space charge which compensates by its field the electrode
field.
It was noted in § 1 that high airplane speed prevents the for¬
mation of significant space charges around airplanes.

Thus we can

assume that the appearance of a charged airplane in a thunderhead or
in a cloud in which

he conditions are close to those in thunderclouds

may in many cases lead to the initiation of a lightning discharge and
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to lightning striking the airplane.

In fact, direct measurements In

thunderclouds show that the airplane was usually strongly charged prior
to the lightning discharge.

Tn [10] measurements were made of the external field intensity
and the variation of the field intensity due to the airplane charge
prior to a lightning strike (Table 1.4).

It is obvious that the field intensity at the airplane extremi¬
ties exceeded the indicated values; thus the field variation due to
the charge at the tips of the tailplane and wings could have been an
order of magnitude greater than the values indicated.

It was noted

in [10] that In one of the two clouds investigated, which were in
the decaying stage, three lightning strokes out of the three which
occurred in the cloud struck the airplane, in the other cloud one of
the two discharges which occurred struck the airplane.

In active

clouds the ligatning strike probability was only 0.02.

Thus the probability of lightning striking the airplane depends
to a considerable degree on the magnitude of the airplane charge.
It should be remembered that thunderstorm discharges are one of the
primary factors (according to Creedon [29], the primarily meteoro¬
logical factor) leading to flight accidents.

Radio Interference on an Airplane due to the Effect of its
Electric Charge.

Several effects which influence the radio reception

conditions aboard the airplane, the accuracy of the indications of the
radio navigation equipment, and so on arise under the influence of
the electric charge of the airplane and the currents flowing to the
airplane.
These effects include:

1.

Radio interference generated by processes as a result of

which the airplane acquires a charge (these interferences occur, in
particular, upon the appearance of microdischarges between the charged
airplane and the cloud particles or precipitation particles located
in the immediate vicinity of the airplane skin).
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TABLE 1.4.
DATA ON ELECTRICAL CHARACTERISTICS
OP CLOUDS AND AIRPLANES DURING LIGHTNING STRIKE

Lightning
strike
number

Change
of field
intensity due
to charging of
airplane dur¬
ing discharge
V/m

Change of
horizontal
component of
external
field, V/m

Change of
vertical
component of
external
field, V/m

Maximal
current
flowing to
airplane,A

-361,000

8700

-173,000

2700

-15,000

-148,000

2800

-164,000

+294,000

-103,000

4600

-178,000

+350,000

+29,000

+68,000

-36,000

-167,000

+164,000

+36,000

+150,000

+205,000

-146,000

+67,000

1

-197,000

2«

-151,000

+34,000

+183,000

-174,000

3

+240,000

4
5
6«

5800

.1_
NOTES:
1.
Starred values relate to individual components of
thundercloud discharges.
2. The table shows the actual values of the
intensity created by the external field at the pickups.
In order to
obtain the true values of the external field components, we must
divide the value of the horizontal component by 8.8 and the value of
the vertical component by 1.1.

2.

Radio interference associated with ionization of the medium

under the influence of the charged airplane or with impact ionization
of the air at high flight speeds.

This effect may be associated, in

particular, with variations in the radiowave propagation conditions.
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3.

Radio interference which occurs owing to the redistribution

of the induced or self-charge over the airplane surface as a result
of variation of the external conditions or the charge loss conditions.
This form of interference increases particularly on the nonconducting
regions of the airplane surface, with increase of the airplane flight
velocities, and during flights in significantly nonuniform conditions.
Radio interference which occurs with the appearance of corona
discharges at the extremities of the airplane as the self or induced
charge densities on these regions increase to some critical values at
which breakdown of the air layer adjacent to the airplane occurs.

Usually, the last factor is the primary source of radio inter¬
ference .

The occurrence and existence of corona discharges, positive or
negative, is accompanied by marked variations of the current and the
appearance of radio emission.

In the case of negative corona the

amplitude, frequency, and steepness of the generated pulses — Trichel
pulses [30] which occur in the presence of electro-negative gases —
are determined by the rate of charge accumulation on the corona discharging point and by the dissipation time of the negative cloud
charge near the corona point [31].

In the case of a positive corona,

the amnlitude and frequency of the current pulsations are determined
by the appearance frequency and duration of the avalanch pulses and
the streamer appearance frequency.

Both of these processes depend on

the potential of the corona point and the current flowing to the point,
and also on the positive space charge concentration near the point and
the time for the disappearance of this charge [31].

The magnitude of

the radio interference generated depends on several factors, particular¬
ly on the magnitude of the airplane charge and the current flowing to
the airplane and from the corona points, the flight altitude and speed,
and the relative positioning of the corona point and the reception point,
the length, radius of curvature, resistance, and material of the areas
on which the corona arises, the polarization of the discharge radiation
and the receiving antenna directional pattern, on the receiver frequency
and passband.

For the moment, we are interested in the fact that
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these interferences depend on the magnitude of the airplane charge,
the time rate of charge variation , and the magnitude of the currents
flowing to the airplane.
We see from Table 1.2 that for flights in thunderstorms the total
power feeding the radiated interference source may reach the order of
several kilowatts.

We must keep in mind that the airplane radio

receivers accept signals of power

«.IO-1*— lO"^1

W.

If we assume that the interference energy source power decreases
linearly with increase of the frequency, then its energy at a frequency
of 1 MHz will exceed the signal energy by 104 times, at a frequency of
10 MHz the factor will be 10'

and at a frequency of 50 MHz the factor

will be 500.
In fact, during flights in thunderclouds, this interference may
lead to complete loss of radio communication at the long, medium, and
short wavelengths, and even in the UHF band normal radio compass
operation cannot be obtained, and so on.

The antennas may be charged

to potentials which are hazardous for the crew.

Effect of airplane charge on flight aerodynamics.

If an ionized

gas stream flows near a charged body, the resulting forces may affect
the behavior of the boundary layer and thus the flight aerodynamics
or the flow conditions around the instrument sensors.

From the Navier-Stokes equation for the stationary case [1233

p (5V ) 5 * - v/>++*.E
(where p is the density of the air, AP is the pressure differential,
w is the air velocity, n is viscosity) it follows that a marked in¬
fluence of the electrical forces on the flow past a body which is
ionized by the stream will be noted if the last term in the equation
is of the same order of magnitude or exceeds the other terms.

Intro¬

ducing the characteristic values of the velocity w and body length L,
stream space charge density
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we can write the condition for marked influence of the electrical
force [123]

Under actual conditions encountered during flights in thunder¬
clouds, the field intensity at the wing tips and stabilizer tips
reaches values of ~ 10—20 kV/cm and the current flowing to the air¬
plane is about 10 mA.

If we assume that the pr .mary corona discharge

current occurs at the tips of the wings and tailplane, say over a
distance equal to one tenth of the wing or tailplane lengths, then
the actual density çlq = 1*5 esu/crrr; on the other hand, for w ■ 100
m/sec and L = 10 m values of

<7o«l esu/cm^ are sufficient for the

electrical forces to begin to have a marked effect on the air flow
around the airplane, at least at the tips of the wings, tailplane,
md fuselage.

If we charge the airplane artificially and locate corona dis¬
charge points along the leading edges of the wings and tailplane, then
by using technically achievable values of the charging current and
airplane potential we can reduce markedly the airplane drag or the
aerodynamic resistance of the pickups which protrude from the airplane.
Measurement of airplane height from data on the charge density
distribution over the airplane.

We have noted previously that as a

charged airplane approaches the ground the charge density distribution
over the airplane surface changes as a result of the charges induced
on the ground, i.e., the coe ' ^icients

change.

The change of the

coefficients increases as thc ground is approached.

These coefficient

changes can be used to create an altimeter, whose basic characteristic
will be increase of the measurement accuracy as the ground is approached

[33].
The complete calculation of the change of the coefficients £ for
an airplane is a complex problem and must be repeated for each specific
airplane type.

It is usually advisable to replace the calculation of

the airplane charging process by a calibration using a model or even
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the airplane itself.

Let us examine the basic features of this

method for measuring altitude, using a sphere as an example.

Assume a sphere of radius a carrying the charge +£ is located at
the distance h from the surface of the Earth (Figure 1.6).

In the

first approximation, the distribution of the surface charge density
on the sphere can be calculated if we examine the interaction of a
conducting charged sphere with the image charge -¾ located at the
distance 2h from the sphere (see, for example, [31*]).

is the

magnitude of the charge induced in the sphere by the charge -Q.

The surface charge density on the sphere may be written in the
form
0“s®« +A®»
(1.39)
where

aQ=

is the charge density on the isolated sphere, and Ao

is the disturbance introduced by the proximity of the Earth.

Neglecting the action of the external field and the space charge
around the charged sphere, and also considering only the interaction
of the sphere with the single image charge, creating on the sphere
the induced charge £, we can write (see, for example, [3^])

As

a*—(2AP

Q.

where R is the distance from the image charge to the corresponding
point of the sphere.

We note that if h * 2a the error in determining

Ao resulting from neglecting the higher order reflection terms is
«7%, while if h ■ 5a this error does not exceed lí.

At the points A and B of the sphere with 0=0° and 0=180° the
additional charge density

Ao< created by the charge Q will be

(1.40a)

(1.40b)
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The difference of the field intensities EA and Eg at the points
A and B is
~
~

Ea —

4A* —a*'’

(1.4la)

3a*

wr+TZ-

(1.4lb)

Then, by altering the difference of the field intensities at the
points A and B and determining in some way the charge § we can find
the height h from (1.4la); the height h can also be found by excluding
the magnitude of the charge £ ^0111 the calculations (Formula 1.4lb).
The effect of the external field on the instrument indications can be
eliminated either by measuring the field intensity on the body at two
additional points, C and D, for example [33]» or by charging the
sphere to values such that the influence of the external field is less
than the measurement error or, finally, by combining both methods.
We see from Formulas (1.4la) and (1.4lb) that the quantity
increases sharply with reduction of h.

^a—E»

In actuality, account for the

higher-order electrical reflections yields a still sharper dependence of
of —

on h at heights comparable with the body dimension (A«o).

dh

Figure 1.7 shows how the difference £A —£, of the charged Li-2
airplane varies as it approaches the Earth (curve 1); EA and E

were

measured by electrostatic fluxmeters located respectively above and
celow the fuselage.

The figure shows clearly how steeply this differ¬

ence increases with reduction of the height h.

Figure 1.7 also shows

for comparison the curve 2, calculated using (1.4la) for a sphere of
radius 1.5 m.

It appears that altimeters based on this principle would also
be convenient for measuring the height of flying-crane type helicopters.

Effect of airplane charging on explosion hazard during Inflight
refueling.

If an airplane has vhe electrical charge Q and its elec¬

trical capacitance is C, then the electrical energy stored by the
airplane is

:’TD-HC-23-544-70
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Figure 1.6.
Schematic for
calculating charge distribution
on sphere.

Figure 1.7.
Change of field
intensity distribution on
charged bodies as they approach
the Earth.
1) Li-2 airplane; 2) sphere

/\—g-.
In the first approximation, the capacitance of an airplane can
be considered equal to 0.2-0.4 times the wingspan in centimeters [5]
for passenger airplanes at subsonic speeds.

The energy stored by an airplane having the charge 106 esu and
wingspan ^ 40 m (see Table 1.2) is equal to about 100 Joules, but we
see from the table that this energy may reach ^ 10^ Joules.

If an

electrical contact is formed between the charged airplane and another
airplane, this power can be released in an electrical spark which
arises as the contacting elements approach one another.

Under unfav¬

orable conditions (for example, if the contacting element is a
refueling hose) the spark energy may cause ignition of the fuel.
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Therefore, during inflight refueling, the airplane must of necessity
be initially connected by means of a metallic cable before refueling
is initiated.

We must also bear in mind that as the fuel flows through

the hose local electrical charges develop on the hose and in the fluid
stream, which can also create an electrical spark.

Therefore, the hose

material and the refueling fuel-flow velocity must be such as to
generate a sufficiently low electrical charge in the fluid.

Electrical charge on grounded helicopters.

In many cases, a

helicopter may be grounded, for example, when operating as a flying
crane.

If the helicopter is at the height h and has the maximal

linear dimension 1, and in the atmosphere there is an electrical field

of intensity E, then the helicopter will acquire in

the field the

bound charge (if we neglect terms of second-order smallness)

Q — mlhE,
where m is the coefficient connecting the helicopter dimensions with
its electrical capacitance C=ml .

The value of m is close to unity.

The electrical energy stored in the helicopter will be
mlk*&

2

— “

If the ground connection is broken for one reason or another and
the electrical field changes in intensity, this energy can cause
electrical injury to personnel.
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FOOTNOTE

1.

Footnote on page 24

PTD-HC-23-544-70

In accordance with the international
classification, there is no differentiation
of the Çb clouds into thunderstorm and
squall. However, the modern techniques
for identification of clouds make it
possible to do this quite effectively.
Therefore, in the following we shall
differentiate between these two varieties.
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CHAPTER II

AIRPLANE ELECTRICAL CHARGE IN CLOUDS
AND PRECIPITATION

§ 1.

Distribution of Self-and Induced Charges Over
the Airplane Surface

Methods for measuring self- and Induced charges.

It was shown

in Chapter 1 that by measuring the electric field intensity at two
points of an airplane lying at the intersection of the corresponding
neutral lines, we can determine one external field intensity vector
component and the magnitude of the airplane's self-charge.

By mea¬

suring the field intensity at two other points, located at the inter¬
section of the neutral lines lying in two other planes, we can also
measure the other components of the atmospheric field intensity [11,
69].

In certain cases, measurements are made at points other than

the points of intersection of the neutral lines; however, this either
requires an increase in the number of sensors [11], or reduces the
measurement precision.

Knowing the values of the atmospheric field

intensity and the magnitude of the airplane's self-charge, we can
determine both the induced charge and self-charge surface densities
over the entire surface of the conducting, all-metal
example.

airplane, for

However, we note that the construction of many all-metal

airplanes includes surface segments made from nonconducting materials
>
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(radar antenna and communication antenna fairings, windshields, and
so on); the magnitude of the charges on these areas correlates poorly
with the magnitude of the charge on the conductive surface of the
airplane.

The area of such regions is usually small and the distur¬

bances which they introduce are of a local nature.

These disturbances

may have a marked effect if the equipment used to measure the field
intensity is located too close to the nonconducting components, and
also during operation of radio equipment or instrumentation which
have antennas and sensors located alongside the insulated segments.

The field intensity measurements are usually made with the aid
of electrostatic fluxmeters, which either yield the values of the
field intensity at selected points or provide directly

the values

of the field intensity components and the airplane’s self-electric
field components.

Several studies have attempted to make measurements

using collectors — devices which measure the atmospheric potential
at some point [35 - 37].

Such measurements are very inaccurate.

During flight in clouds and precipitation, the atmospheric potential
at points lying near the airplane depends to a considerable degree,
as was shown in Chapter 1, on the charge of the aerosol layer adja¬
cent to the airplane.

For a given airplane, the dimensions of this

layer depend on the properties of the particles with which the air¬
plane collides and on the flight speed and altitude.

The potential

values measured by the collector will vary as a function of the point
of the aerosol layer where the collector is located; this introduces
a very considerable error into the measurement results.

Distribution of the self- and Induced charges over the surface
of the airplane.

The measurements of the distribution of the air¬

plane's self- and induced charges are usually made on airplane models
[11, 37].

The values of the coefficients £ and k, which connect the

field intensity at individual points with the magnitude of the air¬
plane's charge and the external field intensity, are different for
corresponding points of airplanes of different construction.
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At the

Figure 2.2. Distribution of in¬
duced charge over surface of
Li-2 airplane in uniform vertical
electric field.

Figure 2.1. Distribution of
jelf-charge over surface of
Li-2 airplane.
Circles denote
points with large coefficients.
£ is expressed in V/m • esu
I) p-3.7, ID P*3.2; III) p-2.Hj
IV) p-1.2; V) p-2.0.

I
II
III
IV

-

upper pickup
side pickup
nose pickup
bottom pickup

(k
(k
(k
(?

■
*
■
■

1.57);
O.iJô);
1.^2) ;
0.82).

same time, the values of £ and k do not differ markedly for points
lying near the center-section for airplanes of similar types.

Figure 2.1 shows the distribution of the values of the coeffi¬
cients £ for the Li-2 airplane along the wings (a), and the fuselage
(b) [38].

The upper halves of the figures show the value of £ on

the upper wing and fuselage surfaces; the lower halves show the value
of £ on the lower surfaces.

The circles Indicate the points where

the charge density is particularly high.

We see from the figures

that the coefficients £ may differ at individual points by nearly
20 times, i.e., the surface charge density at the wingtips may exceed
the charge density at the wingroots by a factor of 20.

Figure 2.2 shows the distribution of the coefficients k along
the plane of symmetry of an Li-2 airplane located in a vertical field
[38].

Curve a relates to the upper part of the fuselage, curve b
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is for the lower part of the fuselage.

The Roman numerals denote

the most convenient locations for the sensors measuring the vertical
component of the external field Intensity and the self-charge (I and
IV), and for measuring the field components directed along the wings
(II), and fuselage (III).

There may be a marked intensification of the field at individual
points of the airplane surface.

On the airplane tail-bumper and tip

of the vertical fin (points IV and II in Figure 2.1), the vertical
field component is intensified by 35 to 61 times, respectively.

The

field intensity at the wingtips is 58 times greater than the atmos¬
pheric field intensity component directed along the wings.

At the

airplane nose (point V in Figure 2.1), the field intensity exceeds
by 14.5 times the external field intensity component directed along
the fuselage.

The airplane construction does not always permit locating the
sensors at the points of intersection of the neutral lines.

In this

case, the indications of the sensors measuring the field intensity
components are affected not only by the corresponding component and
the self-charge, but also by the other field components, which com¬
plicates the analysis of the results and increases the measurement
error.

The sensors are sometimes mounted at the points of maximal

charge density, for example, at the wingtips [39], in order to in¬
crease the measurement accuracy in weak fields and for small charges.
Figure (2.3) shows the distribution of the surface charge density in
the presence of a self-charge on the IL-18 airplane, measured by
Markchev and Evteyev. The nature of the charge distribution over the
IL-18 is reminiscent in general, of the charge distribution on the
Li-2 airplane, but the values of the coefficients, particularly at
the extremities, are different.

In comparing the electrical charging of airplanes of different
types, we must bear in mind that the ratio of the potentials of two
airplanes carrying the same charges and having, in general, a similar
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Figure 2.3.
Distribution of self-charge over surface
of IL-18 airplane,
(a) along wings and tail;
(b) along rudder.
Numbers on figure are values of
p at individual points of the airplane.
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conficuration is approximately the reciprocal of the ratio of the
linear dimensions of the airplanes, while the ratio of the charge
densities at similar points of these airplanes is the reciprocal of
the ratio of the airplane surface areas [38].
The airplane charge field decays very slowly with distance.
Figure 2.A shows the distribution of the isopotential lines around
an airplane which has some charge [35]* The airplane poténtial is
taken as unity. Only at distances exceeding the airplane dimensions
by 1 - 2 times can the field of the charged airplane be considered
a point charge field.
The field intensity at any point of the airplane surface and in
the vicinity of the airplane, and also the potentials of nearby
atmospheric points,are determined by the magnitude Q of the airplane
charge, the intensity of the external atmospheric field, and the
airplane construction.
We shall examine the basic electrical characteristics of clouds
and find how the magnitude of the airplane charge is related with
the meteorological situation.

§ 2.

Cloud Electrical Structure and Basic
Electrical Parameters

In the clear atmosphere, there is always an electric field,
whose intensity E , at the earth’s surface is about 100 V/m. The
field intensity decreases approximately exponentially with altitude.
This decrease is associated with the fact that the air conductivity A,
'v
—14
equal at the earth’s surface on the average to Ae ^ 3 * 10
1/Ohm •
m, increases nearly exponentially with altitude. In clear air at
a given altitude^, the values of X in different regions of the

Footnote (1) appears on page 120.
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world differ by no more than +20¾
[67], and the atatlonarlty condi¬
tion — the absence of charge
accumulation in the atmosphere —
requires that the conduction cur¬
rent density be constant as a
function of altitude
. 10-“A/m2
where
and
are the correspond¬
ing values of the conductivity and
field intensity at the altitude h
[40, 41, 273.
The appearance in the atmos¬
phere of aerosol layers, particu¬
Figure 2.4. Distribution of
larly dust, clouds, precipitation
isopotential lines in vicin¬
ity of charged airplane.
and the like, alters markedly the
electrical characteristics of the
atmosphere : the conductivity changes, strong electric fields develop,
large electrical currents begin to flow. Particularly, strong changes
of the atmospheric electrical characteristics, having a stable nature
as a function of time and appearing over extensive regions, are
associated with clouds, precipitation, snowstorms, and the like.
Let us examine the basic electrical characteristics of clouds
and precipitation.
•**

The electrical structure of clouds is created as a result of the,
interaction of two basic groups of processes, one of which leads to
electrification of the clouds, while the other tends to reduce the
electrification. The cloud and precipitation particles (droplets,
snowflakes, ice crystals) acquire electrical charges. If the cloud
particles acquire a charge of one sign and the charge of the opposite

r,1TD-HC-2 ; -^44-70

52

sign remains in the air, then as a result of particle fall, macro¬
separation of the charges in space arises, and an electrical field is
established, which exists throughout the entire cloud or in a consid¬
erable volume of the cloud.

The intensity of this field may differ

significantly from that existing in the atmosphere, both in absolute
magnitude and direction.
Still larger electrical charges can develop on individual parti¬
cles, if they appear as a result of interaction of the particles;
high space charges arise if charges of opposite signs occur on parti¬
cles with significantly different rates of fall, for example, on
cloud and precipitation particles, water drops and hailstones, and
so on.
Charge accumulation on an individual particle is restricted by
charge loss as a result of air conductivity in the space surrounding
the particle and by collision with other particles, which have a
charge of the opposite sign or are relatively weakly charged.

The

accumulation of space charges in a cloud and the increase of the
electrical fields throughout the entire cloud volume are limited by
the conduction currents flowing between regions charged with elec¬
tricity of opposite signs and also, by the currents which arise as a
result of air movement (electrical currents associated with turbulent
diffusion and convection).
Obviously, the more active the process of the first group (the
larger the charges which arise on the individual particles, the larger
these particles, the higher the rate of charge separation) the larger
the electrical fields which develop in the clouds.

The more active

the processes of the second group, the smaller the electrical fields
which will be generated by the cloud.

Quasistationary conditions of

the electrical state of the clouds are obviously reached when the
rates of arrival and departure of the charges created by the processes
of the two groups are equal.
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We shall examine the electrical characteristics of clouds of
different types.
Wo must bear in mind that the electrical structures of the
clouds presented in Table 2.1 were obtained primarily in the north¬
western part of European USSR.

However, the data on the cloud par¬

ticle charges were obtained primarily on the basis of measurements
on Mt. Elbrus (in the southern part of European USSR), near Washing¬
ton (United States), and so on.

The electrical characteristics of

clouds of all forms depend to a considerable degree on the physical
and geographic conditions of the region in which the clouds are
;rmed.

Specifically, the magnitudes of the average and maximal

field intensity in clouds and the magnitudes of the space charges
ncrease in the direction toward the equator [27].

Therefore,

"joining” the general properties of clouds from the data on measure¬
ments of their individual characteristics in regions with markedly
different physical and geographic conditions, which affect differently
the processes of the two groups forming the electrical state of the
clouds, yields only a very schematic idea of the properties of a
specific cloud in a specific region.

Electricity of stratus and stratocumulus clouds.
structure of stratus clouds is shown in Figure 2.5.

The electrical
In half the

cases, the clouds were polarized positively; in 15% of the cases,
they were charged negatively.
unipolarly.
in Table 2.1.

The remaining clouds were charged

The characteristic data for these clouds are summarized
The magnitudes of the average field intensity in the

clouds and the space charges increase

somewhat toward the south [2?].

In the first approximation, we can consider that in all the measure¬
ment regions, the magnitudes of the drop charges in these clouds are
px-oportional to the drop radii.
Table 2.1 presents information only on the vertical component
of the field.

The horizontal components of the field intensity in

these clouds are usually considerably smaller than the vertical
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Figure 2.5. Reduced atmospheric electrical field inten¬
sity E (a) and charge distribution in stratiform
clouds (b).
(1) positively polarized clouds (502 of cases; (2)
negatively polarized clouds (152 of cases); Dq is the
cloud thickness, D is height above cloud base. Numer¬
als in circles are the electric charge in esu/m2 in a
unit column of the corresponding part of the clouds (from
[27]).
components. The electrical fields in these clouds cannot give rise
to the appearance of marked Induced charges on an airplane.
Electricity of nimbostratus clouds. The electrical structure
of nimbostratus clouds of mixed structure is shown schematically in
Figure 2.6. The structures of warm clouds and clouds lying entirely
in the negative temperature region are approximately similar to the
structure shown, although the values of the field intensity and
charges of these clouds are somewhat lower (by 1.5-2 times) on
the average than in the clouds of mixed structure. The character¬
istic data for these clouds are summarized in Table 2.1. This
electrical structure is typical for clouds in the Leningrad region.
The cloud droplet charge data were obtained in Tasmania (Australia),
the cloud particle charges were measured in European Russia;
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Figure 2.6. Reduced atmospheric electric field
intensity E and charge distribution pattern in cum1onimbus clouds with mixed structure.
Dq is cloud thickness. D is height above cloud
base; (a) positively polarized clouds (2/3 of cases);
(b) negatively polarized clouds (1/3 of cases); "base"
denotes cloud base, "top" denotes cloud top, 0° is the
freezing isotherm; (1) regions of negative charge; (2)
regions of positive charge; numbers in circles are the
electrical charge in esu/m^ in a unit column of the
corresponding part of the cloud, numbers in squares
are the space charge density inesu/md,^g3 (from [27])»
including the region around Leningrad. The field intensities, space
charges, and precipitation particle charges in these clouds increase
on the average as we move toward the south [27]. With increase of
the cloud thickness, there is an increase of the average field
intensity In the clouds, particularly, the extremal values of the
field (Figure 2.7), and the cloud charges increase correspondingly.
We should bear in mind that usually the surface measurement data
show that the number of positively charged precipitation particles
and the number of negatively charged precipitation particles, and
also the magnitudes of the charges on oppositely charged particles,
are approximately equal and change synchronously in time [53]. in
the high altitude measurements, regions are notea in which the
drops are charged basically by electricity of the same sign. In each
case, sucn regions develop in clouds yielding heavy precipitation
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[57].

The horizontal component

of the field intensity is not
large and amounts to a small frac¬
tion of the vertical component,
but at certain points, it may
approach the vertical component
in magnitude.

The field intensity may reach
Figure 2.7. Variation of aver¬
age (1) and maximal (2) value
of electric field intensity
in cumulonimbus clouds with
increase of cloud thickness D.

tens of thousands of V/m in indivi¬
dual clouds or parts of clouds.
Usually, there is no marked tur¬
bulence in these clouds and there

are large drops which give strong radar reflection.

Whether this

anomalous increase of the field intensity is associated with inten¬
sification of the electrification processes or with reduction of the
electrical losses in the clouds remains to be clarified.

Electrical structure of cumulus and cumulus congestus clouds.
The general scheme of the charge distribution in these clouds is
shown in Figure 2.8.

In contrast with the structures examined pre¬

viously, in these clouds there are nonhomogeneous zones with high
charge densities and strong electrical fields.

The characteristic

dimension of these zones is about 120 m; the probability of encoun¬
tering zones of different sizes may be represented by a log-normal
distribution.

The sizes of these zones correlate closely with the

air current dimensions obtained from accelerograph and thermometer
data (Figure 2.9).

There is a marked variation of the magnitude of

the airplane charge in these same zones.
Both the particle charges [60]
centration spectrum [61]
zones.

and the particle size arid con¬

vary quite markedly in the nonhomogeneous

Higher space charges are usually associated with zones which

are smaller in size.

The horizontal components of the field inten¬

sity in these zones are very high [59], and approximately equal to the
vertical components of the field intensity [^9].
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1^ these clouds,

Figure 2.8. Electri¬
cal structure of
cumulus and cumulus
congestus clouds.

Figure 2.9. Repeatability P of linear
dimensions of air currents (1), zones
of airplane charge extrema (2), field
intensity (3), and temperature (4)

charges of significant density induced on the airplane can occur
only in the nonhomogeneous zones.

The magnitude of the field inten¬

sity in these zones is sufficient for corona currents to develop on
the airplane static dischargers.

The margnitudes of the induced

charges vary quite sharply throughout flight through these clouds.
Other conditions being the same, the rate of change of these charges
is proportional to the flight speed.

Electrical structure of thunderclouds.

The electrical structure

of thunderclouds is similar to the structure shown

in Figure 2.8.

However, thex’e is a region of small positive charge located below
the cloud, which is associated with the precipitation region and was
first discovered by Simpson [52].

At the same time, we should also

note several essential differences between the actual structure of
the clouds and that suggested by Simpson.
is not constant in time.

First, the cloud polarity

In the initial stage of cloud development

(up to and including the mature stage) a negative-charge field
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dominates in the upper part of the cloud [62].

Second, some clouds

are polarized negatively, even in the mature stage; this usually
applies to the shower-type clouds.

Third, the presence in the cloud

of zones of nonhomogeneous charges, which are a characteristic feature
of the active thundercloud; it is in these zones that the lightning
discharge develops, which the primary cloud charges can only support.
The average electrical characteristics of thunderclouds are shown in
Table 2.1.

The average characteristics of the structure depend very strongly
on the physical and geographical conditions and the pecularities of
the synoptic process, in which the clouds develop (Table 2.2).

Here, we must bear in mind that the charges of individual clouds
may differ by an order of magnitude from the average values shown.

TABLE 2.2
ELECTRICAL STRUCTURE OP THUNDERHEADS IN DIFFERENT REGIONS

—

Reference

C

Distance
between
principal
charges,
m

Maximal
field
intensity
created by
principal
charges,
V/m

35

23

1500

400,000

[26]

50°

72

24

3000

140,000

[52]

3b°

23^

39

6000

45,000

[63]

35°S

200

40

5000

60,000

[64]

Latitudes© r Average
electrical
studies
moment of
cloud,
C • km

60 - 50°N

Cloud
charge

The dimensions of the nonhomogeneous zones in thunderclouds are
larger than in the cumulus and Cu cong clouds and increase from about
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(4

400 m in the mature cloud stage to
600 m in the decaying stage.
ure

A

2.10

Fig¬

shows the zone size dis¬

tribution [65].

In the cumulon¬

imbus cloud, the electric field

k
¡00

\3
V
V

intensity in the nonhomogeneous
zones is higher than the average
>

field intensity in the cloud, but

■
—1——r--=Lf - r-SOO

1000

1400

dM

by a smaller factor than in the Cu
cong clouds.

The field in the

vicinity of the cloud is formed

Figure 2.10. Repeatability P
of dimensions of charge

almost entirely under the influence

nonomogeneity zones in cumu¬
lus congestus clouds (1),
mature thunderheads (2), and
decaying thunderheads (3).

of the primary charges.

Both the primary charge elec¬
trical field and the nonhomogeneous

7'one

charge

field lead to intense corona discharge from the airplane

extremities and induce on the airplane surfaces charges which vary
rapidly with displacement of the airplane.

The variation of these

charges can serve as an additional source of interference.

The hori¬

zontal and vertical components of the field created by the primary
and random cloud charges are approximately equal.

may

The average current density is very high in thunderclouds:
it
_7
2
reach 10
A/m , and may exceed by several orders of magnitude

the current density in clouds of other forms.

The average current above the thundercloud in the latitudes of

the oovlet Union is about 0.1 - 0.2 A [67] (which exceed by 1000 times
the current density in fair-weather clouds) and reaches 1 A in regions
near the Equator [63, 66].

The currents above individual thunder¬

clouds may be an order of magitude higher.

A characteristic property of thunderclouds is the high effective
electrical conductivity in their active region. It is still not
clear whether this conductivity is associated with the presence of
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strong ionization or with the action of turbulence and convection,
in the first case, the conductivity may decrease the airplane charge
markedly; in the second case, it can affect only the currents flowing
to the airplane, and may even increase the airplane charge.

We recall that the storm part proper of the cloud — the region
in which strong electrification, lightning discharges, strong air
currents, high conductivity, and so on develop — occupies only a
small part of the overall thundercloud volume [19].

The probability of the appearance of thunderstorm processes is
determined to a considerable degree by the magnitude of the losses,
i.e., the magnitude of the effective conductivity in the cloud [26];
in clouds in which the losses are small, large charges, high electri¬
cal fields, and lightning discharges can occur even if these clouds
have relatively small depth and water content and their electrifica¬
tion processes take place very sluggishly.

The lightning repetition frequency in the cloud is also deter¬
mined by the relationship between the cloud electrification process
and the magnitude of the losses in the cloud.

The electrical characteristics of clouds of other forms are
presented in Table 2.1; these characteristics are given in greater
detail in [27].

The characteristics of altocumulus clouds are also

given in [2?].

S 3.

Charging of Airplanes in Clouds
of Different Forms

Clouds of different forms with different states of aggregation,
clouds and precipitation with different particle concentrations and
sizes, snowstorms, dust clouds, haze, and the like, which are encoun¬
tered along the airplane path, charge the airplane differently, even
if its flight speed and engine operating conditions remain the same.
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The first systematic studies on the connection between airplane
charging and meteorological conditions were carried out in the nine¬
teen fifties.

The work of Gunn, Hall, and Kinzer [1|], and that of

Edwards and Brock [73]» demonstrated the influence of synoptic con¬
ditions on airplane electrification.

The basis of the analysis was

the fact, established in [^4], that airplane electrification increases
with the increase of the snowfall intensity.

The authors of [4]

characterized the probability of snowfalls of different intensity
on the basis of the synoptic chart, without devoting any attention
to the pecularities of airplane charging in clouds and precipitation
of different forms.

The connections established in [73]

between

airplane charging and the synoptic situation were too general a
nature .

The results of studies of airplane charging in various clouds
were presented in [68], and we shall make use of information from
this paper.

Data on charging of the Li-2 airplane, obtained as a

result of several years of systematic observation in different regions
and in different seasons, are presented in [68].

Although the instru¬

mentation lag was less than 0.1 sec., in analyzing the data, the
results were averaged over 100-meter layers of the cloud (which
corresponds approximately to averaging over a horizontal distance of
4-5 km, during a time of the order of one minute); this averaging,
on the one hand, makes it possible to select more characteristic
numbers and, on the other hand, excludes from the statistics large
deviations from the mean value.

The analysis showed that these de¬

viations are small in stratiform clouds, with the exception of the
nimbostratus and altostratus clouds; in the altostratus and minbostratus clouds, the extremal values at individual points may exceed
the values shown.

The magnitude of the charge acquired by the airplane during
flights in clouds of different forms varies.

Table 2.3 shows the

average and extremal values of these charges in relative units.
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TABLE 2.3
CHARGING OP Li-2 AIRPLANE IN CLOUDS OF DIFFERENT FORMS
(IN RELATIVE UNITS)

Number of
clouds
studied

Cloud
form

Average
airplane
charge
171

Maximal
airplane
charge
I?!».

Minimal
airplane
charge
171.1»

St

100

3

6

0

Sc

334

4

8

2

Ac

172

5

7

2

As

146

10

16

5

Ns

136

13

54

5

_

We see from Table 2.3 that the average and maximal airplane
charges in clouds yielding precipitation are higher than in clouds
without precipitation.

But, even for airplane flight in clouds of

the same form, the airplane is charged differently in different
clouds, and the airplane charge changes during flight in the same
cloud.

Table 2.4 presents information on the distribution of the

airplane charge magnitude in clouds, and on clear days.

Even on

clear days, the charges on the Li-2 airplane are different at differ¬
ent altitudes.

In the lower layers of the atmosphere, the average

absolute airplane charge magnitude is about 5 • 10^ esu; above 2 km
it is about 2 •

103 esu.

As a rule, the airplane charge magnitude

in the clear atmosphere does not exceed in absolute magnitude 20
esu.

•

IO-'

The airplane charge magnitudes in clear weather presented in

Table 2.4, (40 - 50) • 103 esu, were obtained during airplane flights
in ice crystals with low concentration, in aerosol layers, and
similar conditions.

The data of Table 2.4 show that the airplane charge spectrum
in precipitating clouds is relatively broad and has no clearly
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IN CLOUDS OF VARIOUS FORMS.

DISTRIBUTION OF AVERAGE VALUES OF Li-2 AIRPLANE CHARGE

TABLE 2.4

(CON'T.)

CM

8

Jefined maximum, in contrast with the stratiform clouds.

In compari¬

son with the clear weather spectrum, the airplane charge spectrum in
the St, Sc, and Ac clouds is shifted in the direction of negative
charges.

It should be noted that in clouds of all forms, the airplane

can (with differing probability) acquire both negative and positive
charges.

The probability of negative charging is considerably higher

in the coulds being considered here.

For a more complete characteri¬

zation of the charging conditions in clouds, it is convenient to
utilize an equation which describes sufficiently and completely the
connection between the probability of the presence on the airplane of
a charge of a particular sign and the magnitude of the charge itself.
The parameters of this equation must depend on the cloud properties.
Figure 2.11 shows the connection between the integral probability P
rf the appearance of a charge greater than a given magnitude and the

charge magnitude Q.

The form of the curve does not yield a simple

representation of the equation which approximates the curve.

Figure 2.12 shows on a semilog scale the curves of the integral
probability of the appearance of a charge greater than a given magni¬

tude on the Li-2 airplance in clouds of different forms, obtained
from the results of soundings at Leningrad in I960 - 1965.

The integral probability P is represented well on this scale by
the equation

íf^W-lglOO-zaQ.
(2.1a)

or

(2.1b)

The higher the probability of large charges, the smaller the coeffi¬
cient m.

The quantity

probability curve.

Y"characterized the dispersion of the

The curves of Figure 2.12 are convenient for

finding the probability of encountering a charge greater than a
given magnitude.

1)-110-22-5^-70
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By specifying the number of flight hours in clouds
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Figure 2.11. Curves of integral
probability of finding a
charge greater than a given
value on the Li-2 airplane
(in absolute magnitude) [68].

Figure 2.12. Integral probability
of a charge greater than a given
level on the Li-2 airplane,
represented in semi-log coordi¬
nates. For notation see Figure

2.11.
of a given form or the distance traveled by the airplane in these
clouds, we can with the aid of the curves of Figure 2.12, determine
the corresponding flight duration and flight distance for which the
airplane charge will exceed the given value.
This linear relationship between the logarithm of the probability
of the appearance on the airplane of a charge exceeding a given mag¬
nitude and the charge itself permits a very complete characterization
of the airplane charging condition in clouds using the quantity
(or m), and the magnitude of the average charge acquired.

y

In clouds

yielding precipitation, for example, both the average airplane charge
and the dispersion are greater than in clouds which do not yield
precipitation.
Returning to Figure 2.12, we note that the breaks in the pro¬
bability curves for the nimbostratus and altostratus clouds for large
values of the charges can be related with the appearance of
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precipitation particles in these clouds and, correspondingly, with
the charging conditions characteristic for large particles.

An

indirect confirmation of this assumption is the fact that the points
of the integral probability curves after the breakpoints again fit
quite well on a straight line.

Moreover, the slope of the curves in

the segment after the break is very close to the slope of the curves
for nimbostratus clouds, i.e., clouds which yield precipitation for
certain.

The curves in Figure 2.12 confirm the correctness of the

assumptions made above on the reasons for the break in the integral
probability curves if about one-third of the altostratus and oneseventh of the stratoculumus clouds carry precipitation particles.
If we calculate the integral probability characteristic for this
■ne-third of the altostratus clouds, it is obviously again represented
by a straight line (dashed line in Figure 2.12).

The curves in Figure 2.12 indicate a curious situation:

clouds

of different forms which are basically characterized using what would
seem to be very formal characteristics — external appearance and the
altitude at which they are located —have on the average

character¬

istic microstructure features which lead to different probabilities
of airplane charging.

In those cases, in which clouds whose micro¬

structure may differ significantly (for example, raining and non¬
raining altostratus clouds) are included in a given cloud form, it
appears that it is advisable to construct the integral probability
curves separately for clouds having different microstructures.
In many cases, it is convenient to represent the distribution
in a form similar to that of the Gaussian distribution, or in the
form of a distribution which retains the main Gaussian feasures, but
is referred not to the quantities themselves, but to their orders of
magnitude — the log-normal distribution.

In fact, the airplane

charging probability can be approximated satisfactorily by the logdistribution
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(1,.-1.../

., ¡Sir.

(2.2)

where

is the geometric mean of the airplane charge;

standard geometric deviation; (lgß|)*=(lgQ —IgQf)1—

is the

is the mean square

deviation of the logarithm of the airplane charge magnitude.

Figure 2.13 shows the integral probability versus charge in
probability-logarithmic coordinates.

The data in Figure 2.13 can be

used to determine in the usual fashion the dispersion
ility for different clouds, the mean value

of the probab¬

of the airplane charge,

and the probability of the occurrence of a cnarge greater than a
given magnitude.

The values of these quantities are shown in Table.

2.5.

TABLE 2.5
BASIC PARAMETERS CHARACTERIZINQ INTEGRAL PROBABILITY OF
Li-2 AIRPLANE CHARGING IN CLOUDS OF VARIOUS FORMS

Cloud form

esu
(geometric
mean)

Dispersion

Dispersion
dB

Sc

34

0.4

3.4

Cs

47

0.5

4.4

As

55

0.65

5.6

Ns

63

0.82

7.2

We must bear in mind that the data of Table 2.3 are presented

for the arithmetic mean values of the airplane charges, and the num¬
bers in Table 2.5 are found from the average values of the logarithm
of the airplane charge for the geometric mean values.
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The probability that the Li-2
airplane will acquire a charge
greater than 2 • 10^ esu does not
exceed 0.01X in stratus clouds,
0.3!( in altostratus clouds, and
in nimbostratus clouds.

It is essential to explain
the degree to which the charging
conditions differ for airplanes of
different types of clouds.

It is

also of interest to compare the
charging of airplanes of signifi¬
cantly different types flying at
markedly different speeds.

We shall examine the data on
charging of the Tu-104b Jet airFigure 2.13.
Integral probabil,_.
,
itiescurves of airplane charging pc^ouds
different forms
above some level (in the inte¬
[69], and compare these data with
gral probability scale), Li-2
the data obtained for the Li-2
airplane, Leningrad, 196O-65.
piston engined airplane.
(1) St; (2) Sc; (3) Cs; (4)
As; (5) Ns; 4>(x) is the pro¬
bability integral.

Figure 2.14 shows the logar¬

ithm of the integral charge probability for the Tu-104B airplane as
a function of the magnitude of the airplane charge.
ship is linear, Just as it is for the Li-2 airplane.

This relation¬
Comparing the

curves of Figures 2.14 and 2.12 for the corresponding clouds, we see
that the Tu-104B airplane acquires charges which are about ten times
greater than those acquired by the Li-2 airplane, i.e., the coefficient
m in (2.1) is ten times smaller for the Tu-104B, than for the Li-2.

It is somewhat surprising that the ratio of the coefficients m
for the Li-2 and Tu-104B in clouds of different forms remains nearly
constant, while it would appear that the coefficient should be
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I(

Figure 2.14. Integral probability curves of charge above
some level. Tu-104B airplane.
(1) St; (2) Ci developing on anvil of thunderheads;
(3) As; (4) non-thunderstorm Cb; (5) Ns; (6) Cu
Cong; (7) Ci; (8) upper part of active thunderhead;
(4') values of charging probability in non-thunder¬
storm Cb, without account for charging in gaps
between their tops; (61) values of charging probab¬
ility in Cu Cong, without accout for charging in
gaps between their tops.
different in clouds of different forms. The difference between the
ratios m in clouds of different forms does not exceed 20 - 30¡í for
these types of airplanes. The potential of the Tu-104B airplane
(electrical capacitance equal to 1740 cm), exceeds that of the Li-2
airplane (electrical capacitance equal to 435 cm), by a factor of
three, and the field intensity at selected points of the Tu-104B
airplane is great by 1.5 times than at the corresponding points of
the Li-2 airplane having the same charge. However, we must bear in
mind that in clouds of the same type, the charging currents of the
TU-104B airplane must be considerably high than those of the Ll-2,
since for the same field intensities at the corresponding points of
the airplanes the discharging currents of the Tu-104B exceed by
several fold the corresponding discharging currents of the Li-2.
Still higher ratios of the charge currents of the Tu-104B and Li-2
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airplanes are possible in cirrostratus clouds.

It should be pointed

out that because of the different ceilings of the airplanes, their
electrification was compared in Cs clouds lying at different alti¬
tudes and having different probabilities of the existence of liquid
and ice particles and differing sizes of these particles.
in Figure 2.14 show

The data

a very high probability of high airplane charges

in towering cumulus clouds and thunderclouds.

During the measure¬

ments in the upper part of the towering cumulus and cumulonimbus
clouds, the airplane frequently breaks out into gaps between the
cloud tops.

The observer cannot distinguish these gaps on the

recorder tape,and data on clear regions of the atmosphere are unin¬
tentionally included.

If we exclude those regions where the charge

is less than ICr esu, then curve 4 should be replaced by curve 4'
and curve 6 by 6'.

Curve 7 was obtained for cirrostratus clouds

which were not associated with thunderstorms, while curve 2 was
obtained for the cirrostratus clouds developing from the anvils of
thunderclouds.

Although the magnitudes of the electrical space

charges of the particles in towering cumulus clouds are much lower
than in thunderclouds (see Table 2.1), the charge acquired by the
airplane in the towering cumulus may be greater than in thunder¬
storms.

We shall return to a discussion of this fact later.

Here,

we shall simply note that the active part of the thundercloud occupies
only a small part of its volumej therefore, the inclusion in the
statistics of charging data over the entire flight path in a thun¬
derstorm leads to relatively low values of the airplane charges.
If we include in the statistics, only the flight segments in the
active parts of the active thundercloud (identified by radar or an
instrument measuring the electric field intensity in the clouds),
then the values of y will be higher than in the towering cumulus
clouds.

On the other hand, curve 8 is plotted from data including

information obtained in the very active thundercloud which inflicted
tremendous damage on Voronezh on 14/August 1961. Therefore, curve 8
characterizes very active clouds.

The TU-104B charging relations in different clouds can be pre¬
sented in log-probability coordinates.
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As in the case of the Li-2

airplane, this relation approximates the relations obtained quite
well.
The basic cloud charge distribution parameters [see (2.2)],
corresponding to the log-normal distribution are presented in Table
2.6, the data for which were obtained on the basis of the Tu-IO^B
airplane charge measurements.
The fact that the airplane charging probability is approximated
well by a linear connection between the logarithm of the probability
and the charge, and by the log-normal distribution, makes it possible
to utilize a simple method for comparing the changeability of differ¬
ent airplane types.

TABLE 2.6
BASIC PARAMETERS CHARACTERIZING THE INTEGRAL PROBABILITY
OP CHARGING Tu-104B AIRPLANE IN CLOUDS OF VARIOUS FORMS

V,r*

Cloud form

esu.
(geometric
mean)

St add Sc

1

0.63

13

Ci and Cs

60

0.66

13

30

0.59

12

As

*'«(»#) 0/B

Cu cong.

240

2

40

Cb inc.

320

1.06

21

This leads to two very important conclusions:

1.

Data on the charging of an airplane of one type (Li-2, for

for example)

obtained in different clouds

can be converted for

airplanes of other types, if a small number of parallel measurements

prD-HC-23-544-(0

77

are made oí’ the chargea on the reference airplane and the airplane
of the other type.

2.

On the basis of detailed data on the charging of an airplane

of one type

(the Li-2, in our case) under different conditions, we

can obtain a very complete climatological pattern of the peculiarities
of the charging of airplanes of any type in clouds of different forms,
existing in different physical and geographical regions, in different
synoptic conditions, at different latitudes, and in different seasons.
For this purpose, it is necessary to study the laws governing air¬
plane charging, both those associated with the charging characteris¬
tics in clouds at various times of the year, in different regions,
and so on; and also, those associated directly with the cloud char¬
acteristics .

§ M.

Airplane Charging in Clouds at
Different Latitudes

At the beginning of the chapter we noted that such electrical
characteristics of clouds as the space charges, electric field inten¬
sity, and individual particle charge have a tendency to increase as
we approach the equator.

The increase of these characteristics is

related with corresponding changes of the microphysical characteris¬
tics of the clouds as we move into the southerly latitudes.

Therefore,

it is natural to expect changes in the airplane charging conditions
in the clouds which develop in different latitudes.

The data in Table 2.7, obtained during the 1958 - 1965 period,
illustrate

this difference in charging.

We see from Table 2.7

that the magnitude of the average air¬

plane charge in the clouds increases by a factor of two to

five in

the Tashkent region in comparison with the airplane charge at Lenin¬
grad.
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TABLE 2.7
AVERAGE ABSOLUTE CHARGE OP Li-2 AIRPLANE (esu • IO“3)
IN CLOUDS OP DIFFERENT FORMS [68]

Region of
study
Leningrad (60° C)
Kiev (50° C)
Tashkent (40° C)

IS (100)
18 (73)
W (34)

20 (334)
35 (¡2)

60 (81)

50 (146) 65 (136)
00 (76) 80 (73)
200 (87) 250 (69)

Along with the tendency toward a higher airplane charge in the
clouds in the lower latitudes, we also note come increase of the
coefficient y, characterizing the dispersion.
It should be pointed out that in the regions studied, the clouds
developed under the influence of different physical and geographical
factors.

The coastal location of Leningrad, and the closeness of the

desert and moutain regions to Tashkent»affected the values of the
airplane charge (Taole 2.7).
to date

However, the lack of suitable studies

makes it impossible to identify the effect cf the physical

and geographical factors in pure form; therefore, we must limit
ourselves to the ideas formulated in the heading of this section.
The data of Table 2.7 can be extrapolated to other latitudes
which differ markedly in their physical and geographical character¬
istics to even a lesser degree.

For example, in the far North and

in the Arctic—regions with extensive ice crystal clouds in which
the airplane will be charged very strongly—the airplane charges may
again increase.

We can expect that there will be characteristic air¬

plane charging peculiarities in the clouds of different latitudes
and in the ocean and desert regions, where the cloud microstructure
may be quite very specific.
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S 5.

Seasonal Characteristics of Airplane
Charging In Clouds

It appears that the airplane charging characteristics In differ¬
ent seasons are due to two factors which act In opposite directions.
On the one hand, the cloud water content is lower in the winter [70],
which leads to reduced airplane charging.

On the other hand, the

probability of the occurrence of solid particles in the clouds in¬
creases in the winter [70], and airplane charging is more intense in
ice-crystal clouds (for the same water content), than in water-droplet
clouds [5], (see Table 2.10).

The magnitude of the Li-2 airplane

charge during flight in snow reaches (500 - 600) • 10^ esu [68],

The

degree of the influence of each of these two factors is different for
different latitudes and for clouds at different levels. Therefore,
airplane charging may increase in clouds of certain types as we go
from summer to winter, while in clouds of other types, conversely,
the charging may decrease.
Table 2.8 shows how the Li-2 airplane charge changes in differ¬

ent seasons in clouds of the same type.

TABLE 2.8
AVERAGE ABSOLUTE CHARGE OF Li-2 AIRPLANE (esu • 10-3)
IN CLOUDS IN DIFFERENT SEASONS [68]

cloud
form

St
Sc
Ac
As

Ns

Leningrad
summer

winter

7
37
22
82
60

16
18
25
36
56

(11)
(40)
87)
41)
(30)

(65)
(140)
(35)
|63)
(73)

Kiev

'

summer

winter

35(3).

15 (51)

32 (25)
80 (39)
80 (9)

28*07)
50 (37)
70 (36)

Tashkent
summer winter

.¾]¾1

15
33
77
225
250

(35)
(81)
(70)
84)
(69)

In the Leningrad region, the magnitude of the average absolute
charge was higher in the winter than in the summer in all clouds,
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other than the stratus and altocumulus types.

In the Kiev region,

the airplane charge was lower In the winter than In the summer in all
cloud types.

However, the difference between the charge in the

winter and in the summer in the altocumulus and nimbostratus clouds
was small.

In the stratus clouds in the Leningrad region the charge

in the winter was half that in the summer, while in the Kiev region
the charge in these clouds in the winter was half the summertime
value.

In the altostratus clouds the average airplane charge de¬

creased by a factor of 1.5 from summer to winter in Leningrad and
Kiev, while at Tashkent the charge nearly doubled.

If the assump¬

tions stated in the beginning of the section are valid, then in the
altostrutus clouds the airplane charge reduction due to the reduction
of the water content and the associated change of the microphysical
characteristics is greater than the charge increase due to the rela¬
tive increase in the number of solid particles at Leningrad and Kiev;
at Tashkent the effect of the second factor is weaker.

It is obvious

that identification of the nature of the seasonal characteristi s is
closely related with the development of studies of cloud microphysics.

§ 6.

Correlation Between Airplane Electrical
Charge and Cloud Thickness

The variation

of the absolute magnitude of the charge as a

function of cloud thickness is shown in Table 2.9.

We see from Table 2.9 that at a given station the magnitude of
the airplane charge, in general,increases with an increase of the cloud
thickness.

In individual cases, the magnitude of the airplane charge

in the thicker clouds may be greater by an order of magnitude than in
thin clouds of the same type.

The extremal values of the airplane

charge increases with an increase of the cloud thickness more rapidly
than the average values [9],

We recall that,on the average, there is an increase of the water
content and particle concentration in clouds with an increase of their
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TABLE 2.9
AVERAGE ABSOLUTE AIRPLANE CHARGE (f.su • IO“3)
AS A FUNCTION OF CLOUD THICKNESS. 1958 - 1965

cloud thickness, m

cloud
form
St

Sc
Ac

cloud
form

station
0-S»

*»-500

SOO-1000

>1000

Leningrad
Kiev
Tashkent

ïiî?

11 (521
13 (40j
Í24Í

18 (26)
26 (22)
29 Í7)

3b (10)
42 3)
40 Í2)

Leningrad
Tashkent

is ini

18 (167)
18 (45)

20 (104)
« (21)

28 (36)
136 Í5)

Leningrad
Kiev
Tashkent

17 (23)
30(9)
42 Í24)

17 (81)
30 (271
40 Í35Í

28 (42)
50 (12)
66 Í18)

37 (26)

station

!
Ao Leningrad 24
Kiev
77
Tashkent 127
Ns Leningrad 19
Kiev
15
133
Tashkent

NOTE:

S
i

a

Î

! 1 !
M if!’

(36)
55
74 (14)
(52)
209
311 11
(29Í 181 Í2&) 238 Í24) 360 (7) 300 Í2)

18374)

¡

1

“““

(31 28 (111 SO (23) 57 (28) 74 (24) 68 (27) 87 (20)
(2) 40 16 46 Í22) 90 10) 95 81 167 (9) 140 (6)
(lí) 170 (ifti 160 (22Í 380 Í15) 360 Í3Í
462 (2)

Number of clouds studied is shown in
parentheses .

thickness [70].

Obviously, the tendency for an increase of the air¬

plane charge is connected with this situation.

In analyzing the

Influence of the "climatological” factors, we must always take into
account the microphysical characteristics of the clouds.

Comparison

of the data of Tables 2.9 and 2.7 leads to the conclusion that the
thickness of clouds of corresponding type may even decrease as we
move toward the south, while charging in clouds of a given type in¬
creases regularly with reduction of the latitude.

Therefore, the

correlation between airplane charge and cloud thickness must be made
with account for the physical geographical factors.
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§

7.

Cloud Phase State and Airplane Electrical Charge.

Connection Between Airplane Electrification and Icing

The role of the cloud phase state In airplane electrification
can be illustrated by the data of Table 2.10, from which we see that
airplanes charge less strongly in water-droplet clouds than in clouds
of mixed structure and in clouds yielding solid precipitation.

TABLE 2.10
DEPENDENCE OP AIRPLANE CHARGE (esu • 10“3) ON CLOUD STATE
OF AGGREGATION (WITH RESPECT TO PALLING PRECIPITATION) [68]

NOTE:

Number of clouds studied is shown in
parentheses.

The strongest charging takes place in clouds whose tops are
located at temperatures below -10° C.

It should be noted that the

factor leading to the electrification change may be both the icingup of the airplane and the appearance of the solid phase, and the
rearrangement of the droplet spectrum which is characteristic for
the supercooled clouds [70].

In order to find the connection between the airplane charge
magnitude and the temperature distribution in the clouds, we plotted
the airplane charge as a function of the reduced (relative) height
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2./¾) (Figure 2.15), where we took as the unit intervals (D^), the
segments from the ground up to the base of the clouds, from the base
to the 0° C isotherm; from the 0° C isotherm to the -10° C isotherm,
from the later altitude to the top of the clouds and from the cloud
top to the maximal sounding altitude (6000 m).

The charge is shown

as a function of height in nimbostratus clouds for three sounding
stations.

For each station, we calculated the airplane charge magni¬

tude on the basis of averaged data on airplane charging in several
clouds studied.

In addition to the previously noted fact that the airplane
charge in clouds increases, in general, as we move toward the lower
latitudes, the curves of Figure 2.15 show that the highest airplane
charge occurs at altitudes where the temperature is below freezing.

We note that the airplane charge is very small in the rain below
tue cloud and increases markedly upon entry into the cloud.

In com¬

bination with the fact that the radar reflectivity is nearly constant
from the ground up to the freezing isotherm (i.e., the rain particle
spectrum changes very little with altitude), this situation indicates
clearly that airplane charging in nimbostratus clouds (just as in
non-precipitating clouds) is basically connected with the action of
the cloud particles.

This explains the similarity of the charging

of airplanes of different types in clouds of different form, since
the baileelectrlc effect —

electrification of particles during their

breakup — shows up only for large drops, depends significantly on
the airplane speed, and therefore

does not play an essential role

in the clouds.

In order to define more accurately the temperature region in
which the charging is most intense, we isolated the temperature region
0, -10° C (Figure 2.15).
at Tashkent

We see from the curves of Figure 2.15

that

the region of maximal charging was located between the

isotherms 0, -10° C, while in Leningrad and Kiev, it was located at
a higher altitude (up to the -15° C isotherm).
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As a rule, airplane

i

charging above the clouds is
associated with airplane flight
through bands in which ice cry¬
stals are falling from clouds at
still higher altitudes.

Airplane charging measure¬
ments in nimbostratus clouds, made
together with measurements of the
atmospheric field intensity, make
it possible to identify the role
of cloud space charges in airplane
electrification.

esu

We have noted previously

Figure 2.15. Airplane charge in
Ns clouds in temperature range
0, -10° C. D/Dq is relative

(see Figure 2.6 and Table 2.1)
that the nimbostratus clouds are

height in the corresponding
layer; "base” and "top" are
cloud base and top; (1) Lenin¬
grad (18 clouds, i960 - 1962);
(2) Kiev (7 clouds, i960 - 1963);
(3) Tashkent (10 clouds, i960 ’

polarized:

their upper and lower

parts have space charges
A4.
aArr
A. ..
3lte 3lgns'
At the 3ame
the airplane charge does

of oppo..
tlme*
not

change sign in these clouds (see

Figure 2.15).

Consequently, the cloud

marked effect on the airplane charge.

space charge does not have any
This becomes still clearer

from a comparison of the charges of the cloud and the airplane in the
cloud.

Figure 2.16 shows the distribution of the field intensity and

space charges in a "typified" Ns cloud [27], and also
the airplane charge.

the values of

It is obvious that the airplane was charged

„negatively all the time, regardless of the sign of the cloud charges.

Returning to the reasons for airplane charging in a cloud, '¡e
note that the charging increase above the freezing isotherm may be
ascribed to one of four factors:

(1)

change of the droplet spectrum;

(2) appearance of ice particles at these altitudes; (3) the strong
electrifying action of wet snow at these altitudes; (4) the onset at
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these altitudes of electrification
on the iced-up airplane, whose
surface properties are changed as
a result of the appearance of the
ice layer.
The analysis of the contribu¬
tion of all these factors to air¬
plane electrification can be made
on the basis of very general con¬
siderations. We shall return
0 «^esu
again to the evaluation of the
role of the particle spectrum
Figure 2.16. Effect of space
electric charges in Ns clouds
change in Chapter 4. It will be
on airplane charge.
shown at the end of this chapter
(c^) altitude distribution of
that the appearance of ice parti¬
space charges in cloud; (1)
electric field intensity ver¬
cles usually alters the sign of
sus height D/D^j (2) airplane
the airplane electric charge and
charge Q (Leningrad, 1958 makes it positive. Since the air¬
1959, 30 cases ).
plane was electrified negatively
in the clouds studied, we can assume that the presence of ice crystals
in the region of the 0, -10° C isotherms could lead only to a reduc¬
tion of the airplane charge. Intensification of airplane electrifi¬
cation at temperatures of -7, -9° C was also noted previously in [6].
The amount of charge transferred per unit mass of the colliding par¬
ticles in the temperature range -5, -10° C can Increase by a factor
of ten in comparison with electrification at a freezing temperature
and can decrease from the maximum to a few tenths of the peak value
at temperatures below -10, -15° C [6] (see Figure 2.25).
In order to
on the third and
taneously in the
compare airplane
and in clouds in

FTD-HC-23-544-7O

find the degree of influence on the airplane charge
fourth factors, whose effect must increase simul¬
temperature range from 0° C to -10, -15° C, we can
charging in clouds in which airplane icing is noted
which there is no icing. Figure 2.17 presents
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curves which show that in Ns
clouds in which icing is noted,
the airplane charge is higher.
A similar effect is also noted in
Cs clouds and in Ac clouds.

High

airplane charging is observed in
As clouds without airplane icing
(Table 2.11).

A change of air¬

plane charging during icing was
also noted in [6].
Figure 2.17.
Airplane charging
with and without ice formula¬
tion in Ns clouds.

The different sign of the

"top" and "base" denote top and
base of clouds; (1) airplane
iced up (70 clouds); (2) no ice
formation (40 clouds).
Lenin¬
grad, 1958 - 1962.

correlation between icing and
charging in clouds of different
types may be associated with the
difference in their microstructure.

TABLE 2.11
RATIO (n) OF AVERAGE CHARGES OF ICED AND CLEAN AIRPLANE

Cloud form

St

Sc

Ac

As

n

1.1

1.5

1.2

0.7

Ns
2

The increase of the charge during airplane icing takes place
under conditions in which a considerable part (0.7 - 0.8) [70, 71] of
the drops colliding with the airplane "stick" to the airplane surface
and cannot have any effect on airplane electrification.

It may be

that the Increase of the droplet fraction adhering to the airplane
leads to a reduction of charging during ice formation in the As clouds.
Further studies are necessary to obtain the answer to this question.

Thus, the airplane charging characteristics above the freezing
isotherm may be ascribed, first, to the intensification of the
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electrifying capability of the particles at these altitudes and,
second, to the changes of the charging conditions during icing of the
airplane .

Still unclear is the question of the degree to which the airplane
charging increase, which occurs in the cloud zone where there is wet
snow,leads to the appearance of icing, as a result of the action of
the electrical forces which facilitate spreading of the droplets
during impact on the surface of the charge airplane and promote
freezing of the droplets [18, 2^].

The resolution of this question

requires additional experimentation.

We should point out, it is

true , the indirect circumstantial evidence that the most intense
natural electrification of the cloud and precipitation particles takes

place in the 0, -10° C isotherm range.

However, according to the

data of Pruppacher [18], the probability of supercooled particle
freezing increases markedly in strong electric fields. During flights
in clouds of many types, the field intensity at the leading edges of
the wings and other extremities may increase under the influence of
the airplane charge to values of the order of 10^ V/m, which are
sufficient to increase the freezing probability.

To this, we must

add that the probability of charged particle freezing also increases
in strong fields.

The increased airplane charging in the region lying between the
0, -15° C isotherms may have a marked influence on the probability of
lightning striking the airplane.

According to NACA data, the airplane

lightning strike zone in clouds is concentrated primarily in the cloud
region bounded by the 0, -io° C isotherms

(Figure 2.18).

We recall

that according to Simpson [52], the region of separation of the basic
charges and, consequently, the region of highest electric field in¬
tensities in the cloud, coincides with this region.
discharges

But

lightning

even those which arise in the region of the strongest

fields, pass through the entire thundercloud, and the probability
that an airplane entering a thundercloud will encounter lightning
discharges depends very little on the flight level in the cloud.
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Consequently, the increase noted
in Figure 2.18 of the lightning
strike probability is associated,
as noted previously for active
thunderclouds, on the one hand
with the influence of the charged
airplane on the lightning genera¬

Number of lightning strikes on airplane

tion probability, and on the other
Figure 2.18.
Probability of
airplane lightning strikes in
thunderheads (NACA data).

hand with the effect of the air¬
plane on the trajectory of light¬
ning strokes which have already
developed.

In low-activity thun¬

derclouds, we can expect that the
airplune charge will have an

; on the lightning generation

probability.

§ 8.

Nonuniform Zones in Clouds and Their Effect
on Airplane Charge Variation

The microphysical characteristics of clouds are variable not
only vertically, but

also horizontally.

The convective clouds —

towering cumulus and cumulonimbus — are particularly nonuniform in
the horizontal direction.

These nonuniformities have an effect on

the electrical structure of the convective clouds

(see Figure 2.8).

The airplane charge also experiences significant variations in these
nonuniform zones, at times dropping to zero and returning to the
extremal values over a distance of a few hundred or even a few tens
of meters.

The charge rate of change on a modern high-cpeed passen¬

ger airplane may exceed 2,000,000 esu/sec, even on an airplane flying
at a speed of 300 Itrn/hr. This rate exceeds 500,000 esu/sec [6].

These

charge variations modulate, in particular, the corona currents from
the static dischargers and create additional interference.

The largest nonuniformities are encountered in towering cumulus
clouds.

The repeatability of the dimension of the airplane charge
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extrema zones is shown in Figure 2.9 from the data of measurements
made in 140 clouds.

In order to be certain that the airplane charge

relaxation time has no marked effect on the measured dimensions of
the charge nonuniformity zones, we should examine the distribution
shown in Figure 2.9 of the dimension of the vertical air currents
in the clouds studied, the electrical field extrema zones, and the
temperature pulsations (studies made by Vul’fson [72]).

The simi¬

larity of all the curves indicates that the noted airplane charge
variations are determined by the variation of the cloud properties
the variation of the droplet spectrum [6l], and water content
in the individual air currents, which penetrate thunderclouds.

The small influence of the relaxation time is also confirmed
uy direct estimates.

If an airplane is flying in a homogeneous

cloud, its charge becomes steady relatively rapidly.

The electrical

capacitance of the modern airplane C * 500 - 2000 cm; the resistance
of the exhaust gas jet "connected" between the airplane and the
atmosphere Regu » 109 cm (see Chapter 3).
relaxation time, equal to
one second.

. 1 -■

CRn

Thus, the airplane charge

[see (3«19a)], amounts to about

If the airplane charge reaches a magnitude such that the
corona dischargers operate, then the "leakage resistance" connecting
the airplane electrically with the atmosphere is still less (see
Chapter 3) and may decrease to a value of 108 - 107 Ohms.

In other

words, the relaxation time in this case will not exceed 0.1 sec or
even 0.01 sec.

Since the dimensions of the cloud mesononuniformities

usually exceed 50 - 100 m, while the speeds of the airplanes used
did not exceed 250 m/sec, we can assume that the measured zone
dimensions were determined by variation of the cloud microphysical
characteristics.

Nonuniformity zones of somewhat larger dimensions are observed
in thunderclouds (see Figure 2.10) [65].

While in the towering

cumulus clouds the most probable dimension of the electrical charge
extremum zone was 50 - 100 m, in mature thunderclouds the most
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probable dimension of the extre¬
mum zone Increases to 200 - 400 m,
and in the decaying thunderclouds
this dimension reaches 400 600 m.

The data for the mature

stage were obtained in very active
thunderclouds, in particular, in
the thundercloud mentioned pre¬
viously occurring on 14/ August

1961, which is described in all
the modern books on aviation
Figure 2.19.
Integral probabil¬
ity P of the occurrence of
mesononhomogeneities of given
dimension d versus Ig d.

meteorology as one of the most
active thunderclouds observed
over the territory of the USSR.

(1) Cu cong; (2) mature thunderheads; (3) decaying thunderheads.

The relations shown in Fig¬
ure 2,10 can be approximated quite

well by the log-normal distribution [65].

Figure 2.19 shows the

integral probability of the appearance of a zone of length greater
than a given value as a function of the logarithm of the zone length.
We see from the curves of Figure 2.19 that the dependence is nearly
linear.

Knowing the probability of the occurrence of an airplane

charge greater than a given value and the probability of the exis¬
tence of a zone of given size, we can find the probability that the
airplane will acquire a charge of a given magnitude in the course
of a given time interval.

In clouds of other type, the dimensions of the airplane charge
nonuniformity zones are considerably larger than those considered
in the present section.

§ 9»

Airplane Charging and Cloud Microstructure

So far we have considered the influence of the meteorological
factors which affect airplane charging indirectly.
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This analysis

was necessary in view of the fact that meteorology in general,
and climatology in particular, have available relatively large
observational archives and operational data characterizing cloud
types, percent of cloud sky coverage, cloud thickness, and the like.
Thus, in order to find, say, the length of time an airplane will
have a charge greater than a given value (during flight in an over¬
cast) we use the climatological data on the clouds, supplemented by
the information presented in the present volume on the airplane
charging characterisitics under the particular conditions.

Unfor¬

tunately, complete meteorological data are not available on the
factors which affect directly the airplane charge — the cloud
microphysical characteristics.

However, to identify the physical

processes leading to airplane charging, it is necessary to investi¬
gate the effect of cloud microphysical characteristics on the charge
acquired by the airplane.

Airplane charging studies in snowfall and rain, carried out in
in the l^O’s, showed that charging is more intense in snowstorms
[6],

If we take the magnitude of the charge acquired by the air¬

plane in moderate rain as unity, then in a light snowstorm

this

value is 3.5; in a moderate snowstorm the value is 4, and in a
heavy snowstorm it is 8 [6].

The magnitude of the airplane charge

may also change markedly as a function of the shape of the snow
crystals.

It is noted in [6]

that the most intense charging occurs

during encounter with snow pellets and snow crystals in the form of
hexagonal plates.

A marked influence of the snowflake form on

electrification intensity was also noted by Schaefer [?4] (see Table
2.13); however, he was not able to establish any clear quantitative
connections between snowflake shape and electrification intensity.
An important result of Schaefer’s study [74] was the proof that the
charge carried by the snowflakes prior to collision with the body
is much less than the charge given up by the snowflakes after colli¬
sion and separation (Table 2.12).

The measurements were made on

models in a special tunnel in which the snowflake velocity reached
100 km/hour.

FTD-HC-23-544-70

92

■I T ■

TABLE 2.12
CONNECTION BETWEEN AVERAGE CHARGE ^ CARRIED BY ONE GRAM
OF SNOW CRYSTALS AND THE CHARGE

ACQUIRED BY A BODY FOR

FRICTION AND FRAGMENTATION OF ONE GRAM OF SNOW [74]

nr

sequential
amount.
water
nunber of tempera¬ content, of;snow
snowfall ture, *C
impactin t
g/m3 per secón d.
studied
g/sec
1
0.004
0,019
2
=?•’
0,188
0,088
S
0,176
0,0856
4
0,141
0,0886
i

0,66
0,25
0.11
0.46

92/91

91
120
137
16,2

,

We see from Table 2.12 that the charge given up to the body
is 20 - 140 times greater than the charge of the snowflakes when In
free flight.

Schaefer notes that for the higher collision velocities

which are characteristic for the airplane the electrification was
still more intense, i.e., the ratios shown in the last column of
Table 2.12 would be still larger.

Later MacCready and Proudfit [75]

showed that even the sign of the airplane charge may differ from the
sign of the precipitation particle charge, both solid and liquid.

To understand the mechanism of charge transfer by the cloud
particles to the airplane, it is very useful to examine the connec¬
tion between the airplane charge and the cloud water content under
simpler conditions — in pure water clouds.

Two basic processes of

cloud water separation from the airplane are possible:

1) the water

droplets can rebound from the airplane after striking it, transfer¬
ring the corresponding charge to the airplane; 2) upon striking the
airplane the water droplets may wet the airplane surface, and the
airstream will then tear off the water film which is formed.

In the first case, the connection between the airplane charge
and the water content may be very indefinite, since the charging
rate will be determined by the form of the droplet spectrum.
Obviously, on the average there is a dependence between the charac¬
teristics of the cloud particle spectrum and the cloud water content
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[70].

However, there may not be any such dependence in individual

specific clouds, or particularly at different points of the same
cloud.

In the second case, the airplane charging is determined basi¬
cally by the cloud water content and depends very little on the
droplet spectrum.

The droplet spectral composition will affect the

amount of water impinging on the airplane only as a result of the
different conditions for capture by the airplane of droplets of
different diameters.

As a resultof this, the amount of water strik¬

ing the airplane will constitute only some fraction of the total
amount of water which would strike the airplane if the capture
coefficients of all the droplets were equal to one.

Usually, the

large drops, whose capture coefficients are relatively large, make
the largest contribution to the water content.

Therefore, the

connection between the airplane charge and the water content should
show up clearly in this case.

The influence of the spectral compo¬

sition may not be so characteristic, since the ’’captured" water
content is defined basically by the large-drop part of the spectrum.
It is obvious that both of these processes exist at the same time,
but whichever is clearly dominant will serve as the connection be¬
tween the airplane charge and the cloud water content.

By means of frequent measurements of the water content during
Li-2 flights in Cs and Ns clouds and synchronizing the times when
the water content samples were taken with the corresponding segments
on the airplane charge recording tape, we obtained the relation
represented by the points in Figure 2.20 [68],

It follows from the

point pattern that although a general

toward an increase of

tendency

airplane charging with increase of the water content is observed,
this connection shows up very weakly in the individual measurements.

If we examine the airplane charging characteristics in smalldroplet clouds, cloud with droplets of intermediate size, and in
large-droplet clouds (the identification is based on microphotography
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large drops

Figure 2,20.
Correlation of instantaneous
values of cloud water content M and air¬
plane charge £ [68].

data), we find that for the same water content the most intense
charging is noted in the small-droplet clouds, charging is less
intense in clouds with droplets of intermediate dimensions, and
still less

intense in clouds with large droplets.

At the same time,

the tendency for growth of the airplane charge with increase of the
cloud water content shows up more clearly for clouds with smaller
droplets.

Specifically, the data of Figure 2.20 show

that the electrifi¬

cation associated with the balloeffect is small, otherwise the elec¬
trification would increase with increasing droplet size and with
increase of the water content of the large droplet clouds.

The very

weak correlation between airplane charge and cloud water content.
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obtained from the results of individual measurements, and also the
stronger electrification for the same water content in the smalldroplet clouds, make it possible to conclude that airplane charging
in finely dispersed clouds is created primarily by particles impact¬
ing on its surx'ace and rebounding from the surface at the same point.
The possibility of elastic rebound of small droplets during impact
was confirmed by the experiments of Kelly and Millen [76], which
show that for subsonic speeds, water droplets of diameter from 2 to
60 microns impinging on a metallic obstacle experience elastic colli¬
sion.

If the spectrum in the clouds is subject to small variations,

then the connection between airplane charge and cloud water content
becomes clearer.

This is illustrated by the curves of Figure 2.21a,

which shows the results of measurements of cloud water content and
airplane charge during flight in the same cloud, and also Figure
2.21b, which shows the correlation between airplane charge and cloud
water content in this flight [68],

The idea of charging by elastic impacts may seem surprising
to the individual flying in an airplane in clouds.

Actually, streams

of water seem to pour over the windshield when flying in warm clouds
with high water content; actually, these same thin streams flow over
the airplane surfaces during flights at speeds up to 200 - 300 km/hr.
It would appear that the electrification mechanism associated with
separation of water with an "indifferent" spectrum should act on the
airplane.

In reality, the answer to the question of whether or not

the airplane surface is wetted by the water does not resolve the
question of what water separation mechanism electrifies the airplane.
Actually, as we

shall see in detail in Chapter 4, the charge

acquired by individual particles during separation is proportional
to the particle volume and therefore, to the particle radius r^.

(2.3)

where a

is the coupling factor between the charge acquired by the

particle and its radius; a

depends on the properties of the collid¬

ing surfaces and the particle separation velocity.
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Figure 2.21.
Airplane charge Q and water
content M in a given cloud [08].
(a) distribution of $ along flight path
over distance d; (b) correlation between
Q and M in a given cloud.
Flight on
I7/December 1964, LI-2 airplane.

The charge per unit volume created by the water mass striking
the airplane will be

* - 2 ^11 “ ^

¿ “r TT ’

where n. is the concentration of particles with radius r., 6 is the
—i

—w

water density, L
tive radius.

£

is the average value of the square of the effec¬

Then the ratio of the charges ^ and

Ijj

transferred

to the airplane by water masses which are identical in weight, but
differently dispersed, will be

*L 3¾
*11
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(2.1)

i.e., the charge ratio is inversely proportional to the average
values of the effective radii squared.

If cloud droplets with

average radius about 10 - 20 microns impinge on the airplane and
relatively large drops of radius 100 - 200 microns (which are observed
on the windshields) separate,

the charge acquired by the imping¬

ing particles during elastic impact is greater than the charge
acquired by the drops leaving (for the same mass of water) by about
factor of 102, i.e,, even if only a few percent of the entire cloud
water mass experiences elastic collisions ,the airplane charging will
be determined by the elastic collisions in this case as well.

Jumping ahead, we note that the quantity

a

has a tendency to

be larger in those cases in which the collision velocity is higher,
i.e., droplets of a certain radius rebounding from the airplane
surface can acquire higher charges than droplets of the same radius
separating from the airplane surface after forming a water film (see
Chapter 4).

It appears that one of the factors leading to higher charging
of the airplane in ice-crystal type clouds (cirrus, cirrostratus)
than in the purely water clouds (although the water content is
usually considerably lower in the former than in the latter) is the
fact that in the ice-crystal clouds, the entire mass of the crystals
striking the airplane creates strong electrification, while in the
water clouds only that portion of the droplets which experience
elastic collisions creates a charge.

Another factor in the strong

electrification during impact of ice crystals may be their disinte¬
gration.

For example, Schaefer [74] notes that a snowflake in the

. form of a six-point star impacting with a velocity of 100 km/hr on
a metal surface inclined at a 45° angle to the stream breaks up into
about 500 parts, while the hexagonal platelets and columnar crystals
break up into about 30 pieces during collision under the same condi¬
tions.

It is obvious that in accordance with (2.4), the charge

transferred during contact of equal colliding particle masses in¬
creases for the solid particles.
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in the charging in clouds of the two types are the differences in
the properties of the particles forming the clouds — the differences
in the coefficients

o .

During icing of the airplane, when in the small-droplet clouds
a considerable portion of the colliding particles is captured by
the airplane, we would expect a reduction of the electrification.
Therefore, the fact noted previously (see Figure 2.17, Table 2.11)
that the airplane charge increases in icing conditions is even more
unexpected.

If we consider that the airplane integral particle cap¬

ture coefficient can reach values of 0.7 - 0.8 [70, 71], then we
would assume that ice formation must be associated with an increase
of the number of individual particle electrification events; it
appears that this effect is associated with an increase of

a .

It should be noted that very specific particle separation con¬
ditions can arise on insulated surfaces of the airplane.

Our mea¬

surements showed that the airplane "glasses" are charged very shortly
during flight in clouds to potentials of the order of hundreds of
kilovolts, with respect to the airplane structure (the charges
creating these potentials sometimes lead to the appearance on the
windshields of sparks 20 - 30 cm
familiar to pilots).

long, phenomena which are very

The field intensity at the windshield surface

reaches tnes of kv/cm, even in the case of moderate electrification
of the airplane as a whole.

Under these conditions the adhesive

forces between the droplets and the windshield, associated with the
action of the electrical forces, may become higher than the droplet
cohesive forces,and the droplets will begin to spread out over the
windshield.

The field intensity Eg at the surface of the glass is

close to the critical value at which breakdown of the air begins;
Eg« 30 kV/cm « 100 esu.

Marked deformation of the droplets begins

at this field intensity [77, 78].

The effect of the body's electric

field will be different, depending on whether the droplet impinges
on a dielectric or conducting surface.

In the first case, the

electric field will interact with the charge induced on the droplet

FT 0-110-23-5^-70

99

and tend to hold the droplet at the surface of the body.
second case the droplet,

In the

after becoming a "part of the surface",will

be repelled from the latter by the electrical forces.

It is more difficult to analyze the connection between airplane
electrification and the cloud particle spectrum than it is to analyze
the connection with the water content, since there are no methods
available which permit continuous recording of the cloud particle
spectrum.

Therefore, for the time being, we must limit ourselves to

finding the connection between the airplane charge and the average
characteristics of the clouds.

An increase of the average water content of clouds is associated
with an increase of the number of particles in the clouds, including

the small particles.

There must be a corresponding increase of the

probability of charge growth of an airplane of a given type with
increase of the water content.

Figure 2.22 shows the dispersion of

the airplane charging probability [defined in the scale lg P ■ f(£)]
in clouds of different types as a function of cloud water content
[68],

The data on cloud water content were taken from [70],

We see

from Figure 2.22 that there is a linear relationship between these
quantities.

The correlation observed in Figure 2.23 indicates the possibil¬
ity of finding a connection between the dispersion of the airplane
charging probability curve and cloud radar reflectivity.

An attempt

has been made [79] to compare the data on the average reflectivity
Z of clouds of different types, measured in the Leningrad region,
with the magnitude of the average charge of an airplane in these
clouds in order to study the connection between cloud reflectivity
and airplane charge.

The reflectivity data were obtained with the

aid of a weather radar.

This comparison did not show good correla¬

tion between these two quantities.

An attempt has been made to

compare the statistical characteristic — the dispersion of the
curves of the corresponding integral airplane charging probabilities
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Correlation between
dispersion 8 of airplane charg¬
ing probability in various
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Figure 2.23
Correlation between
dispersion ß of airplane charg¬
ing probability in different
clouds and their average reflec¬
tivity Z [68],

— with the radar reflectivity of the clouds [68].
the results obtained.

p

Figure 2.23 shows

Data on charging in clouds of all types

(except towering cumulus) are presented for the Li-2 airplane; the
data for the towering cumulus clouds were obtained on a Tu-10MB air¬
plane and then converted to the Li-2.

The plot of Figure 2.23 shows

that there is a quite definite linear dependence between the logar¬
ithm of the reflectivity of the water-drop clouds and the dispersion
of the integral charge probability curve.

The deviation of the

charge in the cirrostratus clouds from this relationship is explained
by the presence in these clouds of ice crystals, which cause, on
the one hand, a reduction of the reflectivity from particles of the
same dimensions as the water particles and, on the other hand, an
increase of the airplane electrification.

Similar deviations from

the linear relationship can be observed in the other high-altitude
clouds.

We note that there is a marked increase of the probability of
an airplane being charged positively during flight in ice-crystal
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clouds in comparison with the probability of positive charging In
the purely warm clouds.

The differential probability of charging

of the Li-2 airplane in clouds of various types is shown in Figure
2.24.

We see that in the higher altitude clouds (in comparing, for

example, St and Sc with Ac or Ns with As), the probability of posi¬
tive airplane charging increases.

The probability of positive

charging in Cs is relatively high, while the probability in Ci is
very high.

We recall that the Li-2 sounding airplane could not

climb above 6000 m, and Cs and even Ci consisting of water droplets
are rarely found at altitudes of

6000 m and below.

Thus, the phase

composition of the clouds can affect both the magnitude and sign of
the charge.

§ 10.

Studies of the Effect of Surface Characteristics and
Flight Conditions on Airplane Charge Magnitude

In the preceding sections, we did not examine the question of
how the airplane properties and flight conditions affect the magni¬
tude of the charge acquired by the airplane.

In the following

chapter, we shall examine in detail the questions of the balance of
the currents flowing to the airplane, but for the moment

we shall

restrict ourselves to a clarification of how and under what condi¬
tions the airplane surface properties affect the magnitude of the
charge acquired by the airplane.

For several reasons the study of the effect of the airplane
surface properties on the magnitude of the airplane charge is more
conveniently made using models — test bodies — located either on
the airplane [4,

69]

or on the ground.

In the latter case, the

model is mounted either on a rapidly rotating rod [6], or in a wind
tunnel through which the airstream is drawn at the required velocity
[74].

The significant effect of coating properties on the results of
measurements in snowfall was demonstrated by Schaefer [74] in a
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Figure 2.24.
Differential probability of Li-2
airplane charging in clouds of different form.
Leningrad, 1958.
study of surface charging in snow traveling at a speed of about 100
km/hr.

The data of Table 2.13, taken from [74], show

that the

magnitude and sign of the charge transferred by the snow can be
changed

by changing the coating on duraluminum.

Thus, variation of the snowflake form and the coating properties
has a significant effect on the charge transferred by the snow to
the body.

(We recall that the charge transferred to the surface

is much greater than the self-charge carried by the snowflakes.)
onowflakes of a given form can charge ' body weakly in the case of
one coating and strongly in the case of a different coating.
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It appears that the fact that crystals of different shape appear
with different probability at different temperatures may have some
effect on the results of Schafer's experiment.

A study of the effect

of surface properties and temperature on the magnitude of the charge
transferred to a surface by snow was carried out by Gunn

et al. [6],

The measurements were made on electrodes mounted on long rods which
rotated with a given speed in a snowfall.

The results of the inves¬

tigations of [6] aie shown in Figure 2.25.

We see from the figure

that the temperature has a marked effect on the magnitude of the
charge transferred by the snow; the effect of surface properties on
the magnitude and sign of the charge acquired by the surface is also
significant.

The charge transferred can change by a factor of ten,

deperding on the surface material (see Chapter 2,
time,

it was found in

while Schaefer

[6]

§ 7).

At the same

that clean aluminum is charged negatively,

(see Table 2.13)

notes that pure duraluminum is

regularly charged positively.

TABLE 2.13
EFFECT OF SNOWFLAKE FORM AND COATING MATERIAL ON THE
CHARGE (esu/g) TRANSFERRED BY SNOW TO THE SURFACE [74]
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Stellate snowfall

0,24

+ 12,7

+27,8

-24,3

Hexagonal bars, ice needles

0,16

+51

+22,3

-32,5

Stellate snowflakes with soft rime

0,094

+60*

+84,4

-139,5

-24,5

-148,5

-51

Hexagonal plates and columns,
asymmetric crystals

-9,2,
t 1).4

0,19

+48

+ 10,5

Hexagonal bars

0,18

+ 15

8

-70

-11

Hexagonal bars with rime

0.14

+8

-14

-34

-16

Stellate snowflakes with rime,
needles, splinters.

0,52

+7
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-8,5

-14,0

-9.8

I

K, rd. units

The magnitudes of the charge
transferred per unit particle mass
in [6] and [?4] differ consider¬
ably.

The inconsistency between the
results obtained in [6] and [74]
is also associated with the dif¬
ference between the conditions
under which the experiments were
conducted (different materials,
and also different snow forms,
Figure 2.25. Temperature depen¬
dence of charge transmitted to
the surface by unit mass of
snow impacting on the surface
(in relative units) of tempera¬
ture t_° C [6],
(1) dural coated with thin TiO^
film; (2) colloidal silicon
dissolved in nitrocellulose;
(3) clean aluminum; (4) alumi¬
num airplane lacquer; (5)
paint.

mixed in different proportions and
at different temperatures), and
in particular, with the effect of
the velocity and form of the
bodies.

The effect of body shape
shows up in the fact that the snow
particles apparently transfer
during Impact on the surface of a

smaller charge for a larger deflection of the angle from the normal
[6]; therefore, bodies of different shape can acquire charges which
differ in magnitude.

The velocity effect is different at different snow temperatures.
If we consider that the dependence of the charge Q transmitted to
the surface per unit time t on the body velocity w can be expressed
by the relation
dQ_

dt

= xw’i,

(2.5a)

where < and n are coefficients which depend on both the properties
and dimensions of the body and on the properties and amount of the
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snow, then under uniform conditions for a given body, the temperature
dependence of n is given by the curve shown in Figure 2.26 [6],

With

a temperature change from -5 to -7° C, the exponent n can change by
more than a factor of two, i.e., the charge transfer rate may change
by several orders of magnitude.

Thus, body charging conditions can

be compared only if the bodies are exposed to absolutely the same
conditions and travel with the same velocities.

Attempts to compare

the charging of test bodies with airplane charging may be effective
if the test body charging measurements are made on bodies mounted on
the airplane whose charge is being studied or if we compare the two
distributions — the probability of the appearance of charges of
different magnitudes on the airplane with the test body charging
probability.

Nevertheless, Gunn et al

[6] assume

that the charging current

in snow is proportional on the average to the third power of the
body velocity
dQ.
it

«=XW*f

(2.5b)

It is obvious that the velocity dependence of the airplane
charge is determined not only by the charging current, but also by
the discharging current.

Since the discharge current is associated

with the engine operating regime, the velocity dependence of the
airplane charge when approximated by an equation of the Form (2.5)
is expressed with n < 3.

In accordance with this discussion, or order to study the
effect of the material on the charge acquired by the body, we must
compare the charging of different surfaces under the same conditions.

Such a study was made using the Tu-IO^B flying laboratory [69]
and the Li-2 flying laboratory.

Test bodies were mounted on the

airplanes — spheres of the same diameter (or streamlined bodies
having the same projected frontal area), installed in tubes which
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1

shielded the spheres from the
external field and from the air¬
plane charge field.

The test

bodies were located as close as
possible to one another (Figure

2.27) and also at symmetrical
points on the right and left sides
Figure 2.26. Temperature depen¬
dence of exponent n in (2.5a).
Measurements in snow; aluminum
test body.

of the fuselage [69].

The distance between the
instrument pickups varied from

BO cm for bodies located side-by-side to about 400 cm for the symetrically located bodies.

Since the minimal dimension

of the non¬

uniformity zones in clouds is about 100 meters, we can consider that
the sensors were essentially exposed to the same conditions.

The test body charging measurements of the Li-2 airplane were
carried out in the Leningrad region at altitudes from 16OO to 5100
meters in clouds of different types (Sc, Cu, Cu cong., As), and with
different state of aggregation of the water in the clouds (water
droplets, ice-crystals, and also mixtures of the two).

I

speed was I80 - 200 km/hr.

The airplane

During each test comparisons were made of

the charging of the standard test body — a nickel-coated sphere —
with the charging of test bodies with chromium coating and test
bodies made from brass and textolite.

Thus, we measured and compared

charging of the following pairs of materials:

nickel-chromium (Ni -

Cr), nickel-brass (Ni - Br), nickel-textolite (Ni - T); the measure¬
ments were made simultaneously for each pair.

Upon entry into the cloud the test bodies were charged up to
some potential which then remained unchanged.
a nearly exponental law (see Figure 2.31).

The charging followed

Thus, from the curve of

test body potential variation with time, we can determine both the
charging current (in the beginning of the process), the relaxation

time t, and the equilibrium charge.
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The strongest charging took

mm
Figure 2.27. Test bodies In screens 1 on
TU-104B airplane.
place in the mixed As clouds, in which the nickel sphere potential
reached -100 V, while the textolite sphere reached +530 V. In Sc
clouds, the sphere potentials did not exceed a few tens of volts.
The average current density flowing to the spheres in the Sc clouds
varied from 10”^^ to 10~^^ A/cm,^; in-the As clouds the currents were
an order of magnitude higher. With a capacitance of about 300 cm
connected with the test body, the relaxation time was about 100 sec.
The limiting ratios of the charges of the test body pairs were
sigriiflcantly different: they varied from 0.1 to 7, i.e., by two
orders of magnitude. The current density varied from 2 • 10 -12
7
Let us examine the cases in which we can reliably assume that
the charging took place either in streams of pure water particles or
in streams of pure ice particles. Table 2.1A presents the values
of the charge ratios for the different bodies, their signs, and the
body material. The table omits the measurements with the textolite
sphere, which was often charged with a charge of sign opposite the
sign of the charge on the nickel sphere.
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TABLE 2.14
TEST BODY CHARGING MEASURED ON AN AIRPLANE
material in water drops
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We see from the data of Table 2.14 that the metal spheres were
charged positively in water clouds and negatively in ice clouds.
While the nickel sphere was charged more strongly than the brass and
chromium spheres in the water-drop clouds, in the ice-crystal clouds
the nickel sphere was charged less strongly.

The four test bodies were mounted simultaneously for the mea¬
surements on the Tu-104B airplane.

The limiting potentials acquired

by the bodies differed markedly (Table 2.15).

We see from the data of Table 2.15 that,depending on the mater¬
ial ,the value of the potential to which the body is charged may
change by several fold; moreover, it may change by several tens of
times even for the metals, and we also see that the charge sign may
even change, depending on the material selected.
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TABLE 2.15
LIMITING POTENTIALS (V) OP TEST BODIES DURING
FLIGHTS IN Cs CLOUDS

2/VIII 1965

3/VIII 1965

Flight condition
number
Weather
conditions
Altitude, m
Sphere coated
with:
Palladium
Chromium
Gold
I
Nickel

top of Cs

in Cs, above Cb

upper part of Cs

10,300

9,100

290

333

^75

20

88

770
1,^50

415
370

-25
170
465

10,200

The positive charging of the test bodies in the Cs clouds at
altitudes of 9000 - 10,000 m may be associated both when the presence
of supercooled droplets at these altitudes and with melting of part
of the ice-crystals at the point of contact with the body as a
result of the impact kinetic energy.

The impact kinetic energy at

a speed of 200 m/sec is sufficient to melt about 5¾ of the icecrystal mass at a temperature of -60° C.

This "gable" effect at high

airplane speeds (the Tu-104B flight speed was 200 - 250 m/sec) can
lead to positive charging of the test bodies.

An idea of the importance of the effect of body surface pro¬
perties on their electrification can be obtained with the aid of
Figure 2.28, which shows the correlation of the potentials of pal¬
ladium (circles), chrome-plated (dots), and gold-plated (crosses)
spheres with the potential V^ of the nickel—plated sphere.

The

measurements were made in cirrostratus clouds (Figure 2.28a) and in the
upper part of thunderclouds and Ac clouds (Figure 2.28b).
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In the

■

M

latter figure the underlined
points apply to the Ac clouds.
Three points are of particular
interest:

1) all the test bodies

were charged in the Cs clouds with
essentially a charge of the same
sign, with the nickel-plated
sphere being charged in these
clouds somewhat less strongly than
the other sphere (Figure 2.28a);
2) in the tops of the thunderclouds
there were several cases of charg¬
ing of the sphere by electricity
of opposite sign:

if in the

positive charge region the nickelplated sphere was usually charged
more strongly than the other
Figure 2.28.
Correxation between
limiting potential V of bodies
with different coatings.
(a) Cs clouds; (b) thunderheads; circles are for palla¬
dium, points for chromium, and
crosses for gold.

spheres, in the negative charge
region all the spheres were charged
more strongly than the nickelplated sphere (Figure 2.28b); 3)
the potential of the spheres in
these clouds can reach about 3 kV;
in the Cs clouds the charge aver¬

ages about 1000 V (nickel-plated sphere) and 300 - 500 V (other
spheres).

In the thunderclouds in the positive charge region the

corresponding values are 1500 and 400 - 500 V,and in the negative
charge region the values are 200 - 400 and about 1000 V.

Thus, we

see that the spheres which charge more strongly than the other bodies
in the positive potential region were charged less strongly than the
others in the negative potential region.

With an increase of the pro¬

bability of the occurrence of nonuniformities in the clouds»there
is an increase of the probability of unlike charging of the different
bodies.
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These results may have been affected by surface contamination,
which leads to very large changes of the potential acquired by the
body and the current flowing to the body.

At the same time, it is

difficult to avoid contamination; accidental contact

with the test

bodies after they have been cleaned, precipitation of dust, contact
with insects during flight — all this leads to contamination of the
test body surface.

For example, it was noted in [6], that coating

the surface with oil led to a change of the charge sign.

In order to evaluate the effect of surface contamination, we
made measurements in which the two test bodies had the same nickel
coating.

By comparing the difference of the potentials of these

control bodies with the difference of the potentials of the bodies
coated with nickel and with the other materials, we can determine
the confidence with which we can ascribe the charging difference
obtained to the effect of the coating materials themselves.

Figures 2.29a, b show the variation of the test body potentials
during flight in pure water clouds — stratus (a) and stratocumulus
(b).

We see from these figures that the potentials of all the

bodies change essentially synchronously in time, with the potentials
of both bodies with the nickel-plated coating being very similar.
The average values of the potentials of the nickel-plated bodies were
VH

= bó.9 V and VH

* 56.8 V, that of the dural body was VD = 42 V,

and that of the gold-plated body was Vq = 28 V.

As a measure of the

dispersion of the individual values, we can take the quantities

The probability of these values is shown in Figure 2.P'Jc (the
abscissa is the corresponding value of the above ratios).

We see

from the curves that the dispersion of the relative values of the
difference of the potentials of the nickel-plated bodies is very
small, i.e., in this case contamination has very little effect on
the measurement results.
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The dispersion of the relative values of

132

y,

volts

Figure 2.29.
Variation of equilibrium potentials V of
test bodies during Tu-104B flight in St (a) and Cs
(b) clouds at an altitude of 600 - 1000 m and the
probability (c) of the values

V.

—

V-

y —V

-*1^(5) and

(6).

(1, 2) nickel-plated spheres; (3) dural-coated sphere;
(4) gold-plated sphere;
, and Vq are respec¬
tively the potentials of the nickel-plated and goldplated spheres.
the difference of the potentials of the gold and nickel-plated bodies,
for example, is considerably greater than for the icientical bodies .
But, at the same time the peaks of the two curves are shifted by a
distance which exceeds markedly the dispersion of the curves.

There¬

fore, we can consider that the measurements make it possible to
identify in general

the influence of the surface properties.

The

larger values of the dispersion for bodies made from different
materials may also be associated with the difference in the compo¬
sition of the particles in different parts of the clouds.

The complex nature of the charging dependence in snow, noted
in [6] and [74], makes it necessary to evaluate the comparability
of the measurements in the ice-crystal clouds.
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Figure 2.30a shows the variation of ths potentials of the same
bodies during flight in a Cs cloud.

The potentials of the nickel-

plated bodies (1 and 2) are again similar.

The dural sphere is

charged more strongly than the nickel-plated spheres.

The abrupt

variations of the dural sphere potential between MOO and 500 seconds
are associated with synchronous nature of the variations of the
absolute values of the potentials of all the bodies.

The average

values of the potentials are V„ = -212 V,
» -220 V,
> |-M80
nl
n2
y —V
V —V
V| , Vq = +290 V; Figure 2.30b shows the probability —
"*•
D
and

yfc~VG .

We again see that in the ice-crystal clouds the dis-

«i

pension of the values of the relative deviations of the potentials
of bodies made from the same materials is less than for bodies made
from different materials, and that the instantaneous values of the
potential differencesof the different bodies are basically
associated with the effect of their materials.

Comparison of test body charging in pure water and pure icecrystal clouds (see Figures 2.29 and 2.30) shows that for high
flight speeds in the water and ice clouds there is also a tendency
toward charging with charges of opposite signs.

Similar charging characteristics were also observed during
other flights.

We note that the gold-plated sphere was not charged

positively in all the Cs clouds.

For example, on 22/June 1966, during

flight in Cs at an altitude of 8100 m, the average values were
^

» -131 V, Vjj

= -130 V, VD - -162 V and Vq * -158 V.

Very interesting data on test body charging were obtained
during flights in clouds in which the body charge sign changed, for
example,in the Ns clouds.

In this case, we could assume that the

surface properties changed very little upon transition from the
region of charging by electricity of one sign to the region of
charging by electricity of the opposite sign.

While the nickel-

plated sphere 1 was on the average charged less strongly at positive
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Figure 2.30.
Variation of test body potentials during
Tu-104B flight in Cs clouds at an altitude of 8000 m

V+-V,
(a) and the probability of the values

(b).

(a) 1, 2 are nickel-plated spheres, 3 is the dural
sphere;

4

is the gold sphere ; (b ) ^

t ^CV0..
’’■i
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k *,

potentials than the nickel-plated sphere 2, negative potentials
I^Bjl>I^«,1 .

The gold-plated sphere at positive potentials was

charged on the average less strongly than the nickel-plated spheres,

I

while at negative potentials (particularly, high negative potentials)

V +V

i

-* ¿

1 .

It was frequently noted that variations of the

Individual body charging level take place with a shift in time which
exceeds considerably the circuit relaxation time.

Finally, the rela¬

tionship of the average potentials in the different segments of the
recording does not reamin constant either in magnitude or in sign
(Table 2.16).

TABLE 2.16
TEST BODY CHARGING DURING FLIGHT IN Ns CLOUDS
(Tu-104B AIRPLANE)

7D

time Interval, sec.

0-130
130-170
330-465

+75
—580
-330

+«

-550

-1350

-110

'

+70
-280

In composing the table, we selected segments of the potential
recording in which the body charges do not change sign.

We shall

return to an explanation of the electrification of the test bodies
in Chapter 4.

For the time being, we simply note that this elec¬

trification may be associated with the different concentration ratio
of the particles which charge the test bodies positively and nega¬
tively.

The data presented above on test body charging indicate clearly
the existence of an effect of body properties on the magnitude and,
what is particularly significant, on the sign of the charge acquired

in both water-droplet and ice-crystal clouds.
The form of the curve of test body potential variation with

time is shown in Figure 2.31.
FTD-HC-23-544-70
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nature of the curves is repre¬
sented satisfactorily by an expoential relation.

The figure shows

typical values of the body charge
relaxation time x.

In the differ¬

ent clouds T varies from a few
seconds to several tens of seconds.
For the different test bodies in
the same time intervals, the
values of the relaxation time are
the same.

that these values of t also

Figure 2.31.
Time variation of
test body potential.

depend on the metering circuit

(1) St cloud (t * 1.8 sec,
Ttrue iS °*®2 sec)»

We must bear in mind

capacitance.

Ns cloud

If we exclude the

influence of the metering cir¬

^Ttrue “ 2,3 sec» Ttrue " °*023
sec); (3) Cs cloud (t = 11.5
sec
0.11 sec).
» true

cuit, then the true value of the
relaxation time of the test bod¬
ies will be about 100 times
shorter than the measured times.

The test body charging studies make it possible to identify
the surface properties on airplane charging.

With proper selection

of the test body material, quite good correlation between its charge
and the airplane charge may be obtained.

Figure 2.32a shows how

the airplane charge £ and the dural test body potential vary with
time during flight in Cs clouds.
in general.

The shape of the curves is similar

Figure 2.32b shows the relationship between the two

values at arbitrarily selected times, and Figure 2.32c shows the
correlation at times when the airplane charge and the body charge
begin to Increase.

On the average, the ratio of the airplane charge

to the body charge is

1.2

• 10^ - 2.2 • 10^.

The authors of [6]

came to a similar conclusion by comparing the current flowing to the
entire airplane and to a special dural electrode mounted below the
airplane wing.

According to the data of [6], the current ratio was

constant on the average and the error in the determination of the
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Figure 2.32.
Comparison of Tu-104B airplane and dural
test sphere charging (t is time, 1 is distance).
(1) airplane charge,
(2) test body potential,
(volts)j (a) flight in Cs clouds at an altitude of
9000 mj (b) correlation of the values of Q and V;
(c) correlation of the values of g and V taken “
at the moment of charge growth.

current flowing to the airplane from the electrode charging current
did not exceed 10J5 on the average.

However, the charge ratio may

vary considerably at individual moments of time (Figure 2.32b).

It

is true that the variation is reduced considerably if we select times
when the airplane charge is increasing (Figure 2.32c), i.e., the
differences increase as a result of the marked difference of the
discharge conditions of the test body and the airplane.

In the present chapter, we have examined the magnitudes of the

charges which arise on airplanes in cloudt. and precipitation.

We

have shown the peculiarities of airplane charging in clouds of
different types and have established that the airplane acquires a
charge of some particular magnitude as a result of interaction
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between the airplane and the cloud.

We shall now consider how the

airplane charge Is established, l.e., how the airplane current
balance Is established.
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FOOTNOTES
Footnote (1), page 51
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For altitudes above 3 - 4 km.
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CHAPTER 3

ELECTRICAL CURRENTS FLOWING TO AN AIRPLANE DURING
FLIGHT IN CLOUDS AND PRECIPITATION

1 1*

Methods for Determining Current Balance
and Measurement Equipment

The electrical charge acquired by an airplane during flight in
clouds and precipitation depends both on the properties of the medium
in which the airplane is flying (dimensions and number of the cloud
and precipitation particles, their phase state and shape, the electri¬
cal charges on the particles, and the magnitude of the atmospheric
electric field intensity), the airplane characteristics (its structure,
particularly the skin material, engine type, and parameters of the
static dischargers), and the flight regime (engine power, altitude,
and speed).

All these atmosphere and airplane characteristics lead

in one degree or another to the appearance of currents flowing
between the airplane and the atmosphere.

The electrical charge acquired by the airplane depends on both
the currents which charge the airplane and those which discharge it.
The components of these currents may depend either on certain indi¬
vidual factors among those listed or on some small number of these
factors.

The effectiveness of existing or prospective devices used
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t,o discharge the airplane varies as a function of the airplane charging
conditions and can be avaluated only by comparing the individual com¬
ponents of the currents which charge or discharge the airplane.
Therefore, it has been necessary, both in order to answer the question
of the role of the individual factors in the development of the
airplane charge sind also to resolve applied problems, to attempt, along
with the measurement of the airplane electrical charge, to get an idea
of the complete balance of the currents flowing to the airplane and
those flowing from the airplane.
The rate of change of the airplane charge £ as a function of time
t during flight in clouds, precipitation, dust, and other aerosol
accumulations can be represented by the equation
(3.1)
Here /,, is the charge current owing to interaction of the cloud
and precipitation particles with the airplane; /», is the charge current
owing to impingement on the airplane of particles which have already
been charged in the atmosphere; /,, is the charge current owing to
interaction of the unburned fuel particles with the airplane. The
current
and the current
(the currents /,, are the
corresponding charge currents flowing to the airplane surface areas
.
/,,, is the current which discharges the airplane as a result of the
electrical conductivity of the atmosphere, /n, is the discharge
current owing to the conductivity of the exhaust gases and separation
of the charged exhaust gas Jet from the airplane. If the airplane has
¿ engines, then /11, =»2/uw , where /¾ is the current of the J[th engine.
/n, 18 the discharge current owing to corona discharge of m individual
segments of the airplane surface.
where A,Jm is the corona
or spark discharge current from the surface of the m
segment.
is the current carried away by particles separating from the charged
airplane (collector effect proportional to the airplane charge).
t where /iim is the current owing to the particles separating
9
t* H
from the
segment.
Under steady state conditions
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(/., + /1,+ /.,) - (/.., + /..,+ /..,+/..,)-0.

.

(3.2)

Plying laboratory airplanes are equipped with special instrumen¬
tation [4, 6, 7» 69] to measure the magnitude of the airplane charge
and its variations in time, and also to measure the currents mentioned
above which flow between individual segments of the airplane surface
and the atmosphere.
The major virtue of the studies [4, 6, 7] by Qunn et al. was that
in these investigations they studied for the first time the total balance
of charge Influx and efflux on an airplane. They measured the charge
currents and showed that the airplane charge is lost as a result of
the corona discharge current /«, , conductivity of the hot exhaust gases
/i^, collector effect /n4 , and atmospheric conductivity /u,. The
ingenious measurement technique, based on the use aboard the airplane
of an artificial charger, made it possible to make measurements of the
several balance components during flights in a clear sky.
The resulting current balance made it possible for the first
time to make quantitative estimates of the effectiveness of the static
dischargers. Gunn et al. also introduced the idea of self-charges
and induced charges on the airplane. The majority of the modern studies
on airplane electrification (see, for example, the survey paper [23])
are based on these ideas and actual measurement results. Unfortunately,
at the present time the current balance data presented by Gunn et al,
are not adequate.

•

First, there are no data on the charge current under different
meteorological conditions. This applies particularly to the highaltitude clouds and thunderclouds, which were hardly studied at all
by Gunn et al. Second, the current balance depends significantly on
the characteristics of the airplane. The new types of engines, their
higher powers, the marked change of the shape of the modern airplanes,
the appearance of Jet airplanes, and the high flight speeds — all
these factors make it necessary to re-examine the question of the
current balance and most of all the questions on the magnitudes of the
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charge currents and the discharge currents which occur as a result of
corona discharge and conductivity of the hot exhaust gases.

Charging studies of the Tu-10½ airplane, for example, have shown
that in many cases its charge exceeds considerably the permissible
limit.

Let us examine the equipment of the modern Tu-104B flying laboratory [69].

»

The results of measurements made using this airplane have
«

yielded much valuable data on the current components flowing to the
airplane and on the airplane charge.

Plates insulated from the structure — "current receivers"— were
Installed on the leading edges of the Tu-10½ airplane wings, and
other plates — "current removers" — were installed on the trailing
edges (Figure 3.1) to measure the charge currents

ht

and

.

The

current flowing to these plates was measured by special devices.

If this current is essentially the current

, then the charge

current of an airplane of given design in a given flight regime under
given meteorological conditions Is a given quantity which is not sub¬
ject to any sort of regulation.

Under these conditions, the airplane

charging level can be reduced only by increasing the discharge currents,
i.e., by improving the static dischargers, for example.

If the electric charge transferred in clouds and precipitation
to an airplane arises basically as a result of the current

/1, , then

the airplane charging level can be reduced by selection of the air¬
plane coating at the points where the particles separate.

Measurements made on the Tu-104B airplane with the aid of the
special

current receivers (Figure 3.2) and current removers (Figure

3>3) together with the test bodies made it possible to clarify the
question of which process forms the basis for the airplane charge,
and whether the magnitude of the charge current of a given airplane
in a given flight regime under given meteorological conditions can
be influenced.
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Figure 3.1.
Instrumentation locations on Tu-10ilB
flying laboratory.
1) and 11) are Instrumentation consoles and pickups
for the instruments measuring the field intensity;
2) > 8), 9) and 10) are an instrumentation console,
current receivers, current removers, and static dis¬
chargers;
3) is the apparatus for charging the
airplane; 4) and 7) are the instrumentation consoles
and test bodies of the equipment for measuring the
charge of the test bodies; 5) and 6) are the
instrumentation console and pickup of the instrument
for measuring the dimensions of the precipitation
particles.
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Figure 3.2. Location of current receiver 8
on wing of Tu-10i<B airplane.

Figure 3.3. Location of current remcver 9
on stabilizer of Tu-10i*B airplane.

FTD-HC-23-5't4-70

Actually, the currents flowing to geometrically identical, symme¬
trically positioned segments of the airplane surface which are made
from different materials must be equal if the airplane electrification
is the result of the current
/,j

acts.

hr

and must be different if the current

The test bodies mentioned above (Figures 3.1 and 2.27) were

also used to study the influence of skin materials and surface shape
on the charging current.

The current /,a

iation of the rate of charge

decay

was determined from the var¬

of the positively and negatively

charged airplane, with the measurement being made using electrostatic
fluxmeters.

The conduction current

,ni can be determined if we know the

atmospheric conductivity and the airplane electric charge.

The discharge current /a, , which arises as a result of exhaust
gas conductivity, can be measured under given engine operating condi¬
tions from the rate of airplane charge decay when the charging sources
cease operation.

For these measurements, the airplane was equipped

with an installation which made it possible to eject crystalline carbon
dioxide overboard under pressure through a system of metal nozzles.
The airplane was charged during this emission.

Measurements were also made of the corona discharge currents
flowing through the standard dischargers.

Finally, measurements on

"dischargers" consisting of the current removers and test bodies made
it possible to evaluate the magnitude of

the current

Ai4 .

Measurements made with the aid of four specially installed elec¬
trostatic fluxmeters made it possible to determine the magnitude of
the airplane electric charge and its time variation, and also the
values of the atmospheric electric field intensity components in the
vertical direction, along the wings, and along the fuselage.

We have

noted previously that in many cases the atmospheric electric field
may have a marked influence on the currents flowing through the static
dischargers.
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An instrument was installed aboard the airplane to measure the
dimensions and concentration of the precipitation particles [80,81]
to obtain a quantitative evaluation of the precipitation intensity.

In all flights, measurements were made of the temperature, vertical
currents, wind velocity at altitude, navigational position fixes were
taken, and the flight turbulence parameters were recorded.

Along with

the measurements of the airplane electric charge level, the radio
operator made an evaluation of the audio radio interference intensity
on an arbitrary scale at different radio frequency bands — from
longwave to ultrashort.

The results of the measurements of all the instruments were re¬
corded on automatic recorders.

The recordings on the various

reorders were synchronized with the aid of common electric clocks and
special synchronizing marks.

The equipment used in the studies is described in more detail in
[69].

We shall not discuss here the equipment used by Gunn et al. in

[^], particularly since the measurements in [69] were made on the basis
of account for the problems and advantages of the technique [6].

We shall examine the results of studies of the individual compo¬
nents of the balance of the currents to the airplane [Equation(3.1)].

§ 2.

Airplane Charging Currents

Airplane charging currents in clouds and precipitation.

The

electrical currents which charge the airplane depend to a considerable
degree on the weather conditions.

According to the data of Gunn et al.

al. [6], who made several hundred flights in snowstorms and winter
clouds, the total charge current on the B-17 airplane was about 100uA
during flight in light snow, increased to 150yA during flight in mo¬
derate snow, and rose to 400yA during flight in heavy snow.

Measure¬

ments on test bodies located on the ground showed that the charge
transferred to a surface in snowstorms can vary in the limits of
+ 10,000 esu-m2/g ■ ±3*I0“* C*m2/g.
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Measurements of the current balance and Its components made on
the Tu-104B airplane during flights of about 200 hours total duration
made It possible to define the charging characteristics In cirrus
clouds, clouds at the intermediate and lower levels, and also in
towering cumulus, rain clouds and thunderclouds [9, 69].
As mentioned above, the airplane charging current was measured
with the aid of current receivers installed on the leading edges of
the wings. In the general case, the current flowing to the current
receivers
, where /i, and A, are the input currents
[see (3.1)] and /nt is the current carried away by the particles sep¬
arating from the airplane surface. It will be seen from the later
analysis that the airplane charge is determined basically by the par¬
ticles separating from the airplane. Therefore, each particle which
brings a charge to the airplane at the same time takes away as a
result of the collector effect a charge which is proportional to the
airplane charge. The current
Ai«/ "■ *jPjQS

2

fl/?.

( 3.3 )

+ V%

where
is a coefficient relating the field intensity in the ¿ zone
of the area S with the airplane charge
is a coefficient charac¬
terizing the connection between the charge transferred by a droplet
to the ¿ point of the surface with the field intensity E^j n_i is the
concentration of particles with radius r^ (see Chapter 4). Only at
the initial moment of charging, when the“airplane charge is small, or
in the case of very effective dischargers which do not permit the air¬
plane charge to increase to values at which the collector effect is
noticeable, can we measure the quantity A, + A, in Place of
. At
the end of this chapter we shall discuss the question of the degree
to which the density of the current flowing to the current receiver
plates corresponds to the densities of the current flowing to the
entire airplane.
Figure 3.4 shows the integral probabilities of the magnitudes of
the densities of the current flowing to the current receivers,
measured respectively in Ns, Cs, thunderclouds, and in precipitation
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Figure 3Integral probability of density of
currents flowing to the current receivers greater
than a given value.

a)

in Ns clouds; b) in Cs clouds; c) in precipitaion
from Cb clouds; d) in thunderheads at an altitude
of 7 km.
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from s.lower clouds.

Dural plates were installed on the airplane

for all the cloud flights except those in thunderclouds; chrome-plated
plates were used for the thundercloud flights.

The material change

could have led to a situation in which the density of the current
flowing to these plates would have been less than the density of the
current flowing to the dural airplane skin by about 10-20¾.

The cur¬

rent density distributions in the Ns clouds and below the rainshower
clouds are quite similar.
are larger than 5*10”

In both cases, about one fifth of the values

A/m .

However, in the rain-producing clouds

small regions (probability of occurrence about 1¾) are encountered in
which the current density reaches

2

~10-* A/m , while in the Ns clouds

the current density does not exceed (probability 0.5¾)

~0,5*10"* A/m .

The current density is markedly higher in the Cs clouds:
-C

fifth of the values obtained are above 2*10

p

A/m .

about one

The currents in

the thunderclouds are an order of magnitude higher still.

The current

densities reach 10“^ A/m2 (probability about 1.5¾); one fifth of all
_ij
2
the current density values are higher than 7.5^10
A/m .
The integral
probability of current density values greater than a given value is
approximated satisfactorily by the equation (Figure

3.5)

or

(3.^b)

IgP--

(compare with (2.1), which characterizes the integral probability of
the occurrence of airplane charge).

The curve for the Ns clouds has the highest slope, while the
curve for the thunderclouds has the lowest slope.

The current proba¬

bility distribution can also be described by the log-normal distribution
and is also represented by a straight line in the probability-logarith¬
mic coordinates.

Let us examine the possible relationship between the current
densities

A,

and /¾
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Figure 3-5.
Integral probability of currents
greater than a given value in semilog scale.

As we have mentioned previously, Schaefer [74] showed that the
snowflake charge acquired after collision with the surface is two
orders of magnitude larger than their natural charge for collision
velocities of the order of 100 km/sec.

Gunn et al. [6] showed that

the snow charge transferred during collision is proportional to the
third power of the velocity.
ing from

600

Thus, for the Tu-104B velocities rang¬

to 900 km/hr the charge transferred by the snowflakes

must be greater than the natural charge by four or five orders of
magnitude, i.e.,

« 101—10*, and the current

/¾ can be neglected.

Using the data on the magnitude of the space charges in clouds of
different types, presented in Chapter 2, Section 2, we can estimate
that the magnitudes of the currents
much smaller than the currents

A,

A, flowing to the airplane are

in all types of clouds and

precipitation (Table 3.1).

Table 3*1 presents the values of the median measured current
densities (^i,

and the maximal values of the current densities

(A,)oim in the various clouds.
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VUtmu

for the

TABLE 3.1.

CHARGE CURRENTS Ji, AND •'i, FLOWING TO Tu-IO^IB
AIRPLANE (FLIGHT SPEED 800 km/hr)

Cloud form

Cm

» andse

N»

and

At

Cu COMf.

Current density to
airplane due tOpSpace
charges
(A/m¿)

io -8

• i n“7
2-10

10 -7

. m"9
2-10

Current density to
airplane due to charge
exchange bet wen the
cloud particles and
the airplane skin
™ (A-^1,) •••

10 -5

10 -3

10 -3

10 -5

-8

10

10 -5

CM

5-10 -7

5-10

-4

Ratio of current
densities

(AU
lAÛ

10-

5-103

10

5 103
‘

10

-

10

'

different clouds varies from 103 to 10^; the ratio
is several
times larger yet. As we have mentioned above (Chapter 2, Section 2)
the space charges in precipitation are much smaller than those in
clouds, while the airplane charge in precipitation is smaller than in
the clouds . therefore, the ratio
is somewhat larger in precipita¬
tion than in clouds.
^
If we assume that /i,~w (w is the airplane velocity) and lit~& ,
then the ratio of the current densities, presented in Table 3.1, varies
as the square of the airplane velocity. For example, this ratio will
be an order of magnitude smaller for the slower Li-2 airplane.
Comparison of the currents flowing to symmetrically located
current receivers made from different materials showed that the
current densities to the plates can differ by several fold, i.e. the
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charge current is determined by interaction of the airplane and the
cloud particles.

ht>lit and the

Thus, for all modern airplanes

charging current in clouds and precipitation, flowing to the airplane
components in accordance with (3.1), is

where

/*1» is the

discharge current which occurs as a result of the collector effect.

The relative fraction of the currents /i, and

/u4 in the currents

/( is determined by the relationship between the current
other discharge currents KCsee (3.1)].

/“ and the

If /11^(/11, + /11,+ /11,), then

under equilibrium conditions the current /i,»/h4; in the limit
for any values of h .

If /«,<(/^+/11,+/11,), then

/1,-/(.

/(=0

The value of

Ai, depends on the number of particles impinging on the airplane sur¬
face, their dimensions, the airplane structure and velocity.
relationship between
characteristics.

/11, and (/11,+/11,+/11,)

The

is determined by the airplane

To simplify the estimates, we can compare the density

of the currents flowing to the charged airplane and to an uncharged
oody.

Comparing the current density to the test bodies at the moment

when the charge on these bodies is still small (i.w., when all the
current to the bodies is essentially the current h%) with the current

Density to the current receivers, we find that in most cases these
current densities are approximately equal and, consequently, /i,»/(.
This equality is valid to within 1% for the selected plate installation
locations.

The discharge current

/nt increases at the points where

the field intensity resulting from the charge is higherj therefore,
on certain segments of the airplane surface /04=/(-/1, may amount to a
larger fraction of /J .

The question arises of whether the current flowing to the frontal
surfaces of the airplane where the current receiver plates are located
actually represents the entire current, i.e., how representatively
the current receivers are located.

We shall return to the quantitative

estimates of this representativity at the end of the chapter.

Here,

we simply note that the charge transferred by the particles decreases
with reduction of the angle between the particle velocity vector and
the surface on which the particle impinges [6], i.e., particles
striking the frontal parts of the airplane transfer relatively little
charge to the airplane.
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TABLE 3.2.

RATIO OF CURRENT

IT

FLOWING TO THE

FORWARD PARTS OF THE WING MODEL SURFACE TO THE
CURRENT It
FLOWING TO THE REMAINING PARTS
irein
OF THE WING MODEL (II-I8 AIRPLANE)
mean square deviation
of measured
quantity^

cloud or precipitation form
Irr™
Ns
Cs
Cl
• ' ' *.
heavy rain from Cb clouds

flowing to

29.5
17
34
23.5

6.3

10,5
•

wing models (l/20th scale) in which the forward portion

(up to the middle section) was insulated from the remainder of the
model.

During flights on the II-I8 flying laboratory in clouds of

different types it was found that the current flowing to the front
portions of the models exceeds the current flowing to the remainder
of the models by 20-30 times (Table 3*2).
It is important to note that the current ratio

''f^rem

remains

nearly the same in both media with large drops and media with very
small particles, i.e., in both cases, the charge current flows primar¬
ily to the frontal parts of the wings.

Finally, the current flowing

through the current removers was at least 10*—10» times less than the
current flowing to the plates of the current receivers.

Thus, the

current which charges the airplane in clouds flows primarily to its
frontal portions, and the current receivers were located quite
representatively.
We note that currents of the density indicated in this section
will flow to the electrodes of the meteorological instrumentation
which will lead to the errors mentioned in Chapter 1.

Airplane charging currents owing to unburned fuel particles.
The unburned fuel particles flowing through the exhaust system can
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acquire a charge of a given sign, leaving a charge of the opposite
sign on the airplane.

This process is similar to the process which

leads to airplane charging in clouds.

The only difference is that

there is no fuel particle collector current, since they separate from
the metal at points where there is no electric field [p. ■ 0, see

(3.3)].

i

The airplane charging current /¾ owing to the unburned fuel par¬
ticles can be measured in three ways.

Gunn et al. [6] used a device

for artificial charging of the airplane to maintain it at zero charge
in the clear atmosphere.
form

For this case, (3.2)

can be written in the

/«.“Ai.-O, or

where

/¾

is the discharge current created by the artificial charger

and measured by an instrument in the charger.

We can also determine the current

ht by measuring the time decay

of both the positive and negative charge of the precharged airplane
during flight in the clear atmosphere at moments when the airplane
charge is sufficiently small so that there is no corona discharge.
Such a decrease is observed, for example, during exit from clouds.
follows from (3.1) that

It

for a charge of one sign

±tit—Iut—¡nt

and “HT“for a char8e of the opposite sign, hence

Finally, by measuring the values of /«,
the clear atmosphere, we can determine

.

and

during flight in

If the resistance of the

exhaust gas jet through which the airplane charge
off into the atmosphere equals

Ai,
Ai,

and

Ai,

leaks

and the airplane potential is V,

then at the moment when ^.stsJ^s=Qt and there is no corona discharge
current we can determine
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The techniques for finding

are described in the following sections-

The value of the current /J# is quite different for different
engines and flight regimes. For the Tu-104B this current does not ex¬
ceed 0.5X10-» A, while for the IL-118 airplane in flight near the ground
the current /¾ may be of the order of 10”0 A or even more.
Deterioration of the fuel burnup ratio (for example, in the case
of improper engine operation) leads to a marked increase of the
current A, .
S 3-

Airplane Discharge Current Owing to
Atmospheric Conductivity

The airplane discharging current /«,. [see (3-1)] owing to atmos¬
pheric conductivity \acl is (see Chapter 1)
(3-5)
For low airplane speeds and high charges, the current may be less
than that calculated using (3-5) if a space charge which cannot be
carried away by the air stream occurs around the airplane. For most
airplanes, even at their highest charges, the effect of the space
charge on the conduction current can be neglected in view of the high
airplane velocity (see Chapter 1). The relation (3.5) can be used up
to airplane speed at which ionization of the air begins as a result of
air molecule impact on the airplane surface. This critical velocity
exceeds 1-2 km/hr. For the calculations of the leakage currents
flh it is convenient to use the formula
(3-6)
where V is the airplane potential, Ç is its capacitance, and R
is
the effective resistance through which the charge leaks off into the
atmosphere.
The average values of the conductivity at various altitudes,
taken from [41], and the conduction currents discharging the Tu-104b
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TABLE 3.3.

APPROXIMATE VALUES OP CONDUCTANCE X

AT

VARIOUS ALTITUDES, RELAXATION TIME \ OF THE
AIRPLANE CHARGE Q, EFFECTIVE LEAKAGE
DITQ T Cm A Mnrr« n
mX
. ____
RESISTANCE R
—a TO THE ATMOSPHERE,
AND CURRENT S (Tu-104B airplane)

altitude, co*idruct I
km
3

6
9
12
15

30
50

anee ,gec

M current/^ .ya for charge Q in esu

~

-1 sec

5-l<H
11.5
21
36.5
62.5
3660
340000

730
320

4.3
!•»

175
100
59

0Í35

1
0,01

0)00006

*•

to»

yf

2 10-J

210-*

4.6
*.4
145
25
14,5-10-«
14-10>

MOI

4.«
8.4
14,5
25
14,510
U-108

4.«
8.4
14,5
25
14.510»

lilOi

airplane at these values of the charges, are shown in Table 3.3,

We recall that Shvarts has shown in [67] that at altitudes above
3-4 km the devations of Aa

in the clear

values usually do not exceed +20*.

atmosphere from the indicated

In clouds (of nonthunderstorm

origin) the conductivity values are lower than the indicated values.
In thunderclouds, the conductivity can be higher by two orders of mag¬
nitude than the values indicated in the table (see Table 2.1).
Therefore, although the conduction current discharging an airplane in
the troposphere usually should not exceed lOyA, in thunderclouds this
value may reach lO^yA if the effective electrical conductivity in the
thunderclouds is essentially ohmic.

The conduction current can reach

high values at high altitudes in the stratosphere, and particularly so
in the ionosphere.

§21 •

Airplane Discharge Current Owing to the
Conductivity of the Exhaust Gas JeT

In (3.1) the current

/n, which discharges the airplane as a

result of the conductivity of the exhaust gases may be written in
the form
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(3.7)
where V is the airplane potential, Ç is the airplane capacitance, and
^ is the resistance of the exhaust gas Jet.

We recall that the air¬

plane loses its charge because of the fact that the exhaust gas Jet as
a result of its high conductivity takes a potential close to that of
the airplane, and the Jet charge is carried away by the turbulent flow
around the airplane.

Therefore, in reality R

is some effective re¬

sistance and not the purely ohmic resistance; in particular, R

depends

on the airplane velocity if it is sufficiently high (see Chapter 5).

The effective Jet resistance is determined from the rate of change
of the charge of the artificially charged airplane in clear air.

The

measurements on the Tu-104B airplane were made during flight in clear
air, when the atmospheric electric field was small.

During the exper¬

iment, the airplane charge could leak off only as a result of air
conductivity and conductivity of the exhaust gas Jet.

Since during

the charging of the airplane, its potential did not reach values for
which the static discharges begin to operate, there were no corona
discharge currents.

In this case, the variation of the airplane charge g after term¬
ination of the charging operation is described well by the equation
QsaQo#-“ » in which Qq is the airplane charge at some arbitrary initial
time; t is time; t is the charge relaxation time, t ■ R-^C, where
R^ is the effective resistance of the exhaust gas Jet and the con¬
ducting atmosphere

+

- 18 the caPacltance of the airplane

as an isolated body; for the Tu-IO^IB Ç ■ I670 cm.
Q
B
Since ~Q¡‘sa"~£^ $ where

and E are the field intensities at an

arbitrary point of the airplane at the moments when its charge equals
and â» respectively, the charge decay equation can be written in
the form
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The airplane charge was measured using electrostatic fluxmeters.
From the charge (or field intensity) decay curve after termination of
C02 emission (or upon ejit from a cloud) we can calculate t and,
knowing the airplane capacitance Ç, we can calculate R^, and then,
knowing R , we can determiné R
a
%

Figure 3-6a shows che form of thç recording of the field intensity
at the surface of the airplane in the casç^of artificial charging
during the time of carbon dioxide emission and..after terminating this
emission. Figure 3.6b shows the right-hand portion of-th«* eame-euixv«—plotted on a semilog scale. The linearity of the relation ln£a/(jf)
confirms that the idea of the linear relationship between the current
leaking off through the exhaust gas Jet and the airplane potential,
which was used as the basis for the introduction of the effective
resistance R^, is quite well-justified.
Table 3.^ shows the relaxation time and the corresponding Jet
resistance Rc for various flight conditions (altitude, flight speed,
and engine rpm).
Table 3-5 shows the values of the current flowing from the air¬
plane through the hot exhaust gas Jet for various values of the
airplane charge.
The dependence of the relaxation time and Jet resistance on
turbine rpm (engine power) and flight altitude in the altitude range
1000-10,000 is linear, as is easily seen from the curves in Figure 3.7.
As a result of the electrical conductivity of the air, the
charged body discharges with tx>= 100-400 sec, which corresponds for the
Tu-10^B to /?»ãí 1011 ohms (see Table 3.3). In comparing this value with
the data of Table 3.H, we see that the values of R are much smaller.
“C
Therefore, the air conduction currents /u, can be neglected in compar¬
ison with the currents
flowing through the engine exhaust gas Jets
(compare also Tables 3-3 and 3.5). It is interesting to compare these
values with the data obtained on piston-engine airplanes.
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TABLE 3.Í».
AIRPLANE CHARGE RELAXATION TIME t AND EXHAUST
GAS JET RESISTANCE Rn AS A FUNCTION OF FLIGHT REGIME
c

flight I flight
regime

date

altitudeJspeed,

number

15/VI I

■m

~f"

2

16/VI!

1000

1

«000

3
4
6
•
7
I

8000
8100
8100
8100
8100
8100
8100
8 ICO

2

•
11/VIII

10000

10000
10000
10000
10000
10000
10000
10000

2
3

10000

TABLE

« sec

a. Ohms

4* 10*

720
«70
‘«O'
400

3600
3900
-3700.
3600

0.7

700
700
700
700
700
650
650
650
650

4400
4400
4000
4000
4000
3500
3500
3500
3500

1.25
13
0.9
0.9
0.9
1.3
IS
I.*
1.3

750
750
750
750
750
750
750
750
760

4200
4200
4200
4500
4500
3500
3500
3500
3500

0.9
0.7

4,8.10*

0,8
0.8
0,8

3,«. 10*

0.8
3.0

ale

1.2
12
1 Î
1*

1..7-10*

5.4.I0*

7,2.10*

3.5.

CURRENT S' FLOWING FROM AIRPLANE
THROUGH ENGINE EXHAUST GAS JET

flight
altitude,
m

engine
rpm

10000
1000
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rpm

km/hr

10000

1

2

engine

currentA for charge Q in esu
N*

M»

w

3600

4.10-1

4-101

4-10*

3800

10-*

10>

10*
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rel. units

tc ohm tf? «sec

Figure 3-6.
Variation of field
intensity E at the airplane
surface as a function of time t
for artificial charging (a) and
the segment CD in semilog scale
(b).
~

Figure 3*7.
Airplane charge
relaxation time t and R versus
—c

engine rpm (//-10000 »0(a) and
altitude (N » 38OO rpm) (b).

Carbon dioxide release started
at point A and terminated at
point Bj the segment CD is used
to calculate the effective
resistance
and the Jet
resistance R

c

.

The value measured using the same technique for the Li-2 airplane
was

t

* 4.5-5 sec.

Since the Li-2 airplane capacitance C * 435 cm [11],

the exhaust Jet resistance for the Li-2 is
50 times higher than for the Tu—104.
values were

t

= 2.8 sec,

about

For the B—25 bomber the measured

and Rc of all engines was 6.2-10^ ohms at an

altitude of about 1000 m [6].
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It is Interesting to note that in [6j the maximal measured
currents on an airplane flying at a speed of about 300 km/hr were
estimated to be several hundred (up to 300-1J00) yA, and the airplane
potential at this time was several hundred kilovolts.

Engines of the

type installed on the Tu-10J» would compensate for such a current with
an airplane charge of about 106 esu (potential 2*105 V), i.e., the
exhaust Jet on the Tu-lO^I has a resistance equal to the effective
resistance of the static dischargers on the airplane on which Gunn's
studies were made.

Potentials exceeding one million volts wore recor¬

ded on the Tu-104 airplane.

In this case, the discharge current

through the exhaust Jet alone reached 4000 yA.
current exceeded this value considerably.

Thus, the charge

We see from this example

how the charging currents and the discharge conditions for airplanes
of different types traveling at different speeds differ.

8 5.

Airplane Discharge Currents Flowing Through
Static Dischargers

The primary device for discharging the airplane at high charges
are the so-called "static dischargers".

The discharger current is a

function of the electrostatic field intensity at the point where they
are located.

The latter depends on the magnitude of the airplane

charge and the atmospheric electric field intensity.

Measurements were made in flight of the currents through standard
dischargers located at the extremities of the wings, stabilizers, and
tip of the fin.

No measurement was made of the currents flowing

through the dischargers located on the trailing edge of the flaps,
since they were in a very weak electrostatic field.

Let us examine the basic equation relating the current Ai,.
flowing from the dischargers with the electric charge magnitude Q.

In

calculations of the corona discharger current it is often assumed
that [6]

(3.8)
where Ak is a constant determined by the properties of the discharger
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joint, the airplane and the air; ^ is the field intensity at the
discharger point

location; ^ cr is the field intensity at which dis¬

charge from the point startsT

Formula (3.8),

originally obtained empirically, can also be

derived theoretically.

For example, Gunn and Parker [5] examined the

corona current near a charged sphere located in a steady air stream.
Assuming that there are numerous points located on the sphere to
permit corona discharge to begin at low field intensities and at the
same time causing very little distortion of the field near the sphere,
Gunn derived a formula of the Form (3.8).

However, it was shown later

by Hendrick and Chapman [84] that the corona current depends signifi¬
cantly on tho ambient flow velocity — the rate of removal of the
space charge which forms at the point during corona discharge.

It

was shown experimentally in [84] that in the pressure variation range
from 0.25 to 0.95 atm, and over a wide range of variation of the
potential applied to the point, the current flowing from the point is
proportional to the ambient velocity in the velocity range from a
few tens of meters per second to 290 m/sec.

Flight velocity does actually have a significant effect on the
magnitude of the airplane corona current.

Data are presented in [5]

(Figure 3.8) on the corona current of the static dischargers of an
airplane located in a hangar (2) and of the same airplane in flight
at a speed of about

300 km/hr (1).

We see from Figure 3*8 that the

airplane corona currents in flight may exceed by several fold the
analogous currents of the airplane located in a hangar.

The effect of the velocity of the air stream past a charged
point on the current

flowing from the point can be accounted for if

we supplement the aforementioned scheme of Gunn [5] by the concept
of the air stream which is expelled from the corona discharging
sphere.

The basic equation relating the corona discharge current

with the field intensity on a sphere of radius _a_ and air stream
velocity w can be derived as follows.

FTD-HC-2 3-54 4-70

144

—___,.

The current

lur

«.««-Hr—.

flowing through the spherical surface of radius

F is given by the relation

/^-WAKE+w),
(3.9)

where p is the space charge density, K is the ion mobility, E is the
field intensity, and w is the flow velocity at the distance R.

The

connection between the space charge density and the field intensity
is given by the Poisson relation

(3.10)
where V is the potential at a point located at the distance R.

Substituting (3.10) into (3.9) and using
obatin the basic equation

dR

we can

Ai,“ (2fl££+w) + 0,
(3.11)
where G is the constant of integration.
of the sphere

w=*wa,

and

(g

Assuming that at the surface

is the sphere charge) and that

corona discharge begins when£.=£,Cr , we can determine the constant
of integration G.

In the case in which the stream velocity is small in comparison
with the ion velocity in the field (w.«K£,), the solution of (3.11) is
obtained in the form suggested by Gunn
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(3.12)
However, if the stream velocity is high in comparison with the
ion velocity in the field, i.e.,

w«>/f£.cr, then the solution of (3.11)

has the form

/,»,=** 2awaE g — -£j a«*,
where D is the constant of integration, and wa is the stream velocity
as it leaves the sphere.

We can find the constant of integration from

the condition that the corona discharge current be zero for £«<££,cr ,
A i,™ 2ûWg (£g

£g

(3.13)

This relation is similar to the formula presented in [84].

The solution of (3.11) has a form similar to the empirical formula
given in [85]

(3.14)
where

is a constant.

For flow velocities of hundred of meters per second the solution
(3*14) can be written in the form (3.13)» i.e., the dependence of the
current on the field intensity is actually found to be linear and pro¬
portional to the stream velocity.

The corona discharge point is

subjected to somewhat different conditions than the sphere examined
above:

on the airplane the current is created by the space charge

carried by the stream from the hemisphere, but the general form of the
solution (3.14) remains valid in this case as well.

We note that (3.12), in spite of the fact that it was derived
for the sphere case, also describes quantitatively the corona discharge
point current on an airplane in stationary air satisfactorily [5].
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Equation (3* 13) describes with good approximation the curre.pt flowing
through the discharger on an airplane in flight.

We shall assume that the basic relation describing the volt-ampere
or the coulomb-ampere characteristic — the connection between the
static discharger current and the airplane potential or charge —
is [see (3.13)3

Ai*,—Vmut)w,
i

(3.15)

%

where C

Is the electrical capacitance of the airplane in flight;
apn
â and V are the airplane charge and potential respectively; and
cr
and Ym cr are the airplane charge and potential at which corona
discharge begins at a given point m of the discharger.

In the general

case, the discharger volt-ampere (or coulomb-ampere) characteristic
depends on the external field.

In spite of the fact that at present-

day airplane flight speeds the characteristic

(Q) must be linear,

to date the currents are calculated in practice using the characteris¬
tic Ai,=0(Q*), obtained during measurements in stationary air.
Hundreds of measurements which we have made, during which the curves
/ui=af(£)ssO(Q), were recorded, have shown that this relation is very
nearly linear [69].

Figure 3.9 shows the coulomb-ampere characteristic

of a static discharger installed on the right wing.

In selecting the

data for plotting this curve we excluded the iime intervals during
which strong atmospheric fields were noted.

We see from the curve in

Figure 3*9 that the coulomb-ampere characteristic of the static dis¬
charger is very linear within the experimental accuracy.
altitude corona discharge begins at

At this

* 1°^ esu (°r ^ cr

kv) •

The slope of the curve in the experimental conditions was about 0.5 A/C
« UBXlO"4^ A/esu.

The coulomb-ampere characteristic of the static dischargers
depends very little on the type of clouds in which the flights are
made.

Only in those cases in which the airplane flew in heavy preci¬

pitation or in strong external fields, and also in the case of very
high airplane charges, were deviations of the coulomb-ampere charac¬
teristic from the linear relation noted.
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The effect of precipitation

Figure 3.9.
Coulomb-ampere
Figure 3*8*
Coulomb-ampere
characteristic of static dis¬
characteristic of airplane static
charger installed on right wing
dischargers in flight (1)»' and
of Tu-IO^B airplane.
Recorded
on a parked airplane (2) [5].
in Cs clouds at altitude 7000 m
and speed range 730-800 km/hr
in six flight regimes.
Curve
plotted from 179 points.

apparently reduced to wetting of the plastic cone in which the dis¬
charger points were enclosed.

As a result of this wetting, the cone

became electrically conductive, which led to an increase of the effec¬
tive radius of curvature of the discharger point and, therefore, to
decrease of the magnitude of

and increase of the value of Qqj,.

The collector effects resulting from the water flowing from the dis¬
charger may play some role in the reduction of the field intensity
at the discharger.

As we have mentioned previously, the existence of an external
field whose intensity combines with the intensity of the field from
the self-charge also leads to deviations from the relation described
above.

This deviation may be taken into account if we convert the

coulomb-ampere characteristic into a characteristic of the form

In.-B[?.Q ± /(*.£.)'+(*,£.)■ + (*.£.)’- B..,]•.
where £,, £f

and

1^-110-23-5^-70

(3.16)

£„ are the components (vertical and directed along

1Ü3

innpvw

the wings and fuselage) of the field intensity vector in the
Cartesian coordinate system; E

,,,, is the field intensity at which

corona discharge begins at the given point; and the coefficients
/>m, *», *f

and

K

relate the magnitude of the field intensity at the

corona discharge point with the value of the airplane charge and the
corresponding components of the external field.

Thus, the coulomb-ampere characteristics depend on the meteor¬
ological conditions to the degree that the latter define

¿km.

£»,

£f,

E*

and E
-m w
At high current densities the space charge which arises at the
dischargers and other points and extremities of the airplane may
affect the coulomb-ampere characteristic.

On the flying-laboratory airplane, initiation of corona discharge
on the sharp parts of the airplane was noted from the appearance of a
current on the current removers mounted on the trailing edges of the
wings and stabilizer.

The airplane structural design made it impossible

to insta]1 these current removers at the tips of center sections of
the wings; it was necessary to locate the current removers at points
close to the fuselage, in regions where the airplane charge field is
relatively weak.

Therefore, it is possible that corona discharge

occurred at the tips of the wings and stabilizer somewhat before the
currents in the current removers.
in the next section.

We shall return to this question

Por the moment, we note that the currents in

the current removers appear with an airplane charge of 5*10^ esu.

Figure 3.10 shows the values of the total current

fnk flowing

through the current removers (referred to the entire length of the
wings and stabilizer) and the currents
dischargers.

Ai, flowing through the static

The measurements were made in relatively strong and

irregular atmospheric electricity fields, which led to relatively
large scatter of the points.

However, the general pattern is clear.

The slope of the static discharger coulomb-ampere characteristic
begins to decrease with increase of the corona current on the wings
and stabilizer.
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io*

esu

Lhe current flowing from the trailing edges of the wings and stabili¬
zer remains less than the currents flowing through the static discharg¬
ers, although the former begins to increase quite steeply .

For an

airplane charge of 8*10^ esu the current flowing through the trailing
edges of the airplane wings, stabilizer, rudder and elevator exceeds
markedly the current flowing through the dischargers.

Since the

calculation was based on the minimal estimate, the total corona dis¬
charge current flowing through the trailing edges of the airplane
surfaces may exceed considerably the calculated values.

Thus, at high airplane charges the corona dischargers cease to
be an effective means for protecting against static electrification.

The use of equations of the form (3*8) in practice for calcu¬
lating the characteristics of static dischargers leads not only to
too low a calculated value of the airplane charge in comparison with
its actual value, but also to the occurrence of a discharge at several
points of the airplane which are not protected by static dischargers.

If we restrict ourselves to the region of charges less than

(I—ÎJXIO*

esu, then the coulomb-ampere characteristics of the dis¬

chargers located at the indicated extremities of the airplane are in
general similar (Figure 3.11); the only exception is the discharger
located on the elevator tip fairing (i^).
discharger is flatter.

The characteristic of this

The region of values in which the currents of

the remaining four dischargers lie is shown by the dashed lines.

Thus, we can speak of the integral coulomb-ampere characteristic
of all five dischargers

/,,-2/,u. ^ 4*5¿í(Q — Qtf) w.
—1

'

and also of the integral effective leakage resistance of these
dischargers .
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(3.17)

Figure 3.10.
Currents of all
static dischargers hu (1) and
current removers /»* (2) for
strong charging.
Flight in
thunderhead anvil at an altitude

8000 m.

Figure 3.11.
Coulomb-ampere
characteristics of static dis¬
chargers installed on Tu-10lJB
rudder fairing (i,), on left and
right stabilizersA(i2 and i^),
and on left and right wing
surfaces (i^ and i^).

The discharger coulomb-ampere characteristic depends on the
flight altitude.

Both

and

depend on the air pressure.

The

pressure dependence of the corona current was studied by Tamm [86],
who obtained the connection between the current

and the variation

of the pressure P

(3.18)
where

and

current.

are the standard pressure and the corresponding

However, this dependence (Just as the similar dependences

obtained later [31]) did not take into account the influence of the
ambient air flow on the corona current.

On the basis of data from measurements made in a series of flights,
we attempted to find the pressure (flight altitude) dependence of the
static discharger current.

Figure 3.12 shows this relation.

Curve l a

shows the measurement results
for Q ■ 5^10^ esu.

Since the air¬

plane speed changes with change
of flight altitude, an attempt was
made to reduce all the measured
current values to a constant speed
[in accordance with (3.13)].

The

result of this conversion for a
speed of 450 km/hr is shown by
curve lb.

Curves 2a and 2b repre¬

sent the same dependences for the
charge £ - 3*105 esu.

Figure 3.12.
Discharger current
tu>
(in relative units) versus
flight altitude (pressure for,
Q-const

The

differences between curves 1 and
2 are associated, in particular,
with the difference between the
magnitude of the airplane charge
and the corona discharge threshold.

Without any pretense of being universal, the curves of Figure 3.12
show that although the static discharger corona currents increase with
reduction of the pressure, this increase is slower than was predicted,
oince the Tu-104B airplane speed increases markedly with altitude in
this altitude range, the discharger current still increases markedly
with an increase of the flight altitude.

There is a corresponding

reduction of the overall resistance of the dischargers with altitude.

The operation

of

the dischargers located on the Tu-104B can be

evaluated with the aid of the data of Table 3*6.

We note that these

data are very approximate, since they were obtained only for the air¬
plane cruising flight speed at a given altitude,and the pressure
dependence of the discharger current is accounted for only approximately.

The discharger corona discharge current /n,
current

begins to exceed the

4½ flowing through the exhaust Jet only for a charge Q of

the Tu-104B airplane greater than ~ 10* esu (see Table 3.5).

Propeller driven aircraft differ from Jet propelled airplanes in
che presence of the propellers.

On the one hand, a current of
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TABLE 3.6. TOTAL CURRENT S PLOWING THROUGH DISCHARGERS
AND EFFECTIVE RESISTANCE R OF DISCHARGERS ON
-p
Tu-lOilB AIRPLANE

current (wA) during
flight
altitude. airplane charging, eau
10»
10»
10»
m ' M*
1000
4000
8000

0
0
0

0
0
0

280
530
750

2600
5300
7500

Resistance *p * 10 °Ohm
g co
I«1 1 10»
10»
If
00

oo

oo

00

00

00

7.5
3.7
2.«

7.0
3.3
2.25

significant density flows to the propeller, which travels with a
linear velocity exceeding by several fold the airplane velocity, during
flight in clouds. On the other hand, the location and construction of
the propeller lead to the appearance on the propeller of corona dis¬
charge currents if the airplane acquires a charge. The action of
these two factors is seen from the curve of Figure 3.13, taken from
[6]; this figure shows the connection between the current flowing
through the propeller and the charge of the four-engined B-17 airplane.
For low values of the charge the current flowing through the propellers
charges the airplane, for high values of the charge this current
discharges the airplane. According to the data of [6], the charge
current flowing to all four propellers can reach 20-25* of the total
airplane charge current.
Effective electrostatic protection on an airplane must not permit
its charge to increase to values at which corona discharge begins at
any points of the airplane other than the static dischargers. If the
airplane's electrostatic protection is not adequate, corona discharge
currents occur at the trailing edges of the wings, stabilizer, stub
antennas, and wire antennas. The occurrence of these discharges leads
to marked increase of the radio interference, which at times leads to
communication loss at the shortwave or even UHF frequencies.
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Closely spaced groups of dischargers are installed on many air¬
planes to increase the effectiveness of the dischargers.

The

ineffectiveness of this measure in increasing the slope of the coulombampere characteristic of the dischargers is clear from general
considerations, since this technique leads to a reduction of the field
intensity at the corona discharge points.

Actually, Jhawar and

^halmers [87] showed that if the discharge points are arranged at the
corners of a hexagon at the center of which a seventh point is located,
then for distances between the points of less than half the length of
the point the current through all seven points is equal to (or even
somewhat less than) the current through a single isolated point.

When

the points are separated from one another by a distance equal to one
tiict a half times their length, the current through the seven points is
equal to three times the current through a single isolated point.

As

the points are brought closer together, there is not only a reduction
of the slope of the coulomb-ampere characteristics but also a marked
increase of the corona discharge threshold [87].

To evaluate the role

of these effects, comparative measurements were made on the airplane
of the coulomb-ampere characteristics of single dischargers and double
and quadruple dischargers.

The results of this comparison are shown

in Figure 3.14.

In some flights single and double dischargers (i^ and i2 are the
currents of the single and double dischargers on the stabilizer) were
installed at symmetric points of the airplane, while in other flights
single (Figure 3.15a) and quadruple (Figure 3.15b) dischargers were
installed (i^ and i^ are the currents of the single and quadruple
dischargers on the wings).

We see from the curves of Figure 3.14

that an increase of the number of closely positioned dischargers leads
to some deterioration of their coulomb-ampere characteristics.

Another way to increase the total discharger current which is
frequently used in practice is to install additional dischargers along
the edges of the wings, stabilizer, and so on.

It follows from general

considerations that these additional dischargers are located at points
where the intensity is much less than at the tips of the wings and
stabilizer (see Chapter 2, Section 1), and therefore, their discharge
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rel. units

Figure 3.1^.
Comparative coulombampere characteristics of
dischargers (single, paired.
and quadruple).

Figure 3*13. Current flowing to
airplane propeller for various
airplane charges [6].

is the current on the single
discharger on the right stabilizer;
ig is the current on the dual
discharger on the left stabilizer;
iç is the current on the single
discharger on the right wing; i^
is the current on the quadruple
discharger on the left wing.

action will not be very effective.
shown in Figure 3.11.

This is confirmed by the data

The discharger located on the rudder tip

fairing (current i^) is mounted 200-250 mm below the very topmost
point of the airplane tail because of structural considerations.

The

current flowing through this discharger (identical to that of all the
other dischargers) is less by about a factor of two than that flowing
through the other dischargers.

At the same time, the field intensity

due to the airplane charge at the tip of the rudder fairing is even
somewhat greater than that at the wingtips, for example.

Since the

field intensity decreases very rapidly with the distance from the tips
of the wings, stabilizer, and so on, the slope of the coulomb-ampere
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Figure 3.15).

Wlngtlp dischargers.

Upper— Single; lower—quadruple
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Upper—single;

characteristics of the dischargers will also decrease with shift of
the latter toward the fuselage, i.e., the increase of the number of
dischargers does not have any marked effect on the magnitude of the
airplane charge.

At the same time, for high airplane charges the

dischargers installed at the central parts of the wings and tailplane
may become fixed discharge points, which makes it possible to reduce
the level of the radio interference.

The effectiveness of the discharger action and its coulombampere characteristic, therefore, depend both on the characteristics
of the discharger itself and the discharger location.

The relative

advartages of dischargers of different forms and their locations

are

readily seen in a corresponding comparison of the discharger currents.

Figure

3.16

shows the connection between the current flowing

through an experimental discharger (I^p) and the current through a
standard discharger

•

The two dischargers were located at sym¬

metric points of the airplane so that the effect of location on the
currents flowing through them was eliminated.

If d ■ 0 and a=45* , the

characteristics of the two dischargers are identical.

The larger the

value of d, the lower the potentials (or airplane charge) at which the
new discharger begins to operate.

If the angle <x>45#, the slope of

the volt-ampere characteristic of the experimental discharger is
steeper than that of the standard discharger.

The larger the angle a,

the greater the advantage of the experimental discharger in comparison
with the standard version.

If the coulomb-ampere characteristic of

one of the dischargers is known, then from a relation similar to that
shown in Figure 3«16 it is easy to calculate the coulomb-ampere char¬
acteristic of the other discharger.

By comparing similarly the currents flowing through identical
dischargers located at different points of the airplane (Figure 3.17),
we can identify the relative advantages of the discharger location
points.

Figure 3.17 shows a comparison of the currents flowing

through dischargers of the same type located at selected (see Figure

3.II)

points of the airplane.

The curves of Figure

3.17

were plotted

from the results of all the flights in Cs clouds and show that the
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currents flowing through discharg¬
ers installed on the wings (i^ and
itj) and on the stabilizers (ij and
ij) are equal, i.e., the locations
of these dischargers are equiva¬
lent.

The slope of the i^ current

line for the discharger mounted
above the rudder is less than ^5° i
consequently, the location of this
discharger is less favorable than
the location of the other discharg¬
ers.
Figure 3.16 Comparative
characteristics of dischargers
of two types located at
symmetric points of the
airplane.

The slope of the line

/m=/(/n)

shows how many times more

effective one location is than
another.

IIO'A

Plotting the relations in
the /«=/(/») coordinates is also
convenient, in that it does not
require reducing the measurement
results to a fixed altitude and
speed.

Therefore, this compari¬

son technique is very convenient
for relative measurements.

In

addition to the simplicity of
the construction, this technique
Figure 3.17.
Comparative
characteristics of discharger
location points (all dischargers
single).

for comparing discharger currents
is also convenient in that as
soon as the coulomb-ampere
characteristic of one of the dis¬

1) current of discharger located
above rudder (i^) and current of

chargers is known for a given type

discharger on wing surface (i^);

of airplane at a given installa¬

2) current of discharger on one
wing surface (1^), current of

tion position, the characteristics
of other forms of dischargers and

discharger on one stabilizer (i2)i
and current of discharger on the
other stabilizer (I3).

their locations can be determined
without measuring the airplane
charge.
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§ 6.

Balance of Currents Flowing to Airplane and
Effectiveness o¿ Dlscnargers

Study of the balance of the currents flowing to the airplane makes
It possible to determine the accuracy of the measurements of the Indi¬
vidual components of the current flowing to the airplane and the
effectiveness of the dischargers.

The solution of (3.1) with account for what has been said concern¬
ing the effect of airplane charge on the Individual current components
[Equations (3.3), (3.6), (3.7)] has the form

'u+'u+'u

'

+ lÒz7 + «¿T +
where Ak

is the average value of

(3.19a)

for the dischargers; S is the area

from which the particles rebound; £ is the average value of the
coefficient £>.•
For charges Q»QCr we denote
t,«—--r-L.---- _

+ 'fag' +

+ "XgV

( 3 • 19b )

where t2 represents the charge relaxation time of the airplane from
which the corona currents flow, and for charges

Q<Qcr

t.—■

*2

fir*

+

(3.19c)

where ^ is the charge relaxation time of the airplane prior to the
moment when the corona discharge current begins.

Then (3.19) takes the form

(3.20a)
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and under steady-state conditions, when the charge and discharge
currents are equal, the steady-state charge Q»

(3.20b)

Equations (3.19) and (3.20) show that in a uniform cloud the
airplane charge Q tends to reach the steady-state value Qm.

The time

for reaching the steady-state value is determined by the relaxation
time

.

The increase in time follows the curve

initial moments of time, when

.

At the

Q<Q- , the increase of £(t) is deter¬

mined by the magnitudes of the charge currents /.,+ Aa,+ /., .
this period the discharge current has no effect on dQ/dt.

During
The discharge

currents have an increasing effect on the values of dQ/dt as the charge
increases.

The contribution of the collector effect to the values of

i of modern airplanes is usually small, and therefore the collector
current

/«* has no effect on airplane charging.

The equivalent electrical circuit of the charged airplane is
shown in Figure 3*18 in accordance with (3*1) and (3*19) or (3.20).

We note that the internal resistance of the generator which charges
the airplane is very high, and therefore

it operates as a current

generator in which the energy comes from the motion of the airplane.
In fact, the energy of the particles which charge the airplane in
clouds is equal to

where m is the particle mass.

The airplane

potential Vcr affects the particle separation conditions if ^cr>
— , where

is the charge of the separating particles.

possible values of the airplane potential

•

For

For example, if

m * 10~6 g, a * 10“6 esu, and w - 5’IQ1* cm/sec, then

- 109 V.

Therefore, the current charging the airplane is practically independent
of the airplane potential.

For scattering bodies (3.19c), (3.20), and (3.21) take the form

(3.21a)

'1

(3.21b)

(3.21c)

:'TD-HC-23 -5^-70
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i.e., by measuring â(i) and Q- we can* as noted above> determine the
current

which appears as a result of the collector effect.

Usually

Synchronous measurements of the components of the currents flow¬
ing to the airplane and the magnitude of the airplane self-charge make
it possible to write the balance of these currents.

In accordance with

(3.1) and what has been said previously concerning the relationship of
the currents flowing to the airplane, the balance equation can be
written in the form

where

Ait=*/i is the density of the current flowing to the forward

plates (

is the charging current density,

is the collector

current density); Sef is the effective area from which droplets
separate from the airplane;

Cc

is the airplane capacitance ;/¾ io the

linear density of the current flowing through the rear plates; L is
the length of the trailing edges of the wings, rudder, and stabilizer
(L *» 50 m for the Tu-104B).
We can determine the area

from (3.22), since all the other

terms appearing in the formula are known.

Considerable errors may

occur in the calculation in cases in which a corona discharge occurs
on the airplane at unprotected points, i.e., when the current flowing
through the rear plates reaches noticeable values.

Examples of the current balance under various meteorological
conditions are shown in Table 3.7.
The measurement of the current balance makes It possible to
estimate the degree to which the density of the charging current flow¬
ing to the forward plates corresponds to the density of the charge
current flowing to the other portions of the airplane surface.
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The data of Table 3*7 show
that the calculated particle sep¬
aration area varies in the range
from 10 to 35 m^.

The airplane

surface area is 750 m2 and the
projected frontal area is

Sii*»42 ***.

Thus, even in rain, the particle
separation area is less than the
Figure 3.18. Equivalent electrical projected frontal area.
scheme for airplane charging in
flight.
We see from (3.22) that if
G is the generator;
/1,../1, and /|,
are the charging currents; /|i, is
the conduction current; /,|, is the
current through the exhaust gas Jet
/ii,is the current through the dis¬
chargers and the surface segments
having a corona discharge; /,^ is
the current arising as a result of
the collector effect of the
particles;
Rp, Rj^ are the

the measured current density Jj
is greater than the average density,
Jav, then the calculated area
will be less than the actual area
Sact* however* lf

» then

§ef > §.act*
In flnely dispersed
clouds the relation Sact <
must be satisfied.

corresponding resistances; C„
is
c
the airplane capacitance; £ is the
airplane charge.

reality,

Since, in

< S^, this means that

the density of the current flowing
to the forward plates must be
greater than

/av.

If the charge is

transferred to the airplane as a
result of its interaction with
large particles, then we would expect that J

Sact.

< J

., i.e., S - >

However, the measurement results show that in this case as well

§ef < ^1* i,e*» t*1® charge current is basically created by particles
striking the frontal surface of the airplane.

If the density of the current flowing to the forward plates is
not close to the average density of the current charging the airplane,
then the quantity

must change markedly with variations of the

dimensions of the particles in which flight is taking place.

For

example, rain droplets must impact on a cross section close to the
projected frontal section, or even on the entire airplane platfrom
area; small particles must impact basically on the regions in the
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central part of the wings, where

%

the plates were located.

Figure

u

3.19 shows the values of the area
calculated from the equation

40

of the current balance measured
00

in clouds and precipitation.

to

These values make it possible to

10

conclude that the area
remains approximately constant
10

(^20¼1) during measurements in
quite different meteorological

Figure 3.19.
Probability of the
value of the effective area on
which the particles charging the
Tu-lOiJB airplane impact.

conditions:

in finely dispersed

Cs clouds (1), in Ns clouds con¬
taining small and large drops (2),
in large-drop precipitation from

1) in Cs (plotted from 62 measure¬
ments in different clouds); 2) in
Ns (plotted from *17 measurements
in different clouds); 3) in heavy
precipitation (11 cases).

a Cn cloud (3).

In other words,

the conclusion drawn previously
that the current flowing to the
forward plates is quite represen¬
tative and that the airplane is
charged basically by particles

whose angles of incidence to the airplane surface are close to 90° is
confirmed.

If we take Sef*15

, then the error in the determination

of the total current flowing to the airplane from the data on the
current flowing to the plates will not exceed +50IÉ and on the average
this error amounts to about +20J.
Measurements on the IL-18 turboprop airplane also showed that in
this case as well the current flowing to the front parts of the air¬
plane is the primary current charging the airplane during flight in
clouds and precipitation.

At the beginning of this chapter, we noted that the effectiveness
of special dischargers installed on an airplane can be evaluated by
comparing the current flowing through these dischargers with the
currents flowing to the airplane and comparing these values with the
airplane's ''natural” dischargers (discharge owing to conductivity of
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the exhaust gases, collector effect, corona discharging at individual
points of the airplane surface).

Having available information on the

individual components of the current flowing to the airplane and the
connection between these components and the airplane charge, it is
natural to try to find the discharger effectiveness criterion.

According to (3.19), there is a connection between the airplane
charge (potential) and its overall effective conductivity to the
atmosphereA( 4«A*~- ) where e is the dielectric constant of air), which
can be represented graphically by the curves in Figure 3.20.
curve is plotted for a given charge current 7i, where

Each

/|</"</|\

Returning to (3.1) and (3.19), and also to Figure 3.18, we can write

For example, if on the basis of the operating conditions of the
radio equipment or atmospheric electricity instrumentation the charge
of an airplane of a given type must not exceed

(or the potential

Vcr), then the requirements on the effective conductivity vary depend¬
ing on the charging current.

rt

and

ri

For

A

must be not less than A', for

it must be no less than A" and A"' , respectively.

After

determining for the given flight weather conditions the charge current

h

and the required value of A with the aid of the equation above and

knowingand 1/R , we can find how many dischargers need to be
A*

AM

installed on the airplane at the selected points and what the dis¬
charger coulomb-ampere characteristics should be in this case.

If

for the given arrangement of the dischargers and given discharger
characteristics the overall effective conductivity is not sufficient,
it is necessary to install additional dischargers after selecting the
proper points on the airplane.

A nomogram similar to that shown in

Figure 3.20 is basic for calculating the protective action of the
dischargers on the airplane.

It is obvious that the relative effec¬

tiveness of the protective dischargers is determined by the degree to
which the effective conductivity which they create is greater than the
effective conductivity appearing in the exhaust gas Jet and as a
result of the collector effect.

We recall that the values of R_, R„,

Rp, and ^ depend on the airplane type, flight altitude and speed,
therefore, a series of such nomograms must be available.
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It is very convenient to
evaluate the effectiveness of the
dischargers and the exhaust gas Jet
in fractions of
for the given
weather conditions. It is obvious
that the dischargers are ineffec1
i
tive if
; they are also
“p
i
i
i
ineffective for-5-<-g-+.
Finally, the dischargers become
ineffective if even a very small
corona discharge current develops,
flowing from points of the airplane
which are not protected by dis¬
chargers [8, 120, 121].

tr

Figure 3*20. Connection between
airplane charge Q and overall
effective conductivity A for
different charge currents /1 .

The effectiveness of the
dischargers installed on the Tu10½ airplane can be illustrated
graphically as in Figure 3.21,
which shows the dependence of the
currents flowing through the ex¬
haust gas Jet /u, , through the
dischargers /u, , and through the
trailing edges of the wings,

I» uA

Figure 3.21. Discharge currents
through dischargers
exhaust
gas Jet (Zu,), and aft edges of
wings, stabilizer, and rudder
^uB) for different charges of
the Tu-IO^B airplane.
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stabilizer, and rudder I**» as a
function of the airplane charge.
Up to a charge of (^S^lVesu the
current
dominates the other
currents. On the segment of the
curve for the charge 3X 10^3^101
esu and /ii,»2/1^ the dischargers
and the exhaust gas Jet provide
leakage for the incoming current.
Finally, on the segment of the
curve for Q>3-5-l0* esu the current
l\ increases markedly, and by
the time the charge increases to

Q>8»lül

eSu this current becomes dominant and—together with the

currents from the other segments of the airplane which are not pro¬
tected by dischargers—creates the primary static radio interference.
It is obvious that the current flowing through the dischargers must
be Increased to 7~8 mA with an airplane charge of 10^ esu (recommended
limiting airplane charge on the basis of radio static) in order to
improve the static protection of the airplane, i.e., for V » 2*10^ V.
This requires the development of more effective dischargers and study
of methods for locating the dischargers.
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CHAPTER 4

PHYSICAL PROCESSES LEADING TO AIRPLANE CHARGING

In the preceding chapter we examined the components of the
currents flowing to the airplane but did not study the factors which
lead to the appearance of the currents which charge the airplane.
We shall now examine how these currents are created.
§ 1.

Basic Physical Mechanisms Leading to Electrification
ot Airplanes

At the present time there are at least four theories explaining
how airplanes are charged in clouds.
1.

Airplane charging as a result of capture of electrically

charged cloud and precipitation particles.

If the average space

charge of a cloud droplet is £ 1/mthe airplane speed is w m/sec,
and the effective capture cross section of the droplets by the airplane is

2

m , then the time i. rate of change of the airplane charge

â should not exceed

or
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,

(^.1)

where

is the concentration of the droplets carrying the charge g^;

S^j is the body projected frontal area; y ^ is an aerodynamic coefficient
indicating what fraction of ^ captures droplets having the charge
where r^ it the particle radius.

The actual charge change can be only less than this value, since
along with the charging as a result of the process in question the
airplane will lose charge as a result of the conductivity of the ex¬
haust gases, corona discharge, and so on.

Hucke [3] noted that the

current flowing away through the points of the dischargers with which
he equipped an airplane was much greater than the current which in
accordance with his estimates of the magnitude of ^ could flow to the
airplane in accordance with (4.1).

This led Hucke to assert that the

mechanism in question cannot explain the observed electrification of
the airplane.

However, the information on the magnitudes of the

space charges in clouds available to Hucke amounted to a speculative
estimate.

In 1939 the information not only on the magnitudes of the

charges of droplets in clouds, but even on the droplet sizes was inade¬
quate.

It may be for this reason, or perhaps because of its simplicity,

that this theory is still in existence, and relatively recently
Krasnogorskaya [91] suggested that the charge of an airplane on which
she was conducting studies was determined by the precipitation charge.
Krasnogorskaya based her assertion on the similarity of the curves of
the curves of precipitation charge variation and airplane charge
variation.

At present we have available data which make it possible

to compare the airplane charge rate of change with data on space
charges in clouds and precipitation (see Chapter 2, Section 2 and
Table 2.1).

The data of Table 3.1 show that the density of the

current flowing to the Tu-104B airplane in various clouds and preci¬
pitation exceeds by

KP-rlO4 times the density calculated using (4.1).

Even on airplanes flying with a speed of only about 200 km/hr the
actual current density is much greater than that calculated using
(4.1).

For example, for the Li-2 airplane the rate of charge change

in nonraining stratiform water clouds is usually more than 10

-6

-10

-5

C/sec, while the charge flowing to the airplane (see Table 2.1),
* 10 m2 and w ■ 60 m/sec using (4.1), cannot

calculated for
exceed

8
1.5.10”
-

"”
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magnitude less than the observed current.
pitation, and so

In Ns clouds, heavy preci¬

on, the observed rate of charge change exceeds by

102-10^ times the maximal possible value calculated using (^.1) (see
Table 2.1).

Measurements also show that in many cases the sign of

the current created by the space charge is opposite the sign of the
current flowing to the airplane (for example, see Figure 2.16).

On the other hand, if the measured current flowing to the airplane
had been created by impact of space charges in accordance with (^.1),
then in the clouds there must have existed space charges amounting to
hundreds and thousands of esu/m ; space charges of such density would
have created breakdown field intensities in a cloud extending over hun¬
dreds of meters and would have caused lightning discharges in clouds of
all types.

The absence of strong fields in stratus, cirrostratus, and

similar clouds shows that the primary current flows to the airplane
as a result of a mechanism which differs from that described by (^.1).
It might be assumed that the current flowing to the airplane is
created not by the entire space charge,but only by some part of the
space charge, say by the part associated with large drops, i.e., as
a result of the difference in the coefficients
of different dimensions are captured differently?

oí* i1**!) particles
Then, if a charge

of one sign is found on the large drops while in the air and on the
small drops the charge has the opposite sign, and if even with a
relatively small overall space charge its components are large, then
a significant current can flow to the airplane.

However, if we

examine data on the currents flowing to the test bodies, we are forced
to discard this assumption as well.

In actuality, as noted previously, the currents flowing to test
bodies having the same sections

[see

(4.1,)] and exposed to the

same conditions not only differ by many factors, they may even differ
in sign.

These differences in the currents apply to flights in

stratiform and stratocumulus clouds, in nimbostratus and altostratus
clouds, in cirrus and thunderstorm clouds, and in heavy precipitation.
Consequently, in all these cases, the charging is determined by some
mechanism other than that considered in this section.

The data of

MacCready and Proudfit [75] lead to this same conclusion.
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In the experiments of [75] the measured charges of heavy preci¬
pitation particles were compared with the airplane charge. It was
noted that not only was the airplane charge not proportional to the
current magnitude or precipitation charge, but these quantities fre¬
quently had opposite signs. We can with good basis suggest that the
results obtained by Krasnogorskaya [91] are associated with the fact
that both the charges of the drops flowing through the metering
instrument and the airplane charge arose as a result of the action of
the same electrification mechanism during the corresponding contact
of the drops on part of the metering instrument and the airplane. We
have previously [93] indicated the probability of such charging of
the drops in the instrument used in [91], which makes it impossible
to measure the self-charges of precipitation drops. It is also ob¬
vious that attempts [94] to measure the space charge of clouds from
data on the current flowing to the airplane are not promising.
Thus, the mechanism involving cloud and precipitation space
charge flowing to the airplane cannot create more than 0.01 - 0.0001
of the current actually flowing to the airplane surface, and conse¬
quently this mechanism cannot play any significant role in airplane
charging.
2. Airplane charging owing to the balloelectric effect. Upon
impact on the airplane or the air cushion on the frontal parts of the
airplane, the droplets or snowflakes break up and this leads to ballo¬
electric electrification, in which the large fragments of the particles
are charged by electricity of one sign while the small fragments are
charged by electricity of the opposite sign [4la, 96]. During
breakup of distilled water drops (or drops in clouds and precipitation)
the small particles are charged basically negatively, while the large
fragments are charged positively [41], If the particles contacting
the airplane are primarily the large particles which give up their
electrical charge to the airplane, while the small fragments of the
fractured particles are carried away by the stream without allowing
them to settle on the airplane and transfer their charges to the
airplane, then the airplane acquires some charge £. The time rate of
change of this charge t cannot exceed the value
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.

(4.2)

where

is the concentration of particles of given size and composi¬

tion in~the cloud; w is the airplane speed;

is the effective

airplane section receiving impacts of particles of the sort i (for
example, of radius r^);
of the ith sort.

”

charge given up by a single particle
”

It is difficult to evaluate precisely the role of the balloelectric effect on the basis of the known laboratory studies.

The

balloeffect depends strongly on the structure of the ice particles
and chemical composition of the drops, and also on the velocity of
the particle collision with the surface; at the same time the quanti¬
tative connection between the charging with these listed parameters
has not received adequate study.

We can assume that the balloeffect

is not realized in finely dispersed water clouds containing drops of
diameter less than 30-5O microns [76], and in clouds with large drops
the maximal value of the electrification does not exceed 5*10”10 C/g
(according to Chapman [95]» who studied electrification by breakup
of drops in a stream with velocity 10 m/sec).

For S » 10 m , w ■

60 m/sec, and cloud water content not exceeding 2 g/m , we find that
the maximal charging rate in clouds resulting from this effect cannot
exceed +5*10

_7
C/sec.

We have noted previously that even in stratus and cuirulostratus
clouds the observed rate of charge change reaches

KH-IO-5 C/sec; in

cirrostratus and nimbostratus clouds this quantity is at least an
order of magnitude larger.

Therefore, it would appear that the

airplane electrification in water clouds must result from effects
which are not associated with disintegration of the particles.
However, the intensity of the balloeffect increases with speed, and
electrification has not been investigated thoroughly at impact speeds
greater than 50 m/sec.

Therefore, on the basis of the available

laboratory studies,we cannot definitely exclude the balloeffect as a
possible source of airplane electrification.
this same conclusion [4, 6],
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Gunn et al. came to

Still less reliable are the existing estimates of the intensity
of the electrification resulting from the balloeffect in snow and in
ice crystals.

The estimates here are particularly arbitrary

since

the dependence of the effect on the velocity and structure of the
particles is not known.

We can expect that the balloeffect of large

solid particles is greater than for liquid particles.

We recall (see

Chapter 2) that a snowflake in the form of a six-pointed star, im¬
pacting with a velocity of 100 km/hr on a surface, breaks

up into

about 500 parts, while hexagonal platelets and column break up into
about 30 smaller bits when impacting under the same conditions [T^]«

Experiments with charging test bodies mounted on an airplane
have made it possible to evaluate

uniquely

the role of the balloeffect

in airplane electrification in the velocity range from 160 to 900 km/hr.

Actually, we see from (4.2) that two bodies having similar form
and the same effective cross section areas Sgf.

exposed to identical

streams of particles with the concentration n^ and traveling with the
velocity w, must be charged identically (or tFe currents to them must
be equal) if the electrification takes place as a result of the ballo¬
effect.

The quantity

depends on the properties of the disintegrat¬

ing particles, and on tHe body material to the degree to which the
latter affects the disintegration of the particles.

The differences

in the properties of the test bodies used (well-polished metal
spheres) cannot affect the differences in the balloeffect observed
[96].

However, it was shown in Chapters 2 and 3 that the magnitudes
of the currents flowing to the test bodies in given time intervals
differ by a factor of ten, or even differ in sign.

Similar differences

are also observed in measurements of the currents flowing to the
leading-edge plates (current receivers) made from different materials.
The differences in the currents cannot be explained by the fluctua¬
tions of the number of particles incident on the test bodies.

Thus,

for example, during 10 seconds with an airplane speed of 200 m/sec
and particle concentration *«100 l/»t* the probability of deviation of
p

the number of particles striking an area of 10 cm
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from the average

value by more than 2% amounts to less than 1Ï when using the Stirling
formula for the calculation, i.e., the currents flowing

to the

different bodies can differeby 2% in less than 1% of the number of
cases.

Larger differences of the currents flowing to two identical

bodies are impossible in practice.

Therefore, we must assume that the differences in the currents
are caused not by the balloelectric effect but rather by some other
mechanism, and the intensity of the action of this mechanism is at
least ten times greater than the intensity of the balloeffect action.
Significant differences in the currents charging test bodies have
also been observed in both finely divided and coarsely divided waterdrop clouds anl in precipitation, in ice-crystal clouds, in snow,
and so on, i.e., in all these cases, the contribution of the ballo¬
effect could not exceed a few percent of the total current flowing
to the test bodies.

3.

Airplane charging as a result of trlboelectrlc effects

associated with the relationship between the dielectric permeabilities
of the contacting bodies.

83]

Several authors [3, 6,

have suggested

that the airplane charging process is associated with the relation¬
ship of the dielectric constants of the colliding bodies in
accordance with the Coehn rule [97]:

"Two substances with different

dielectric permeability which are in contact with one another become
charged; the substance with the higher dielectric constant is
charged positively while the other is charged negatively".

It is

difficult to make a quantitative estimate of this process, which is
now believed to be the most probable process [83].

We can write an

equation characterizing the airplane charge current

(-..3)

where a. is a constant of proportionality connecting the charge

j

th

transferred to the airplane by particles of the

form with con-

centration n^ with the given properties of the particles and the
airplane:
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Because of the absence of good information on the coefficient
is not possible in this case to evaluate the relationship between
the observed charging intensity and that calculated using (4.3), as
was done previously for the estimate of the effectiveness of the
charging mechanisms.

It is irrational to use for the estimate of a.

the data obtained by Gunn [6] or Schaefer [74] on the connection
between d^/dlb

¿

and n^ as a result of ground-level measurements, since

their experiments are a copy of the airplane measurements except that
they were conducted at the surface of the Earth. Even if the charging
is due to a mechanism which differs from that being described, if we
use the data of the ground-level measurements to evaluate the charging
intensity using (4.3), we obtain electrification values which are close
to those observed, but we do not find an answer to the question of
the nature of electrification.

According to the data of [6], during flights in clouds with solid
particles, the airplane was charged negatively.

The authors of [6]

explained this effect in accordance with the Coehn rule:

the metal,

having a dielectric constant close to zero, is charged negatively,
while the ice particles with a higher dielectric constant are charged
positively.

To confirm the validity of this mechanism,the series of

experiments mentioned in Chapter 2 was conducted which showed the
dependence of the airplane electrification intensity and the maximal
charge acquired by the airplane on the properties of the airplane
coating, for example, by selecting a corresponding coating the sign
of the airplane charge can be changed.

The charging intensity was

reduced quite effectively by coating the airplane with a colloidal
silicon solution.

Schaefer [74], studying the dependence of electri¬

fication on the type of coating in a ground-level setup in snow storms,
showed that the condition of the coating has a significant influence
on the magnitude and sign of the charge (see Table 2.13).

In spite of some deviations from the regular pattern, the table
still shows that while clean aluminum was always charged positively,
the surface coated with nitrocellulose was charged negatively, i.e.,
the influence of the surface condition on its electrification is
very large.

Although the effect of the surface properties on its
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electrification shows up clearly, there are some questions on whether
the electrification follows the Coehn rule.

We have noted previously that while in Gunn's experiments an
airplane with clean dural skin was charged negatively in snow and in
ice crystals, in Schaefer's experiments under the same condition a
clean aluminum surface was charged positively.

Studies of the

charging of the IL-14 airplane with clean dural skin, made in [98],
showed that the airplane charge signs were different in water clouds
and ice-crystal clouds.

But according to the Coehn rule, any metal

should be charged negatively with respect to any dielectric.
the question arises:

Therefore,

is airplane electrification by friction really

explained by the relationship between the dielectric perméabilités?

We have mentioned previously that collision of the airplane with
an ice crystal may be accompanied by partial melting of the ice
crystal at the point of contact.

In this case, the surface will be

charged with the charge whose sign is characteristic for water.

It

is possible that this is the reason why Schaefer noted positive
charging of the dural surface in snowstorms.

The influence of the

surface properties can best be studied by measuring the charging of
several test bodies under the same conditions.

The experiments described in Chapter 2 with test bodies coated
by such metals as gold, palladium, and nickel (see Tables 2.14 and
2.153 showed that under the same conditions, the bodies were charged
differently, and sometimes even acquired charges of different signs.
In these experiments the probability of crystal melting was the same
for the different bodies, while the probability of the occurrence of
oxide films was reduced by the use of noncorroding materials.

Thus, the theory under discussion cannot explain the observed
effect even qualitatively.

Therefore, there is no point in making

quantitative evaluations of airplane electrification in accordance
with this theory.
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*1.

Airplane charging owing to contact potential difference

0 between airplane surface material and cloud and precipitation
particles.

It has been shown [99] that If a conducting body Is

placed In a particle stream,the body can be charged to a limiting
potential as a result of the contact potential difference

between

the material of the particles and the body

V-

(4.4)

where R Is the linear dimension of the body (for example, for a
sphere R is Its radius), and 6 is the distance at which the exchange
of charges between the particles which have separated from the body
and the body itself terminates.
of 10-20 km 0 = 10-*-l0-7 cm•

For the atmosphere up to an altitude

We see from (4.4) that a body of dimen¬

sion 1 m with a contact potential difference between the parti¬
cles and the body of the order of 1 V can be charged to a potential
of

10*-1(PV.

In actuality, the steady-state value of the airplane

potential will be less than this because of the discharge currents.

The application of this charging scheme to airplane electrifi¬
cation theory runs into certain problems.

If two bodies with

electronic conductivity come into contact with one another, a contact
potential difference is established between them, equal to the dif¬
ference of the electron work functions of the contacting bodies.

In

the general case In which the charge exchange takes place both as a
result of electron transfer and as a result of migration of ions of
different sorts, in order to estimate the steady-state potential
difference we must know the chemical potentials of each of the bodies
for the corresponding charge carriers.

The equilibrium potential

will be reached with equality of the chemical potentials of the
contacting bodies.

Upon contact with the airplane surface, water and ice will
exchange charges both as a result of electron transfer and as a
result of ion migration.

Therefore, in the following we shall use

the term "contact potential difference" in referring, not to the
difference of the potentials between two metallic bodies as is
FTD-HC-23-544-70
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usually done, but rather referring to the difference of the potentials
of any two bodies which arises when they come Into contact.

If the contact potential difference between the airplane skin
and water is of one sign while that between the skin and ice is of
the other sign, then in water clouds the airplane will be charged
with electricity of one sign, while in Ice clouds it will be charged
by electricity of the opposite sign.

If the skin material has some

chemical potential as a result of-its treatment, we can expect that
a particular material can be charged either positively or negatively
in snow.

The influence of surface treatment is illustrated by the

fact that tabulated data [100] on the electron work function of
aluminum differ by nearly 1 eV.

Let us examine the effectiveness of the subject process.

If we

follow Schaefer [7*1] and assume that each cubic meter of air contains
about 11,500 ice crystals of total mass 0.175 g (average weight of
each crystal is 15-lO"6^, the airplane velocity is 200 km/hr, and
its effective particle collision cross section is on the order of

2

10 m , then the airplane collides with
— 2-10*

--107 particles per second and

particles rebound from the airplane.

contact area

If we assume that the

of each particle amounts to 1% of its surface area,

then in accordance with [99, 101] the charge per particle is <fK=-^-X
XVk=10"* esu and the current created by all these particles, which

flows to the airplane, will be about 1 mA.

These particles will

ii

yield a charge of about 10

esu per gram of substance, i.e., during

electrification,currents which are larger than those observed can
arise as a result of the action of this mechanism (see Chapter 3).

Thus, the very powerful subject mechanism can explain the air¬
plane electrification phenomenon.

The electrification mechanism

based on the contact potential difference will be examined in greater
detail in the next section.

It should be noted that nearly any cloud particle electrification
mechanism can lead to airplane electrification as well.

Specifically,

airplane electrification may result from particle disintegration in
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the airplane's electrical field (Muchnik's study [102] for clouds),
electrification upon rapid freezing of supercooled droplets, when
they are strongly charged as they "explode” (Kachurin's study [103]
for clouds), electrification effects during phase transformations
(studies of Workman and Reynolds [10¿l]), and so on.

However, all

these mechanisms, which superficially appear to be different, can
be reduced to the subject mechanism, which arises as a result of
the contact potential difference.

The electrification conditions depend to a considerable degree
on the Impact velocity.
at very high velocities.

The balloeffect role can increase markedly
It appears that electrification conditions

may change at body velocities greater than the speed of sound.
Electrification conditions may change significantly if the contact
time is less than the time for sound wave transmission through the
particle.

Finally, electrification conditions may change if the

energy transferred to the atoms and molecules of the colliding bodies
exceeds their binding energy, ionization potential, and the like.

§ 2Airplane Electrification Under the Influence of the
Contact Potential Difference Between the Airplane Surface
Material and the Cloud and PreclpltaTTon Part leles

Charging of a body ln a monodisperse particle stream owing to
ÎÜüê_contact potential difference.

We have mentioned previously that

the electrification of bodies in clouds and precipitation can be ex¬
plained by the charging of the body and the aerosol particles in the
atmosphere which arises during separation of the particles from the
body as a result of the contact potential difference between the
body and the particles.

If a very small flat particle contacts a

large body and if the contact potential difference between them is
VK, then charges ^ which are equal in magnitude but opposite in
sign [99] will remain on the body and the particle.

Let us assume

that the body is charged negatively

(^.5)

FTD-HC-23-5M-70

179

where

«pj —Ki —l/t, ( ç,

and <p, are the work functions of the body

and particle current carriers,

and V2 are respectively the potential

drop within the body and the particle at the point of contatctj V.
and y2 are determined by the field penetration depth into the bodies
and depend on the magnitude of the current carrier concentration in
the corresponding bodies [105]; for the metals

; Ç12 is the

capacitance between the particle and the body; d la the width of the
average gap between the bo'iy and the particle at the instant of its
separation, when charge exchange between the particle and the body
can be considered to have terminated.

The quantity d (and, therefore,

the quantity Ç12) depends on the separation velocity, the adhesion
forces between the particle and the body, their elastic constants,
: esistivity, and dimensions, on the dielectric constant and resistance
of the surrounding medium, viscosity of the air, and hydrodynamic flow
conditions, but for poorly conducting media and body velocities from
i m/sec to several km/sec we can consider that the value of d does
not exceed lO"*—IG“*cm [96, IO6].

If another particle, similar to the first, now contacts the body
and then separates from it, as a result of the contact potential difierence between the particle and the body a charge less than -ç^ will
be transferred to the body.

The magnitude of the charge transferred

to the body is reduced, since the particle acts as a sort of dis¬
charger and carries away the charge

which is less than

by the

amount ¢^, proportional to the surface charge density at the point
where the particle separates, i.e.,

¢,,, and

(^.6)
where ST is the body surface area, m is a coefficient which in the
general case accounts for the factor by which the average surface
charge density at the point of separation differs from the average
surface charge density on the body.

Thus, after separation of the second particle the charge
—(2<7h —?m) remains on the body.

If the body is contacted successively

by other particles which then separate from the body, the body will
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become charged.

It is obvious that in the absence of other charge

sources the charging of the body will cease when the difference q*—

qm=zO •

The magnitude of the potential to which the body is charged

is easily calculated for bodies of very simple shapes (for example,
the thin disk, sphere, ellipsoid).
For a sphere of radius R with m ■ 1 (i.e., considering that the
surface charge density on the particle is equal to its average density
on the sphere), (4.6) may be written as

(4.7)

where Cg, is the sphere capacitance and V is the potential acquired
by the sphere during charging.

It follows from (4.5) and (4.7) that the potential to which a
body may be charged by means of the subject process can reach the
values [see (4.4)]

V
y» —
ä

•

(4.8)

Thus, if there is some contact potential difference between the
body and the particles, then in the absence of other charge sources
the body in the particle stream can be charged to very large poten¬
tials.

For example, a sphere of radius 1 m can be charged to a

potential ~ 101— 10» V and can acquire the charge ~ioT—10* esu if VK =
1 V; a sphere of radius 1 cm can be charged to a potential of KF-IO7
V.

Incidentally, an isolated body can experience a similar charging

process if,as a result of melting,droplets of matter which have
transitioned into the liquid phase separate from the body.

Equation (4.8) can also be derived from the more general condi¬
tion that the charging of the body in the process described above
terminates at the moment when the levels of the chemical potentials
of the charged body and the particle become equal [99].
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The subject charging mechanism makes it possible to explain one
of the triboelectric processes and, as follows from the preceding
discussion, the high values of the potentials acquired by the air¬
plane, and also the influence of the body properties on the magnitude
and sign of the charge acquired by the body.

However, for this

purpose we must examine a more realistic picture of the phenomenon,
rather than the highly stylized version above.

Specifically, we must

examine in more detail the charge exchange between the particles and
the body, account for the influence of the discharge currents, and
compare the calculated values with the

observed values.

Assume a metal sphere of radius R enters a uniform monodisperse
stream of particles of radius r with concentration n, traveling along
parallel trajectories with the velocity w, and rebounding elastically
from the sphere after collision with it.

As indicated in Chapter 3,

such a collision mechanism defining the body charging actually takes
place.

Assume also that the contact potential difference at the

interface between the particle and the body equals V^.

We also

assume that the effective conductivity of the medium in which the
body is located is equal to Xef, (as noted in Chapter 3» all the
basic airplane discharge currents are related linearly with the
airplane charge and, consequently, by replacing the value of the
conductivity components by Aef, we can approach the actual conditions).
The sphere charging equation analogous to (3-1) can be written in
the form

(4.9)

In accordance with (4.5) the charge current is

(4.10)
/,

where S is the sphere cross section area; C-^ is the mutual capaci
tance of the sphere and the particle at the moment of particle
separation; At

is the contact time;

is the (droplet) parsicle

charge relaxation time; and k^ is a coefficient indicating what
fraction of the particle flux nwS impacts the sphere surface.
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i.e., k. depends on the flow velocity and the radius of the body (or
In the general case, the body geometry), viscosity of the air, and
particle size and mass [70, 107, 108], and accounts for the fact that
particles impacting at different angles on the sphere surface may
acquire different charges.
The value of the capacitance
can be calculated in the solution
of the problem of the interaction of two spheres, one of which is
grounded while the other has unit charge, with account for the action
of the charge images of suitable orders [for example, (3^ )]•
Denoting Cha=
the relation

in accordance with [3*0, we can obtain

2Rr

— -íy- sin A * 2 cosec A lna)-

(^.11)

»ml

The rate of decrease of this series depends significantly on
the distance between the two bodies and diminshes rapidly as the
bodies appraoch, i.e., as ———►! . The value of the capacitance at
the moment when the electrical contact between the bodies is broken
and further charge interchange between them becomes impossible
appears in 0.10). We have indicated above that this breaking of
the contact occurs for D—(/? + 0>10~‘-10“7cm.
We must bear in mind that for /?»/,/■»/)—(/? +r) the total
capacitance between the spheres is

C.

C\\Cn—
Cu +C»—2C«

«C|3.

For an estimate of the value of the capacitance C12 under the
indicated conditions we can use the Russel formula [109]
(4.12)
where ¢=0,577 is the Euler number, and b=D — (R+ r).
(4.12) can be written as
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Since *3>r,

^ v ^0,58+-j- In

.
(^.13)

ji

For particles of radius from 10

p

cm and A=10-*-I0-t cm

to 10

(^.13) can be simplified
-J2-

--Ar.

(4.1Ü)
The values of the coefficient A for the indicated extreme
particle dimensions and separation distances lie in the range 3-8.
We can take A = 5 with adequate accuracy.

Further refinement is

illusory, both because the droplet is not spherical at the time of
separation from the body and because several of the cofactors appear¬
ing in (Jj.IO) are evaluated with lesser precision.

The magnitude of the charge transferred to the drop depends on
the contact time, conductivity, and dielectric constant of the drop.

In any case, the time for collision of a drop with the surface is no
2r

less than

[8l],

The resistivity of the water in clouds Is

~10* Ohm/cm; consequently (see [4.10])

tk»10-« sec.

For airplane speeds from 50 to 250 m/sec the drop charge relax¬
ation time T ^ is comparable with the contact time At; therefore, we
can expect that the cofactor

(i—*

^t) ^-n (4.10) may be less than one

and its magnitude changes with drop velocity.

However, the experi¬

ments of Keily and Millen [76], conducted with drops of diameter from
2 to 60 microns, charged during impact on a metal plate, showed that
no dependence of the charge acquired by the drop on its velocity is
observed up to speeds close to the speed of sound.

Therefore, we

can assume that the actual collision time is longer than the predicted
time, and hereafter we assume that

Using the computation scheme suggested by Fuks [107], we can
predict that spheres of radius 1.5 cm traveling with a velocity of
^2-104

cm/sec capture practically all drops of radius greater than

10 microns (for drops of radius 10 microns the capture coefficient
, for drops of radius
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microns
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Vs^O.Q,

for drops of radius

2 microns

).

The coefficient

ÿ k,., where the coefficient
“â.

k^, characterizing the dependence of the acquired charge on the
particle incidence angle, is subject to further investigation.

The resulting relations reflect the charging conditions only in
the first approximation.

The drop impacting on the airplane has a

shape which is not spherical.

Actually, the drop kinetic energy

0K=—^- (m is the drop mass) may be comparable with or even exceed
its free energy
surface.

where 0 is the surface energy per unit

It is obvious that for

the drop must be deformed

markedly; in this case, the capacitance

may change markedly.

The degree of deformation is defined by the ratio

(DkADc » and

therefore the charge which is carried away may depend on the velo¬
city to a degree higher than first (but no higher than third, on
the basis of obvious considerations).

Even very small drops of dia¬

meter about one micron with velocity greater than 50 m/sec may have
; for large drops this inequality becomes still stronger.

On

the other hand, we must consider that the small drops impact on the
airplane surface with a velocity which is less and sometimes much
less than the airplane motion velocity because of friction in the
air which is retarded at the front surface of the airplane.
the actual ratios ^kAPo

Therefore,

may be less than the values calculated

directly from the data on the airplane speed.

We must also remember

that the mutual capacitance of the drop and the airplane is deter¬
mined at the moment of drop separation, when its deformation as a
result of impact is reduced.

The detailed analysis of all these factors require information
on the process of drop collision with the airplane — a process which
has received quite inadequate study; this is why we have restricted
ourselves to an approximate examination of the charging process.
Study of the discrepancies between theoretical and actual electrifi¬
cation, particularly study of the influence of velocity on this
discrepancy, may be useful not only for study of electrification but
also for study of the process of particle collision with a surface.
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The discharge currents
form of the current

/u in (4.9) can be represented in the

Ai4 , which appears as a result of the collector

effect, and the effective conductivity currents

Ii^k^nwSpQt

Aif

», ,

(4.15)

where £ is the body charge; £ is a coefficient which shows how the
charge of a spherical particle colliding with a charged sphere is
related with the sphere charge; k2 is a coefficient showing what
fraction of the particle flux nwS strikes the sphere surface (*»=♦).

Tf two conducting spheres of radii r and R come into contact,

if their potentials V are the same, and /?»r, then the charge on the
large sphere under steady state conditions will be [34]

(4.16)

where

is the charge on the large sphere prior to contact with the

small sphere (assuming that the small sphere was not charged
initially).

The charge on the small sphere will be

(4.17)

or approximately

(«.is)
If we assume that the discharge current reduces to the current
/ut, then by equating (4.10) and (4.15) we can find that the equil¬
ibrium conditions in the considered case are reached with the sphere
potential V
(4.19a)

Setting

At/Ai»l and A/\,S»3t we obtain the relation

FTD-HC-23-544-70

186

(¢.191))

Comparing (4.19) and (4.8), we see that their difference reduces
to replacement of the distance d between the colliding bodies by the
radius r of the small body.

If the limiting potential of a sphere
O

of radius 1 m during contact with flat particles was equal to 10
" 1

V

then during contact with drops with r ■ 10 microns the
K

potential will be equal to 3*10^ V.

The conduction current

equals

(4.20)

where Xef Is the effective conductivity, equal to the sum of the
atmospheric conductivity and the conductivity created by the addi¬
tional Ionization near the body, and c

Is the dielectric constant.

If corona discharge has not started near the body, we can substitute
Into (4.9) the values of the quantities appearing therein from (4.10),
(4.13), (4.15),

(4.18) and (4.20)

and obtain the basic equation for

calculating the charge acquired by the body in a monodisperse particle
stream

§ - t.'mSArV. - (***$■!£ +
(¢.21)

If we assume that at the moment t * 0 the charge

“ 0, then

the solution (4.21) has the form

(4.22a)

or

(4.22b)

where
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\JMvmi*+4iL^

(^.23)

It is obvious that In this case the limiting sphere potential

Q

V'»*5is less than that obtained using (4.19) because of the
discharge currents associated with the conductivity Xef.

Formulas (4.22) make it possible to evaluate the Influence of
the stream water content and the degree of dispersion of the drops
on the magnitude of the equilibrium charge.
tivity

(111 X*=—(l.SnXinwr*)

If the collector conduc¬

created by the separating drops is much

larger than the effective conductivity, then the equilibrium charge
Q-l/r, i.e., changes in the water content will affect the magnitude
'f the equilibrium charge only to the degree to which r depends on
.nese changes.

The electrification must increase with reduction of

the drop size.

When the effective conductivity Aef, is much larger

than the collector conductivity Ac0 the equilibrium charge Q~nr .
Then, if the drop size does not change with Increase of the water
content the equilibrium charge must increase linearly with the
increase of the water content; however, if the drop radius changes
with a constant water content, the equilibrium charge Increases as

Since in real clouds the drop spectrum usually changes with
variation of the water content, and since the relative role of the
effective conductivity also does not remain constant, the weak
dependence of the charge of the airplane and the test bodies on the
water content at individual points of the cloud becomes understandable.
The dependence of the airplane or probe charge on drop size can be
studied only for measurement distances over which the relationship
between the collector and effective conductivities is relatively
constant.

Let us evaluate the relaxation time associated with the collector

2

-

3

4

effect of the particles.
Let n * 10 1/cm , w * 10 cm/sec, and
_3
“
r = 10 J cm be numbers characteristic for the cloud and the airplane;
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then T ■ 0.2 sec, l.e., during a time amounting to a few tenths of
a second a sphere In the cloud would be charged as a result of the
action of the subject mechanism to the equilibrium potential.

It

follows from comparison of the resulting time t with the relaxation
time due to atmospheric conductivity that the influence of leakage
due to conductivity can be neglected up to very high altitudes.

Then

Xef is important only in those cases In which a high Ionization level
develops near the body.
So long as the relaxation time t is defined by the collector

2

effect it will vary as 1/nr , l.e., it will diminsh with increase of
the concentration and radius of the particles.

If at the same time

the water content remains constant, then x~r .

If the field intensity at the sphere reaches the breakdown
values, or if a corona discharge point is located on the sphere,
then upon reaching the corona discharge threshold the current flowing
from the sphere, as indicated above, will be (see [3*15])

/|!,- **(Q-<?«,)»•
Substituting this value of the current into (4.22) and making
the corresponding calculations, we can obtain the equation for the
sphere charge after initiation of the corona current

Q —(kiitwSArV, + AtwQtp) t' (l - e~*j+Q,,*

,

(4.24)

where
t'

_I
(4.25)

Equations (4.22) and (4.24), which are suitable for calculating
the sphere charge in a monodisperse stream both in the absence of
corona discharge and when corona discharge is present, can also be
used to estimate the charging of airplanes in clouds and to estimate
the currents flowing to the airplanes.

However, we must bear in

mind that the magnitude of the charge which is lost as a result of
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the collector effect during drop separation Is proportional to the
field intensity at the point where the drop separates [see (4.17)
and (4.18)].

For drops whose radius is small in comparison with the

radius of curvature of the airplane at the point of separation, (4.18)
can be written in the form

q-Bi*Em-\&*PaQ.
where

(4.26)

is the airplane field intensity at the point of drop

separation; B is a coefficient relating the charge of the separating
drop with its radius and the airplane field intensity; ^ is a coef¬
ficient relating the airplane field intensity at a given”point with
ts charge.

If the drops separate at airplane locations where the

field is intensified, the collector effect may increase markedly and
the equilibrium charge §_ will decrease correspondingly.

In this case (4.22) and (4.23) will have the form

Q—2(4,,5,)iîrV'.t.fl

(4.27a)

(4.27b)

where the indices i relate to segments of the airplane surface which
differ both with regard to ambient flow conditions and the field
intensification conditions, and
sections.

are the areas of the corresponding

In (4.21) and (4.27) no account is taken for the fact that

the magnitude of Vjç is not the same for the different segments of the
airplane, nor is there any consideration for the fact that individual
segments of the airplane surface may be fabricated from a dielectric
material.

Charging of a body ln polydisperse particle streams as a result
of the contact potential difference.

In polydisperse streams the

Equations (4.22) and (4.23) for spheres take the form

Q

«5 2 ikij*AjVufj) * (i - r ’ ).
J
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(4.28a)

1

(4.28b)

i*» Efv1//)+♦«-£■ ’

where the index ¿ characterizes the value of the corresponding ele¬
ments for particles of the sort J_.

For the same stream water content,a shift of the distribution
toward larger drops must lead to a reduction of the sphere charge and
an increase of the relaxation time.

The Formulas (4.24) and (4.25)

for the corona-discharging sphere are transformed similarly.

Equations (4.27) for bodies of more complex form — airplanes, for
example — take the form

Q

2 [s, 2(ktjnfAjV'fj)] % (l - «

’c).

(4.29a)

(4.29b)

The indices ¿ show the value of the corresponding elements for
particles of sort Jj the indices i are the values of the corresponding
elements for the ith segments of the surface.

For particles of non-

spherical form the values of the coefficient A [see (4.14)] may differ
markedly from the value presented previously.

The coefficient 1.5 in

(4.29) was obtained for spherical particles; in the general case, the
coefficient £ [see (4.18)] depends on the particle shape and particle
location at the moment of separation.

Therefore, in the case of non-

spherical particles the coefficient P must be calculated for each
particle form and placed under the summation sign.

The equation for a corona-discharging airplane can be obtained
from comparison of (4.29a) and (4.29b) with (4.24) and (4.25).
Equations (4.29) make it possible to compare the charging conditions
for airplanes of different types in the same cloud.

The airplane

charging currents will be the higher, the higher the airplane speed
and the larger its dimensions.

In ice-crystal clouds, in which the

solid particle breaks up into a multitude of fragments as it strikes
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the airplane and the number of fragments depends on the collision
velocity, we can expect a stronger Influence of the velocity than in
the finely dispersed water-drop clouds.

A similar remark can be

made concerning the charging conditions in clouds having large drops.
The steady-state airplane charge increases with increase of the charge
current and decreases with an increase of the effective conductivity,
which for airplanes is determined primarily by the conductivity of
the exhaust gases and the current of the corona dischargers.

It should be noted that this is the theory for a whole class of
electrostatic generators.

However, we shall not examine here the

application of this theory to generators of various types.

§ 3.

Theory of Test Body Charging in Particle Streams as a
Result of the Contact Potential Difference and
Application of this Theory to the Methods for
Studying Cloud Physics

The theory developed in the preceding sections can be compared
relatively easily with the results of measurements in clouds, made
with the aid of test bodies.

The simple form of these bodies, the

absence of corona discharge current and high ionization level near
the bodies, and their shielding from external fields and the airplane
charge field make it possible to exclude several factors which com¬
plicate the study of charging of the airplane as a whole.

In analyzing the results of measurements using test bodies, it
is necessary to take into account three factors which may lead to
differences between sphere charging in a stream and the theoretical
model charging.

First, the drops impact on the body support as well

as on the scattering body itself.

Let us assume that the test body

radius is 1.5 cm, the support radius is 0.3 cm and the support length
in the stream is 1.5 cm.

Then in accordance with (4.21) and (4.27)

the equilibrium charge of the sphere and support as a result of the
collector effect will be less than the equilibrium charge of the
sphere by 40¾.

Second, the field intensity at the sphere located in

a cylindrical shield is somewhat higher than the intensity near an
isolated sphere.
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charge will be greater than was estimated previously for the sphere.

The increase of the surface charge density can be evaluated
from comparison of the charge density o^ on a sphere which is the inner
plate of a spherical capacitor with the charge density Cgp^ on an
isolated sphere at the same potential.

On the sphere in the capacitor

the surface charge density (see, for example, [3I»])
•R\fh

4« (/?*-/?,)

where

(4.30)

and Rg are the radii of the inner and outer spheres, and

Vx and Vg are their potentials.

Thus,

If the diameter of the outer sphere were equal to the diameter

(6

cm, say) of the shield used, then

In reality, the value of ®p of the test body must be

To refine the bounds of the value of aT we can find the degree
of point charge shielding by a cylinder [110],
nearly

1001

For the shield used,

of the charge lines of force are closed in the interior

of the shield [111].

If the outer plate of our spherical capacitor

has a radius equal to half the length of the shielding cylinder, then
for such a capacitor oJ«Uogph .

Thus,

The maximal field force will be observed at the points of the
test body lying closest to the cylindrical shield; the minimal force
will be observed at points located along the line of flight.
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In

tills case the coefficient kg [see (4.15)] must be represented in the
form *'=.*,**, where

accounts for the nonuniformity of the charge

density distribution over the sphere.
<*T=l,5oBph

Taking on the average

(refinement of this estimate is not likely to have any

marked effect on the actual precision of the test sphere charging
calculation), we can estimate the maximal error introduced by this
approximation as +33J.

As a result of the high charge density, the coefficient £ in¬
creases [see (4.18)]; consequently, both of these factors — the
effect of the support and the shield — lead to an increase of the
discharge current and a reduction of the equilibrium charge.

The

equilibrium charge of the test body will be equal to about 0.4-0.5
times the charge of an isolated sphere under the same conditions.

A third factor which may affect the measurement results is the
influence of the shield on the ambient flow past the sphere.

This

influence shows up primarily in some variation of the particle flux
as a result of turbulence of the air stream, and if the sphere dia¬
meter is relatively small in comparison with the shield diameter,
this factor should not alter significantly the values of k1 and kg.

Thus, the working formulas for evaluating the charging of test
bodies in a monodisperse stream can be written in the form
[see (4.22), (4.23), (4.!7), <4.10), (4.14) ]

Q -

..-“■’"T1 ^.) ■

()

SkjHmSjfr

(4.31a)
or

Qa,Já*£!ü.[i

'(4.31b)

rS

where r=l/3nktnwS~j^ ; ^ iS the capacitance of the test body;

is

the capacitance of the entire system of leads connected with the
body.

These estimates of collector conductivity and atamospheric

conductivity show that the latter can be neglected.
the effective (measured) relaxation time t „ will be
ef
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Consequently,

(4.32)

Por measurements ln a polydisperse stream we can use the
formulas
(4.33a)

and

• _ Cc+Cf
(4.33b)

dmkjftwrKt ’

where r and r2 are respectively the average values

of the radius

and radius squared of the drops in the cloud, and *i, *«. V» and ñ are
the average values of the corresponding quantities.

The magnitudes of the equilibrium charges of test bodies on
which corona discharge have not yet started depend on a very small
number of parameters; specifically, they are independent of the par¬
ticle concentration, the charge transfer time At, and tk (at least,
obviously, as long as the air conductivity remains much less than
the apparent conductivity resulting from the collector effect).
This situation increases the accuracy of the comparison of the
theoretical and measurement results.

It should also be remembered that although in many cases

and

k2 differ from unity, the values of k^ and kg must be close to one
another.
The ratio of the equilibrium charges Qt, and Q*, of two test
bodies will be
(4.34)

where P«,

and

V«, are the contact potential differences between the

particles and the first and second bodies,respectively.
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When using these formulas to calculate charging in real clouds,
we must bear in mind that the charging depends not on the particle
size spectrum in the cloud but rather on the spectrum of the particles
which depart after collision.

In finely dispersed clouds the spec¬

trum of the particles which strike and charge the body will be even
narrower than the spectrum of the particles in the clouds themselves,
considering the particles of small dimensions which either partially
or entirely miss the body as they flow around it.

Therefore, the

values of the average radius and average radius squared of the
particles charging the body will be larger than in the cloud.

In coarsely dispersed clouds the particles will break up after
striking the body and a great many small particles which are formed
from a relatively

small number of large particles striking the body

will then separate from the body.

We have mentioned previously that

according to Schaefer [7^] snowflakes which impact with a velocity
of 100 km/hr on a surface break up into hundreds of parts.

The

number of particles formed depends, in particular, on the collision
velocity (impact kinetic energy) and the angle between the particle
velocity vector and the surface on which the particle impacts.

Large drops of radius larger than
strongly fractured after impact.

(50-100) • 10-4 cm are particularly

As a result, the values of the

average radius and average radius squared of the particles which
charge the body in coarsely dispersed clouds will be less than the
values in the cloud itself as a result of this factor.

It is obvious

that the presence in coarsely dispersed clouds of very small particles
which do not impact on the test body also leads to a shift of the
average radius of the particles charging the body into the direction
of larger values in comparison with the drop radius in the cloud
itself.

Thus, in coarsely dispersed clouds, depending on the spectrum
of the particles in the cloud and on the conditions of particle flow
past the body and particle breakup as they strike the body, the
average radius and average radius squared of the particles charging
the body may be either larger or smaller than the values
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of the particles in the clouds tnemselves.

As the cloud particle

spectrum is broadened in the direction of larger dimensions, there
is an increase of the probability of a reduction of the values of r

-2

and r

of the particles charging the body in comparison with their

values in the cloud.

—

An increase of the velocity of the particle

collision with the body, or more precisely an increase of the impact
kinetic energy, leads to an analogous effect.
both of these effects influence the ratio

To the degree to which

r/r*, the electrification

must become dependent on body velocity in clouds of different types.

We shall use these formulas to evaluate the test body charging
characteristics.

Upon contact of the bodies with particles the bodies

are charged positively if the particles have an overall work function
of the electrons and ions greater than the body, and they are charged
negatively if the overall work function of the electrons and negative
ions of the particles is less than that of the body [see (4.31)].
The electron work function of water is 6.09-6.13 eV [100],

The work

function of the metals from which the test bodies were fabricated
lies in the range of 4-5 eV [100].

Thus, in accordance with the theory in question, if charging is
associated only with the transfer of electrons the bodies would have
been charged positively in water.

Incidentally, in accordance with

this scheme an airplane with a dural skin should acquire a positive
charge in water-droplet clouds.

We have no data on the work function

of ice.

In [112] Arabadzhi describes a measurement of the contact po¬
tential difference of water and ice.

He made the measurements using

a radioactive thorium collector mounted at a distance of 0.5 cm from
the surface of the water.

The change of the potential between the

collector and the water prior to and after freezing served as a
measure of the contact potential difference between the water and
ice.

A value of the contact potential difference equal to 0.15 V

is presented in [112],

Unfortunately, the experimental technique leads to some questions.
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First, with the thorium work function of about 3 ©V [100] and the
water work function of about 6 eV, the measured deviations resulting
from the effect being studied amount to only about one twentieth of
the electrometer scale; second, no steps were taken to avoid the occur¬
rence of a layer of water (ice) on the surface of the collector, which
could completely distort the measurement results.
In [113] Dinger and Gunn present a value of the water-ice contact
potential difference of about 6 V.
high.

It appears that this value is too

A rough estimate of the change of the work function of ice in

comparison with that of water on the basis of data on the heat of
melting shows that the work function of ice should be less than

that

of water by at least 1 eV.
In pure ice clouds the test bodies and the airplane were charged
negatively.

According to (4.31) this means that the work function

of ice must be less than that of the metals of the test bodies and
tne airplane skin material.

If electrification is accomplished as a

result of the contact potential difference, and if the work functions
of the two materials in question lie between the values of the work
functions of water and ice, then in accordance with (4.34), while
material No. 1 is charged more strongly in water than material No. 2,
in an ice-crystal stream material No. 2 will be charged more strongly
than material Mo. 1.

Table 2.14 and the data of Chapter 2, Section

10 show that such an effect is actually observed.

Let us estimate using (4.31) the values of the equilibrium charges
acquired by bodies in water-droplet clouds.

We assume the contact

potential difference between the water and the test body material to
be 1

V. Then for stratus and cumulostratus clouds, for which /-^3-13

microns [70],

V?

does not differ from r by more than 10*, the limit¬

ing charges of the test bodies used in the measurements should lie in
the range of 8-30 esu ,anâ their potentials should lie in the range
1600-6000 V.

If we take into account the influence of the shield

and the support, then these potentials should be equal to 800-3000 V.
The values of the test body potentials measured on the Tu-104B air¬
plane vary from a few tens of volts to several hundred volts, i.e.,
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the electrification mechanism in question can undoubtedly provide
the observed charging even if the contact potential difference equals
0.01-0.1 V.

In the mixed Ns clouds drops of radius 2-3 microns are

observed most frequently and the spectrum has a sharp narrow peak [70],
1...,

According to (^.33) the limiting charge in these

clouds should reach 30-50 esu, corresponding to a potential of up to
6000-10,000 V or (after appropriate corrections) to 3000-5000 V.
The observed potentials varied from a few hundred volts to (about) a
thousand volts.

The lack of complete data on the microstructure of the Cs clouds
makes it difficult to estimate the charging of bodies in these clouds.
We note that in spite of their very low water content (about 0.03
g/m^ or even 0.003 g/m^) [70], the potentials of test bodies in these
clouds reached several thousand volts.

If we assume, following

Kampe and Weickman [114], that the crystals have a columnar form and
their dimensions are 200-KHX20« 10“*X20* 10“*

cm,

and if in accordance with

Schaefer’s data [74] we assume that the crystals fragment on impact
into 30 pieces

then the equilibrium charge acquired by the test

body, according to (4.33)> will be (for

■ 1 V) about 15 esu, and

the corresponding potential will be about 3 kV.

After introducing

appropriate corrections for the influence of the shield and support,
the equilibrium potential is 1500 V, l.e. close to the observed
values.

We can estimate the magnitudes of the charging currents flowing
to the test bodies (4.10) for given conditions in the clouds.

If

the particle concentration in the stratus, Cs, and Ns clouds is
n * 200l/cm t then in the stratus and Cs clouds the charging currents
flowing to the test bodies should be
3*10-*—3^10-4

2* 10^-2«IO“’ A (current density

A/cm^) and in the mixed Ns clouds about 8*10^

a

(current density 3*10-^ A/cm ), i.e., the calculated currents are
somewhat higher than those actually observed.

Footnote (1) appears on page 211
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The corresponding values of the effective relaxation time (from
1(4.32)] are from 10 to 1 sec for the stratus and Sc clouds and about
10 sec for the Ns clouds, which are somewhat lower than the observed
values .

The values of the characteristics actually observed are shown
in Table 4.1.

We see from the table that the mechanism in question

is sufficiently strong to create the observed values of the equili¬
brium potential, the currents charging the test bodies, and
consequently their observed charging time.

The calculated values of

the potentials and currents presented in Table 4.1 exceed somewhat
the observed values, although they are similar in order of magnitude,
'he differences are apparently associated with the approximate nature
of the estimates of the basic parameters.

Thus, the contact potential difference was taken as 1 V, and
the calculation of the capture coefficients of the particles by the
body were based on the concept of potential flow past the body.

In

reality, the highly turbulent flow around the test bodies must lead
to some reduction of r and

-JL

in comparison with the theoretical

values, i.e., to a corresponding reduction of the current and the
equilibrium potential and some increase of the relaxation time.

At

individual points of the surface of the test bodies the drops may
rebound,not from the metal but rather from the water film, which
corresponds to a reduction of the contact potential difference between
the separating drops and the body.

Finally, the assumed values of

the drop sizes and concentration may differ from the true values.

The most complete quantitative evaluation of the charging
theory could be obtained by substituting the experimental data into
(4.34), since in the case of comparative measurements it is possible
to exclude from consideration the very indefinite cloud microstructure
parameters.

It follows from (4.34) that the ratio of the equilibrium

potentials of two test bodies is proportional to their contact poten¬
tial differences with respect to the cloud particles.
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TABLE 4.1.
COMPARISON OP TEST BODY CHARGING CHARACTERISTICS
MEASURED ON THE TU-104B AIRPLANE AND THE CALCULATED
VALUES (ASSUMING THAT Vv • 1 V)

equilibrium
potential

-chargecurrent
o relaxation
.
density JC/cm ^me » 8ec
•o

cloud form £
cal¬
culated

mea¬
sured

«

9

W
o O

St. Sc

1000-3000

10-500

3.KH
310-*

Ns(supercooled)

•o
«
u

3000-5000 100-1000 310-»

%

lO-io

•o
u«

i e
I« 9

uo

*0
0)
M
9

8
%

10+-1 15-f-l

-10*

lO-io

10 15-+-2

-3-10*1
Cs

-.

1500

Ut?o3000

Such estimates are hindered by the fact that the work function
depends to a considerable degree on the condition of the surface.
In particular the presence on the surface of very thin (down to mona¬
tomic) films of oxides, water, and the like.

Even In physical

laboratories, where the experimental conditions permit careful clean¬
ing of the specimens and the experiments themselves are conducted in
a vacuum, a very large scatter of the values of the electron work
function is obtained as a result of the measurements.

Figure 4.1 shows histograms of the measured values of the work
function for nickel, copper, chromium, palladium, and gold, plotted
from the data of a survey made by Fomenko [100] of studies on work
function measurements.

The figure also shows the values of the work

function recommended in [100].

We note that for the different metals

the scatter of the measured values of the work function amounts to
from 0.8 to 1.2 eV. consequently, the contact potential difference
measured between different specimens may vary by 2 V, with a mean
deviation of 1 V,as a result of accidental contamination and surface
treatment.

We would expect that the scatter would be no less for

the ion work function.
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Figure 4.1.
Values of electron work function for
different materials, measured under laboratory
conditions .

particularly in clouds, we would expect that the work function of
the test bodies may vary even more than shown in the histograms of
Figure 4.1.

Consequently, the tabulated data on the work functions of the
metals cannot usually be used in estimating the contact potential
differences for the calculation using (4.34).

At the same time, since

the work function of water is clearly larger than that of the metals
and most of their oxides, while the work function of ice is appar¬
ently lower than that of most of the materials used, the general
charging pattern in water and ice crystals has certain characteristic
features.

These characteristics are shown in Table 4.2.

In comparing the data of Tables 2.14 and 4.2 we see that if the
work functions of brass, nickel, and chromium are larger than the
work function of ice, then the relations presented in Table 4.2 are
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TABLE 4.2. RELATIONSHIP BETWEEN THE EFFECT OF WORK
FUNCTION OF MEDIUM AND TEST BODY MATERIALS
ON CHAROINQ OF LATTER
in water drops

relationship
between work
functions of
teat [bodies
and medium

in ice particles
bign of
second
body
Qi/9t
charge

2.2

*i<¥l<f«<?V

<1

ti<»W<?l<*«
*i<»l<»W<*V

<»

>1

<1

NOTE: si is the effective work function of the material of the first
body; f. is the effective work function of the material of the second
body; *w is the effective work function of water; ft is the effective
work function of ice.

confirmed in the measurements. The distribution of the test body
potentials in water clouds (see Figure 2.29) and in pure ice clouds
(see Figure 2.30) is explained similarly.
If a cloud contains both ice and water particles, (4.34) now
cannot be used to determine the ratios of the body potentials. For
the simplest case of monodisperse distributions of particles of both
sorts we have in accordance with (4.28)
_ kjR* (A1nlr1

^

M,(»vf+fl|rj)

(4.35)

and

0|

-f

■3»

A,n,r,v,'t +

AWjVx,
’

(4.36)

where
and V'* are the contact potential differences of one of
the bodies with water and ice, and K* and ^ are the same quantities
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for the other body (Figure ^.2).
It Is not Impossible that the
wetted particles may have a work
function which differs from the
work function of water and ice;
then in (4.35) and (4.36) the
corresponding new terms appear.
We would also expect that the
Figure 4.2.
Diagram for
calculating charging in a
mixed cloud.

work function is different for
ice particles of different shape.
Finally, impurities and surfaceactive materials may also affect
the work function of water and
ice.

In all these cases we must add to (4.35) and (4.36) new terms
in accordance with (4.28).

But even in the simplest case, described

by (4.36), the sign and magnitude of the ratio of the charges of the
bodies are determined not only by the magnitude of the contact poten¬
tial difference, but also by the aerosol particle concentration and
dimensions.

For example, during flights in Ns clouds above the

freezing isotherm, regions are noted in which test body charging of
first one and then the other sign dominates.

Here, if in a certain

part of the cloud certain bodies are charged positively and others
negatively. Transition into the region in which the first bodies
begin to be charged negatively leads to positive charging of the
other bodies .

Apparently, the relationship between the number of water and
ice particles is different in these regions.

The value of the equili¬

brium potentials of bodies, measured in Ns clouds, suggests that the
work function of water (<Pw), the corresponding materials, and ice
(q>i) are arranged in the following sequence: Çw>f.

The application of (4.35) and (4.36) to polydisperse clouds
leads to the necessity for the use of appropriately averaged values
in the calculations.
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Tiie measurement of test body charging in clouds may be of assis¬
tance in studying cloud microstructure.
Cloud development depends significantly on the magnitude and
scales of the nonhomogeneities of their microphysical structure
[^9, 115].

At the present time, adequately effective and simple

methods for studying these nonhomogeneities with the aid of modern
high-speed pressurized airplanes do not exist.

The theory discussed

above can be used to study certain peculiarities of the particle
dimension spectrum.
Let us return to (*1.31).

If in place of the measurements of

the potential on the test body we measure the current ijj, flowing to
the body, then for a body potential K,<VT- , where Vtm is the limiting
potential acquired by an isolated body in a monodisperse cloud.

AkxnwSrV„

( **. 37a)

and in a polydisperse cloud
l,mmAkxnwSrV„

(**.37b)

i.e., the variations of the current flowing to the body will reflect
the variation of the average particle radius, their concentration,
and the contact potential difference between the particles and the
test body.
For the measurement of both the values of the concentration and
the average radius of the cloud particles, we can measure simultan¬
eously the limiting potentials of bodies similar to those on which
the currents are measured.
In a monodisperse cloud [see (4.31)]
(4.38a)
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where

Aí*= 1,5-2-

R*
¿» + í*c

In the polydisperse cloud

R»

(^.SSb)

Ci + Ct
In a finely dispersed cloud we can take

—&r . Then it follows

from (4.37) and (4.38) that by measuring the current flowing to the
test bodies and their potential we can determine the variations of
the particle concentration and average radius at different
parts of the cloud if we assume that Vjç remains constant.

Simultaneous measurements of the potentials of several test
bodies or of the currents flowing to the bodies make it possible to
evaluate the homogeneity of the chemical'composition of the water at
various points of the clouds.

In warm clouds the ratio of the potentials of two identical test
bodies made from different materials, as follows from (4.34), depends
on the work function of water

We recall that the diffusion potential of water depends on the
concentration and composition of the impurities in the water.
dependence of the ion work function difference

The

^ of two solutions

on the concentration and properties of the solutes is given by the
Formula (4.40), taken from [116]

7r,n*S¡-'

(4.40)

where n^ and n2 are the solute concentrations in the two solutions,
H is a constant,

and K2 are the cation and anion mobilities, T is

absolute temperature, z is the ion charge number, F is the solute
atomic weight.

FTD-HC-23-544-70

206

We see from (4.36) that measurements of the charging of identical
test bodies made from different, specially selected materials make it
possible to determine the changes of the relationship between the
number of water and ice particles in various parts of a cloud.

§ 4.

Comparison of Theoretical and Experimental Data
on Airplane Charging in Clouds

Formulas (4.29) can be used to find the value of the airplane
equilibrium charge and charge relaxation time.

The combined resis¬

tance of the static dischargers and exhaust gas Jet of the TU-104B
airplane (if the airplane charge is much higher than that at which
the dischargers operate) is /?»2*10* cm, and the jet resistance is

R»5‘IV

Ohms.

The resistance created by the collector effect of the

drops is about 101® Ohms.

The capacitance of the TU-104B airplane

is about 1700 cm.

Table 4.3 shows the approximate values of the calculated and
measured airplane electrical characteristics during flights in clouds.

The average measured values of the charges in Table 4.3 are
taken to be those values lying in the 10-90{ probability interval.
The data of this table show that the electrification mechanism in
question explains the airplane quantitative electrification
characteristics.

The formulas presented above can be used to calculate the limit¬
ing charge which the airplane would acquire in clouds if we exclude
the exhaust gas jet and corona discharge effects.
Ns clouds this charge would reach

♦•HJ'—1,2'lu1

ing potential would reach 0^10^-2,5^ 101

V.

In stratus and

esu, and the correspond¬

In this case, the

relaxation time would be 10 sec.

We see from (4.21) and (4.24) that two bodies of different size,
traveling with the same velocity in the same cloud, will have
different equilibrium charges.

The ratio of these charges is pro¬

portional to the square of the body dimension ratio and inversely
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TABLE

¿I. 3.
COMPARISON OP CALCULATED AND MEASURED
CHARACTERISTICS OP TU-lQlIB AIRPLANE DURING
PLIGHT IN CLOUDS (^ - 1 V)
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proportional to the ratio of the conductivities of these bodies to
the atmosphere.

Figure 2.32 shows how the dural test body potential

and airplane charge vary with time.

The general similarity of the

nature of the charging of the two bodies is obvious.

Figure 2.32

also shows how the ratios of the charges of the two bodies are related
at individual moments of time.

Cases of correlation of body charging

at the times of charge growth are particularly clear.

The magnitude of the average ratio of the airplane charge to
the sphere charge can be found from the data of Figure 2.32.
ratio equals 1,2-1(^-2,2-1(^ .

This

On the basis of the data presented above

and taking as the characteristic airplane dimension the radius of a
sphere with the same capacitance as the airplane, we can calculate
that the ratio of the airplane and test body charges in accordance
with the theory must be

10*—10* .

In accordance with the data presented

above the sphere»leakage resistance owing to the collector effect is
assumed to vary from 1010 to 10^1 Ohms.

For high airplane charges (above 5*10^ esu) the measured ratio
of the airplane charge to the sphere charge decreases by about a
factor of three in comparison with that measured in the same clouds
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at lower airplane charges.

The ratio of these quantities calculated

In accordance with the proposed theory must decrease by the same
factor, since with Increase of the airplane charge the effective
resistance of the corona dischargers and exhaust gas Jet decreases by
a factor of two or three.

In examining the charging of the airplane as a whole, we must
also mention another charging source of nonatmospheric origin.

If

total burnup of the fuel does not take place in the combustion chambers
during airplane engine operation, then the unburned fuel particles
(in the form of small drops or solid particles), as they come into
contact with the inner surface of the exhaust pipes and separate from
this surface will, as noted in Chapter 3 (the current /i, ), transfer
to the airplane a charge similar to the action of the cloud particles

The difference is that the collector action of the fuel particles
will be very slight, since the field intensity from the airplane
charge at the point of particle separation will be infinitesimally
small. In this case, the current created by the fuel particles, cal¬
culated using the formulas presented above, enters in (4.29) into the
sum of the currents charging the airplane.

In fact, if the engines are not properly adjusted and the air
flow into the combustion chambers is not adequate, an increase of
the airplane charge, sometimes very marked, is observed.

Usually,

the periods of strong airplane charging coincide with the appearance
of a smoke trail behind the plane.

On the

TU-io4B

airplane, where

the required relationship between the amount of fuel burned and the
amount of air supplied is established automatically, we observe only
a brief change of the charging during an abrupt change of the turbine
shaft rpm.

During such a change of turbine speed there is incomplete

combustion of the fuel for a very short time period, which leads to
brief charging.

In designs in which incomplete fuel burnup is

inherent in the engine operation, the charging in the clear atmosphere
may be quite comparable in magnitude with that which occurs in
clouds and precipitation.
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When operating in media in which the conductivity is low because
of a small number of particles and in which corona discharge is not
possible (for example, in interplanetary space), the condition which
limits the maximal potential of the body being charged by the particles
separating from the internal parts of the body is the previously
mentioned retardation of the particles by the body field.

If particles

of mass m carry the charge ^ and are ejected with the velocity w,
then the limiting potential to which the particles charge the body is
“2^~ •

The magnitude of the potential V can reach billions of

volts .
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FOOTNOTE

Footnote (1)

page 199

The degree of fractionatior. depends on the
impact energy.
In [71*] a study was made of
fractionation for a crystal velocity of
about 100 km/hr, while for TU-104B flights
the velocity is 800 km/hr, i.e., there is
an Impact energy ratio of about 60; therefore
we take the obviously somewhat high dimen¬
sions of the particles after fractionation.

CHAPTER 5

METHODS FOR REDUCING AIRPLANE CHARGE AND THE
ASSOCIATED INTERFERENCE

Methods for reducing the airplane charge can be divided into
two basic groups:

1) those which reduce the airplane charging current, i.e.,
prevent the appearance of a charge;
2) those which increase the airplane discharge current, i.e.,
remove the charge which develops.

§ 1.

Methods Which Reduce the Airplane Charging Current

As indicated in the preceding chapter, reduction of the airplane
charging currents while maintaining constant effective conductivity
leads to reduction of the airplane charge.

Along with the reduction

of the charging currents, there is obviously a reduction of the
interference currents.

For a given airplane type flying at a given speed under given
conditions, the charging current can be reduced by minimizing the
potential difference which develops between the airplane skin
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material and the cloud and precipitation particles.

It was noted

previously that changing the coating composition can lead to either
positive or negative charging of the surface (see Table 2.13) [7¾].

It was shown in [5] that colloidal silicon

coatings applied to

the airplane reduce markedly the magnitude of the charging (see
Figure 2.25).

However, we must remember that the coating which is

optimal for flight in water clouds may be ineffective in ice-crystal
clouds and vice versa.

The strong dependence of the contact potential difference on
the surface properties makes this method difficult to realize in
practice.

Sometimes a simple touch of the hand on the surface is

sufficient to alter the charging current.

Dirt and spray which

adhere to the surface during airplane takeoff can alter the airplane
surface properties and its electrification conditions.

Application of suitable coatings to the frontal surfaces of
the airplane is sufficient to reduce effectively the charge current.
The surface properties can be stabilized either by wetting the sur¬
face in flight with a suitable, continuously renewed solution, or
by introducing a system of

opening and closing shutters which are

charged with electricity of obviously different signs.

The charging

current can be reduced by varying the relationship of the areas of
the shutters upon contact with which the airplane acquires a positive
or negative charge.

The control of the shutters can be automated

with the aid of signals coming from an on-board charge meter.

The

shutter area variation technique makes it possible to reduce the
electrification in flights in both warm and ice-crystal clouds.

Even if special devices are not used, a careful selection must
be made of the coating material and the technique used for its

treat

ment in order to reduce the overall electrification of the airplane.
This is particularly important in selecting the materials for the
nonconducting portions of the airplane surface (antenna fairings,
struts, and the like).
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When using nonrecoverabie flight vehicles, radiosondes, for
example, the proper selection of the surface material may provide a
marked reduction of their electrification.
>
;

s 2*

Methods Which Remove the Airplane Charge

Whatever device is used to remove the airplane charge (corona
dischargers, flame dischargers, spray dischargers, ion dischargers,
and so on) its action reduces to transfer of the charge from the air¬
plane to the atmosphere.

In this process even with the most advanced

discharger the airplane charge propagates into a region somewhat
larger than the airplane, which includes both the airplane itself and
the very small atamospheric volume to which the charge is transfered.
the Apiane were not moving the charge density on its surface,
■iuh the exception of the region adjacent to the charged volume of the
atmosphere, would remain approximately the same as it was without the
action of the discharger.

We have mentioned previously that the airplane motion alters
fundamentally the charge removal conditions.

We shall examine in

more detail the general laws governing the loss of electrical charge
by the airplane.

Assume the charge current

h

flows to a body traveling with the

velocity w relative to the stream (Figure 5.1).

The current /„ from

the body flows through the highly conductive region St.

Without

examining the specific conditions under which the region St appears,
we shall characterize it by the area

Sn

of its outer boundary, the

coefficient £ relating the average charge density on on the outer
surface of St with the body charge, and the resistance

Ru

connected

between the outer surface of the region and the body.

If the region St arose as a result of ionization of the air by
a corona discharge or by the hot exhaust gases, then the resistance
*" dePends on the degree of ionization, the gas composition, and so
on, while the dimensions of the region depend on the conditions of
its creation and the body velocity.
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If the current

/,, arose as a

>

«uw

result of separation of conducting
particles from the charged body
(collector effect), then the region
St coincides with the surface of
the body at the points of particle
separation.

The magnitude of the

resistance Is determined by the
number and size of the separating
particles, their separation velo¬

Figure 5.1.
Diagram illus¬
trating calculation of
effectiveness of discharging
devices.

city, the particle conductivity,
and the shape of the body — the
quantities which characterize the
effective (apparent) resistance of
liquid collectors [11].

The equation describing the variation of the body charge may be
written in the form [see (3.1)]

■3S—a-/«'

(5.1)

If the particle charge removal velocity w equals the velocity
of the body, the magnitude of current /n is given by the expression

4-«•*.

(5.2)

where ^ is the charge of the region Stiand o is a coefficient showing
the effectiveness of the removal of the charged particles from the
body.

In the general case a depends on the density of the air and

the flow conditions around the region St, and also on the ionization
intensity and the recombination conditions in this region.

The potential Vn at the outer boundary of the conductive region
will differ from the body potential V by the magnitude of the voltage
drop across the resistance of the region St

*~ 44i*
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(5.3)

mmm

Substituting into (5.3) ^==~q
an<^ ^nsst"c^
capa¬
citance, and Cn is the capacitance of the region St) and comparing
(5.2) and (5.3) after substitution, we obtain

A«-

«•

(5.¾)

Hence, it follows, in particular, that if Än is very small, i.e.,
l>ott)/?uCii (highly effective discharger), then

Ai*iro — w-ÿ-Q.

(5.5a)

while if 1 «xtv/faCii (ineffective discharger), then
Ai“t^5*-

(5.5b)

We note that aw characterizes a quantity which is the inverse
of the time T required for removal of the charge by the air stream,
while the quantity ÄnCn—tn is the risetime of the charge of the
region St resulting from the current /n'. This implies that ca»RuCu<\
provided rn<T , i.e,, the charge inflow time through the resistance
Ru is much less than the time required for charge removal by the
air stream. When ru>T , i.e., the charge inflow time through the
resistance Än is much longer than the time required for the charge
removal by the stream, the current is determined by the resistance
Rn .
Substituting into (5.1) the value of the current In and assuming
that the charge (¾ * 0 at the time £ ■ 0, we obtain
(5.6a)

— cP+;T*ncn)

(5.6b)

or
-«„(i+i).
(5.6c)
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For

Ru-+0

(5.6b) can be written in the form

(5.7a)
and for awÄnCn»!

(5.7b)

We can conclude from (5.5a), (5.6), and (5.7a) that for a very
effective discharger faCT*) its current is proportional to the airplane
velocity and to the ratio of the capacitances of the region St
(Figure 5.1) and the entire airplane, while the airplane charge is
the smaller,the higher the flight speed and the quantity
large resistances

Rn

and capacitances

larger,the lower the resistance
the smaller

Ru.

Rat

Cn

(^>7*) the current

while the charge

g

is

For

la

is

smaller,

In other words, for very small discharger currents,

when the space charge created by these currents can be completely
dissipated, the magnitude of the charge is determined by the magnitude
of the discharger resistance

Rn;

for very high currents the leakage

resistance and the magnitude of the charge are determined by the
removal of the space charge, in our case by the motion of the airplane.

Thus, for effective discharging it is desirable to reduce the
resistance

Rn,

Increase the discharger surface area, locate the dis¬

chargers at points with good ambient flow, and in the case of passive
dischargers they should be located at points with maximal surface
charge density.

Let us examine in more detail the individual forms of dischargers.
All forms of dischargers can be divided into two basic classes:

1) passive, in which the currents flowing from the dischargers
depend on the airplane charge;
2) active, in which the currents flowing from the dischargers
depend on the voltage of an auxiliary source.

FT D-HC-2 3-5^-70

217

Regardless of the specific physical mechanism on which the
action of a particular discharger is based, all passive dischargers
should be located at points where the maximal surface charge density
Is observed, where the ambient flow velocity w is high, and where the
value of the coefficient a is maximal.

In particular, the pointed

extremities of the fuselage, tailplane tips, and wingtips meet these
conditions.

The dischargers located on the trailing edges of the

tailplane and wings are more effective than those located at the
leading edges, since the value of the coefficient a is smaller for
the latter because of settling of part of the ions on the airplane
surface.

The active dischargers, rarely used to date, create a discharge
current which is independent of the airplane charge.

Their location

is selected in accordance with the conditions for best ambient flow
and maximal possible values of the coefficient a.

All the devices

with active dischargers have an airplane charge meter of one form or
another.

The discharger receives a signal from the meter and gener¬

ates a current of the proper polarity and magnitude. The use of
active dischargers makes it possible to maintain the airplane at any
required level.

When necessary, all the active dischargers can operate as devices
to charge the airplane.

The choice of the particular discharger type is determined by
the flight vehicle design, its velocity, the conditions under which
it is to be operated, the acceptable radio interference level, and
so on.

We would expect that increase of the airplane velocity and

size, the characteristic changes taking place in airplane construction,
and the ever increasing role of the radio and electronic equipment
will lead to more extensive use of the active dischargers.

Depending on the mechanism on which the operation of the dis¬
chargers is based, the latter can be divided into two basic types:
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1) dischargers which alter the conductivity Rn of the medium at
the point where they are located;
2) dischargers which eject from the airplane charged particles
which have a charge of sign opposite that of the airplane charge.
The first type includes: 1) corona dischargers (the passive
version of this discharger is most often used at the present time),
2) flame dischargers (these dischargers utilize the effect of in¬
creased ionization of the air with increase of the temperature in
accordance with the Saha formula. The engine exhaust gas Jets are
usually used as these dischargers), 3) radioactive dischargers
(devices of this type are not used on manned airplanes because of
the high radioactivity level necessary for sufficiently efficient
operation).
The second type includes: 1) dischargers which emit an ion
stream of suitable sign or (in certain special cases) an electron
stream, 2) dischargers which emit a stream of charged particles.
Let us examine the operation of the dischargers which alter the
conductivity of the medium. These dischargers create a region of
high ionization near the airplane. Part of the airplane charge leaks
off into this region. The ionized region is carried away from the
airplane by the ambient airstream. We see from (5.1*) and (5.5) that
the discharger operates more effectively the smaller Rn, i.e., the
higher the ionization created by the discharger, the larger the
ionized region, and the more effectively this region is carried away.
These considerations hold for all the dischargers which alter the
conductivity of the medium.
Without discussing the methods for calculating the magnitude
and parameters of the ionized region when using particular types of
dischargers, since this is the subject of the specialized literature,
we shall mention briefly certain characteristic features of these
dischargers.
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In Chapter 3 we examined the operation of the passive corona
dischargers and the effect on their operation of the flight conditions
and their placement.

For today's airplane and antenna designs,the

magnitude of the airplane potential at which discharge begins is
about 100 kv [8, 121].

Usually, the discharge begins at this voltage

at the tips of the wing or tail fairing.

After installation of corona

dischargers, this potential decreases to a typical value of about
10 kV.

Therefore, the average coulomb-ampere characteristic of all

the dischargers installed on the airplane must provide a condition
in which the airplane potential for the largest charge currents will
not exceed, say, 80-90 kv if discharge from the airplane surface
points which are not protected by dischargers is undesirable.

We note that the effectiveness of the dischargers can be
increased by using them in the active version.

such version.

Figure 5.2 shows one

The additional voltage V from an internal source makes

it possible to improve considerably the volt-ampere characteristic
of the discharger.
airplane charges.

The discharger current increases even for small
Figure 5.2 shows the distribution of the field

lines of force in the absence of airplane self-charge.

The appearance

of the air stream leads to a situation in which part of the ions from
the discharger cannot return to the airplane^d the latter begins to
charge.

In the resulting electric generator,the energy is supplied at
the expense of the kinetic energy of the airstream which carries the
ions away.

If the value of V is not regulated, this can lead to

charging of the airplane to potentials which may exceed the value of
V considerably.

Therefore, it is necessary, as noted previously,

that the value of V be regulated on the basis of information on the
airplane charge.

The scheme shown in Figure 5.2 can thus be used

for artificial charging of the airplane.

In the general airplane

charging case, this scheme operates in the mixed passive-active
version.

As the flight altitude is Increased (ambient air pressure
decreases) the corona dischargers become more effective, the value
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tin decreases, and at the same time
the effectiveness a of charged
particle removal by the air stream
decreases.

On reaching a minimum

of the discharge voltage on the
Paschen curve [31]» further In¬
crease of the flight altitude
leads to a marked Increase of the
value of Ra, l.e., the effective¬
ness of dischargers of this type
decreases; at altitudes

Figure 5*2. Schematic of action
of active corona discharger.

above

50-70 km they become Ineffective.

1) wing trailing edge;
2) discharger; 3) distribution of
lines of force of electric field
created by supplementary voltage
source.

We have noted previously that
the exhaust gas jets may be con¬
sidered flame dischargers.

Since

they have large surface areas, they
can provide large discharge cur¬
rents even with relatively weak
Ionization.

The degree of gas Ionization in the flame dischargers

can be estimated using the Saha formula [117» 118]

(5.8)

where ß Is the degree of Ionization, l.e., the ratio of the number
of Ionized atoms to the total number of atoms; £ is the pressure,
equal to the sum of the partial pressures of the neutral atoms, Ions,
and electrons;

Is the atom Ionization energy; ga and

are the

statistical welgEts of the neutral atoms and Ions;*-!!! Is the electron
mass; k and h are respectively the Boltzmann and Planck constants.
The degree of ionization In these dischargers Increases markedly with
Increase of the flame temperature.

Therefore, the Increase of the

gas temperature in the modern aircraft engines and the use of turboo

Jet engines leads to an increase of the effectiveness of the discharge
action of the exhaust gases.
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With increase of the flight altitude, i.e., with reduction of
the air density, there is a reduction of the intensity of the removal
of the charged particles (the coefficient o in [5.4]). Therefore,
other conditions being the same, the effectiveness of the discharge
through the exhaust gas Jet decreases with increasing altitude.
The flame-type static dischargers have not been used directly
because of the undesirability of having an open flame aboard airplanes,
low effectiveness at low fuel flowrates, and design complexities.
When radioactive dischargers are used, the ionization density
decreases with altitude, and therefore, the discharger resistance
Ru increases. The coefficient o [see (5.4)] also decreases with
altitude because of reduction of the air density. Thus, the operation
of these dischargers deteriorates with increasing altitude. At very
high altitudes the flight vehicle may begin to be charged as a result
of release of charged particles by radioactive decay. As a result
of this charging the sounding body may be charged to a potential
equal in magnitude to the charged particle ejection energy.
Let us examine the operation of dischargers based on the emission
of charged particles.
Very high discharge currents /11 per unit mass of material
ejected per unit time can be achieved by emitting ions or electrons.
The magnitude of the current will depend on the particle ejection
velocity. In this case, the current la [see (5.1) and (5.2)] can
be written in the form
In-"**-

(5.9)

where e is the ion charge; n is the number of ions ejected per unit
time;
is the velocity with which the ions leave the body. Under
dense atmospheric conditions, it is difficult to eject ions with a
velocity differing from the flight vehicle velocity ï.» since»as a
result of collision with atmospheric particles»the ions lose very
rapidly the velocity imparted to them by the accelerating device.
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Therefore, the value of a in (5.9) is close to the value of a in
(5.2).

At the same time, under the action of the airplane's electric
charge*the slow ions will tend to return to the airplane, which
results in a reduction of the effective charging current.

If the

ion mass is m, then airplane charging terminates when its potential
V reaches the value defined by the inequality

(5.10)

and for lower potentials the current is defined by the equality

(5.11)
where w is the stream velocity.

If we neglect the viscosity of the air, then all the ions will
return to the airplane for an airplane speed

»*100

m/sec and for

airplane potentials which exceed a fraction of a volt.

An effective

discharging action of the ion-type emitters can be achieved only at
very high flight altitudes when using an active discharging device
with particle ejection velocity on the order of several kilometers
or even several hundreds of kilometers per second.

Thus, in contrast

with the dischargers which increase the conductivity of the ambient
medium, the characteristics of the dischargers of this type improve
with increase of the flight altitude.

Improvement of the effectiveness of the operation of these dis¬
chargers in the atmosphere is achieved by increasing the mass m and
charge £ of the ejected particles and simultaneous reduction of the
ratio

Laee (5.10)] and (5.11)].

With increase of 4r

we can

achieve an effective discharge at particle ejection velocities less
than the airplane velocity (accompanied, of course, by an increase
of the material consumption per unit electric charge removed).

In

this case, the airplane motion can be utilized for separation from
the charged particles, which reduces significantly the requirements
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on the power of the device used to eject the particles into the
atmosphere.

On the other hand, when ejecting charged particles in

place of ions,it is also possible to get along with a relatively small
weight of the ejected material.

It was noted in [119] that a specific charge per unit ejected
mass Q. * 80 C/kg was achieved when ejecting liquid metal droplets of
average diameter from 0.5 to 0.75 microns.

For a discharge current

equal to, say, 10 mA, one kilogram of ejected material would suffice
(even under these severe conditions) for two hours of continuous
operation.

In this case, the influence of the airplane potential on

the discharge current would become noticeable only for V^KP-IO*

V.

Let us examine the criterion for the optimal choice of the magni¬
tude of the charge and mass of the particles and the amount of material
ejected per unit time for dischargers emitting charged particles.
The active discharger version is most optimal in this case.

We have

mentioned previously that a device of this type was first used by
Waddel et al. [?].

They used the device primarily for artificial

charging of the airplane.
■

The device described in [7] consisted of

system of nozzles through which highly dispersed water was ejected

from the airplane.

As the water droplets left the nozzles they were

exposed to an electric field created by an electrode located upstream
of the nozzles (a potential from a high-voltage source was applied
to the electrode); therefore the droplets carried away an electric
charge as they separated from the airplane.

The maximal current

generated by the installation described in [7] did not exceed 300 yA.

Let it be required that the discharge current

be generated

by ejecting n particles per second with the velocity w, each of which
carries the charge q; let the airplane potential V be sufficiently
small (5.11), and therefore it has no marked effect on the particle
motion:

wai>

Then (5.11) can be written as

lu=z*nqw.
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(5.12)

9

Figure 5.3.
Schematic of active discharger
emitting charged liquid particles.

If the device is properly designed, the value of w can be made
equal to the airplane velocity if the particles are ejected into the
undisturbed stream, and if their inertial travel is sufficiently small.

The schematic in Figure 5.3 illustrates the operation of the
device.

The electrifying, conducting liquid flows from the tank 2

under the pressure created by the compressor 9; the droplets 4 are
ejected from the nozzles 3 into the space between the electrodes 5 and
6, between which there is applied the potential 0 from the supply
source 8.

The sign of the potential is determined by the airplane

charge meter 11.

The current

In,

discharging the entire system (the

airplane, say) from which the droplets separate, can be measured by
the galvanometer 7.

As the separating particles 4 leave the nozzles

they strike the screen 10- into which air flows with the velocity w.

If the charging liquid droplets have the radius r and
density p, the entire mass of material ejected per second is M, and
the charge çl transferred to the droplet constitutes some part K of
the maximal charge (the maximal charge is determined by the condition
that the potential on the surface of the droplet equal that EL
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for

which electrical discharge begins), then the current /u is obviously

•KE^w
(5.13)
In order to ensure the abdence of contact between neighboring

droplets, i.e., to be certain that there is some space between suc¬
cessive droplets, it is necessary to use several nozzles operating in
parallel.
Let us evaluate the droplet charging conditions in the scheme of
Figure 5.3.

The droplets 4 are ejected from the nozzle 3 into the

space between the planar electrodes 5 and 6, located at the distance
d from one another.

If the potential difference 0 is applied to «ie

e ectrode plates from the source 8, then the field intensity
arises between the electrodes.

^

Assume the nozzle projects the distance

h from the plate 5. Then the induced charge a on the droplet of radius
r at the moment of its separation from the nozzle will be

(5.14)
On the other hand, the field intensity E at the droplet cannot

exceed some fraction K of E, at which discharge begins

(5.15)
The required characteristics of the charging device can be
evaluated from (5*14) and (5.15).
The external part 10 of the device should be located so that the
droplets which separate from the nozzles cannot again contact the

airplane .
It is obvious that a will decrease as the airplane climbs Lsee
(5.4) and (5.9)].

At high altitudes, where the air friction is low,

a high particle velocity can be provided by the device which ejects
the particles.
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§ 3.
High-Frequency Radiations Arising on an Airplane
During"Corona Discharge and Measures for Suppressing
~~
Their Influence

The methods used to eliminate the effect of airplane charge on
particular on-board Instruments or on the airplane operating charac¬
teristics depend on the nature of the problem.

Some cases of this

charge influence were investigated in Chapter 1.

In the present

section we shall examine only the particular, but quite important case
of the effect of the alternating component of the discharge current
on the operation of the on-board high-frequency equipment.

So far, we have examined only the connection between the intensity
of the static field at various points of the airplane and its charge.
Let us see how the high-frequency field at various points of the air¬
plane surface is connected with the alternating component of the
corona discharge current.

Connection between inerference signal on antenna and noise
source.

The connection between the radio noise characteristics at

any point and the interference signal arising on the antenna can be
characterized with the aid of the so-called coupling theorem [120],
which states that

(5.16)

The coupling theorem can be interpreted as follows:

if we know

the space and time distribution of the density of the current

fe

created by the radio interference occurring in the region T2 (Figure
5.^), and if we can determine the field intensity

E« in the region

T2 when the potential V1 is applied to the antenna output, then we
can calculate the short-circuit current /i(m) induced at the antenna
output terminals (X is the coordinate of the corresponding point; w
is the corresponding interference frequency).

The coupling theorem thus states that the noise current generated
by a discharge occurring at some point in the receiving antenna is
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proportional to the potential of
the high-frequency field which
would exist at the point of dis¬
charge with operation of the same
antenna in the transmit mode.

For evaluation of the effect
of noise on radio reception, it
is convenient to introduce the so-

Figure 5.4.
Diagram illustrating
calculation using coupling
theorem.

called coupling function [120].

Version 1:
Voltage applied to
antenna terminals in region

Let us examine a point located
near the origin of a corona dis¬

forms a field at all points of
space and, in particular, in the
region T g .
Version 2:
Radio noise develops
in the region T2 and the current
density

flows.

charge.

The magnitude of the field

intensity EtU, »)

at the selected

point will change as a function
of the frequency and position

When discharge along, say, the wing surface Just

occurs in T2jthe current I2 flows as does the field intensity at
through the shorted antenna input the discharge point.
in

Therefore,

T1 is the region in which the field intensity at the dis¬

the antenna is located, T2 is

charge point can be connected with

the region where the noise
develops [121].

the field intensity at the
reference point by the relation

(5.17)

Ei(X)
We note that the cofactor

B’/vr is determined by the boundary
Ei(l)
conditions Introduced by the airplane surface structure in the dis¬
charge region and is independent of the antenna characteristics.

Substituting (5.17) into (5.16), we obtain

/.o-
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(5.18)

Introducing the notations
♦« -»-W
and

we can write (5.18) in the form
•) • Æ (•).

( 5.19 )

where D(u>) is the noise current spectrum for the value of the coupling
function
e)-il . This spectrum accounts for the effect of the
fine structure” of the trailing edge of the wing but does not depend
on the antenna characteristics. The cofactor ♦(!, *) — the coupling
factor — describes the nature of the spectrum changes with changes
of the coupling between the antenna and the region near the source.
The noise can be reduced in several ways in addition to reducing
the airplane charge current and the airplane charge.
1. Reduce the noise caused by the discharge source.
2. Reduce the coupling between the discharge source and the
receiver.
3. Process the received signal suitably to eliminate the noise
components.
4. Select a reception frequency lying in the region of low
power generated by the discharge.
Equation (5.16) shows that there are several ways to realize
points 1 and 2. These include:
a) overall reduction of the discharge current alternating compo¬
nent J_2* b) minimizing the ratio EJVi (reducing the coupling);
c) making the vectors h and Ei orthogonal (reducing the coupling).
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Vie recall that in addition to the corona discharge, another source
of noise associated with the airplane charge can be the charge distri¬
bution over the airplane surface.

This form of interference is usually

not reduced by the dischargers and may increase when the dischargers
are activated.

Connection between radio Interference from the corona discharge
on an airplane and the airplane characteristics and flight conditions.
A characteristic feature of any discharge from an airplane is the
presence of noise components with amplitude fn proportional to the
average direct current

In flowing from the discharger.

For each type

<Pn

of discharger the ratio

remains nearly constant in the real range

of values of /u , and this noise has the nature of "white" noise.

In

the case of the typical uncontrolled discharge occurring from points
hiving relatively large radius of curvature, and in the absence of a
resistance limiting the discharge current, the ratio

will be

larger, particularly in the region of currents lying near the corona
discharge threshold.

Not only is the interference amplitude large in this region, the
noise spectrum includes several modulations which create additional
interference which exceeds by several fold that resulting from the
white noise.

When the airplane charge exceeds slightly the value at

which corona discharge begins at a given point, the magnitude of the
peaks of these modulations not infrequently reaches values which make
radio reception or operation of the radio equipment impossible,
<pn
Although the ratio
at a given point decreases with further increase
of the charge, discharges usually develop at other points and again
create strong interference.

Çn
The typical uncontrolled discharge may create a ratio

which

is thousands of times larger than that which occurs near the corona
discharge threshold,or in the case of higher currents when using a
modern discharger.

A corona current of the order of a microampere

flowing from an unprotected point may increase the noise on the order
of 60 dB in comparison with a current of 100 microamperes flowing
from a special discharger.
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The amplitude-frequency characteristic of the noise depends to
a considerable degree on the flight altitude.

With increase of the

flight altitude,the noise level increases for the same discharge cur¬
rent.

The noise amplitude increases with flight altitude faster than

the noise spectrum broadens in the high-frequency region.

Figure 5.5

[120] shows how the noise current spectral density changes with
increase of the altitude.

The noise level will increase with further

increase of the altitude until the altitude region is reached at which
the pressure corresponds to the minimum of the Paschen curve.

Further

increase of airplane altitude will then lead to a reduction of the
corona discharge noise current amplitude.

Measures to reduce Interference.

1.

Noise can be reduced by eliminating the possibility of the

occurrence of corona discharge directly from the antenna.

In addition

to reducing the airplane charge, for this purpose we must take all
possible steps to, first of all, increase the corona threshold of the
antennas and, second, reduce the corona threshold of the dischargers.
Increase of the antenna corona threshold is achieved by increasing
the antenna radius and eliminating any sort of sharp extremities at
the edges of the antennas.

Increase of the antenna radius leads to

an increase of its aerodynamic resistance.

Therefore, antennas are

covered with an insulator, polyethylene for example, to prevent corona
discharge.

Naturally, when the antenna is enclosed by an insulator,

the individual points of the covering become nonequipotential and
may be charged to significant potentials relative to one another.

This circumstance leads to the occurrence of discharges along
the antenna. However, the power of such charges is very low because
of the negligible capacitances of the antenna segments, and they do
not create any significant radio interference.

We must bear in mind

that breakdown of the protective covering at any point can lead to
the occurrence at this point of a corona discharge which will create
interference of the same magnitude as that on an unprotected antenna

[8].
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Figure 5.5.
Normalized noise current spectrum for
discharge current 100 yA from wing trailing edge
of Boeing 367-80 [120].

2.

To reduce the coupling between the corona discharge point

and the antenna, it is desirable that the discharge be shifted to a
point as far as possible from the antenna.

For example, [8] presents

results of measurements of the noise induced at a frequency of 900 KHz
on a fuselage-mounted communication antenna when the corona discharge
rod is located at the wingtip, at the tip of the vertical fin, and on
the antenna strut; the noise voltage lor these cases was 20, 200, and
500 mV.

However, for higher frequencies,the coupling factor [see

(3.19)] may not change monotonically with distance.

Figure 5.6 [120]

shows how the coupling factor X(l) changes for frequencies of 4 and
14 MHz.

Thus, measurements of the interference level from the differ¬

ent dischargers should be made for each type of antenna.

As shown in

[120], these measurements can be made with the aid of suitable ground
test stands if the characteristic magnitudes of the currents charging
the airplane and the corresponding electrical charges are known.
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It is possible to estimate,
although very approximately, how
the airplane dimensions affect the
low-frequency interference level
[120].

If two completely similar

airplanes which differ only in
dimensions

[the linear dimensions

of airplane No. 1 exceed those of
airplane No. 2 by a factor of
n (n > 1)] are flying under identi¬
cal conditions, the currents
Figure 5.6.
Variation of coupling
factor with lower antenna near
wing trailing edge on the KS-135
airplane [120].

charging them will be proportional
to their projected frontal areas
as long as the interference fre¬
quency does not exceed the quasi¬
static limit; the equivalent noise
field intensities at corresponding
points of the two airplanes are

related as

We have noted previously that this relation does not hold for
the high frequencies.

Thus, the static interference is stronger on

smaller airplanes.

3.

Simple corona-type dischargers are often used to reduce the

noise in the region in which corona discharge occurs, although dis¬
chargers which emit charged particles, flame and radioactive discharg¬
ers make it possible to remove the airplane charge without the
occurrence of any noticeable radio interference.

In many cases, the

use of corona dischargers also makes it possible to reduce markedly
the interference level.

By selection of the discharger construction it is possible to'
obtain a minimal intensity of the high-frequency (HF) interference
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field at the point where the discharger is located, while the static
field will be sufficiently large and will provide adequate steepness
of the discharger coulomb-ampere curve [122].

Let us examine [121], for example, the field in a small region
near the wing trailing edge (Figure 5.7a).

The geometry of the HF

coupling field [see (5.16)] or the static field is determined by the
shape of the conductor with the charges creating the field.

The tech¬

nique for creating a region with small values of the HF coupling field
is clear from Figure 5.7b, which shows the cross section of the aero¬
dynamic surface.

The trailing edge proper is electrically isolated

from the remaining surface.

On the surface of the isolated trailing edge there appear two
points at which the intensity of the HF coupling field equals zero,
and a region with a weak HF coupling field develops around this edge.
If the corona discharge were to take place from a point with zero HF
coupling field, there would be no noise in the receiving system.
Howe/er, for the occurrence of a corona discharge at a point with zero
HP coupling field the DC potential of the isolated part must be
maintained close to the potential of the entire airplane.

The combination of the requirement that the trailing edge be
isolated with regard to HF and the requirement that it be connected
with the airplane structure with regard to direct current can be
achieved by connecting the trailing edge with the airplane through a
very high ohmic resistance.

If the magnitude of this resistance is

large in comparison with the HF capacitive reactance between the
isolated trailing edge and the remainder of the surface, then the
HF field remains approximately as shown in Figure 5.7b, while the DC
field in the immediate vicinity of the trailing edge will have a
structure similar to that shown in Figure 5.7c.

Since the direct

current through the discharger is usually small and the airplane
potential is high, the voltage drop across the resistance can be
neglected.
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Figure 5.7« Geometry of electric DC and HF field
at trailing edge of aerodynamic surface (a);
geometry of HF coupling field near Insulated
trailing edge of aerodynamic surface
(b);
geometry of static field In the vicinity of
flush decoupled discharger (c).
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We see from comparison of Figures 5.7b and 5*7c that the region
viith the high DC field at the

trailing edge coincides with the region

of minimal intensity of the HF coupling field.

Since the DC discharge

takes place in the direction of the lines of force of the DC field,
the discharge current flows at approximately right angles to the lines
of force of the HF coupling field.

Thus, interference from the dis¬

charge will be reduced both as a result of the orthogonality of the
coupling field and the current and as a result of the reduction of
the coupling field.

The interference reduction,when inserting the decoupling resis¬
tance,^ connected with the fact that its insertion alters the nature
of the discharge.

In the absence of the resistance, a large fraction

of the airplane charge can create a discharge current pulse, whose
steepness and amplitude may be very large.

The insertion of the

decoupling resistance limits the amplitude and duration of the current
pulse to the magnitude of the charge accumulated at the tip of the
discharger.

Therefore, in place of the powerful current pulses which

are present without the decoupling resistance, when the latter is
inserted there will be a large number of weak current pulses.

In the

first approximation the interference level is decreased by a factor
of Cp/C, where C

is the capacitance of the tip of the discharger and

C is the capacitance of the airplane.

The decoupling resistance and its shunting capacitance act as a
sort of filter to smooth out the pulsations created by the generator
— the airplane discharging into the atmosphere.

In combination with

an increase of the taper of the trailing edges (which leads to a
reduction of the amplitude of the current pulses [31]) the use of the
decoupling resistance has made it possible to reduce the noise level
by 35 dB [121].

It is obvious that an isolated discharger of the type shown In
Figure 5.7 must of necessity be located at the wing trailing edge.

These arguments apply equally well to the rod-type dischargers
discussed in Chapter 3.
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decoupled passive dischargers.

Application of an additional direct

voltage In series with the resistance makes this discharger active
(compare with Figure 5.2).

We recall that for a given discharge current the noise generated
by sharp points having smaller radii is less than the noise generated
by points having larger radii.

The amplitude of the

impulsive current

in a corona discharge is proportional to the radius of the tip of the
discharging point [31].

For example, laboratory tests have shown

[121] that the noise generated by points with tip radii less than
0.013 nun is less by 6-11 dB than the noise level created by a total
current of the same magnitude during discharges directly from the
trailing edge of a typical aerodynamic surface.

In reality, Just as in the considered case of the smoothing
action of the decoupling resistance, for a given magnitude of the
average current the mean square value of the noise current generated
by a signal consisting of small pulses with high repetition frequency
is less than the mean square value of the noise current from a signal
which is a sequence of large pulses with low repetition frequency.

Thus, the use of decoupled dischargers having sufficiently small
radii of the points can markedly (up to 60 dB [121]) reduce the noise
level created by the corona discharge.

Let us examine various versions of the corona dischargers [121],

a)

Wire dischargers.

The first dischargers which appeared as

soon as it became known that the primary source of static interference
is the discharge from the receiving antenna itself were the dischargers
fabricated from wire of small radius.

Such devices, when located at

points where the self-charge field is high, will provide for charge
drain-off in the case of low airplane charges and will prevent corona
discharge from the antenna.

However, significant interference can

occur when discharges develop from the trailing edges of the wings
and tail.

Needles or wires can be installed on the trailing edge of

the aerodynamic surfaces to prevent these discharges.
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Data of

laboratory measurements (Figure 5.8b) show that discharges from a
bundle of needles mounted on the trailing edge reduce the noise level
by

7

dB in comparison with the level created by the discharge from

the same trailing edge without the needles.

When carefully selected needles with point radius no more than
0.013 mm were Installed at the same place, the noise level was reduced
by ll dB.

The same noise reduction was noted when using wire of dia¬

meter 0.025 mm (Figure 5.8c).

Extension of the wire discharger in

order to reduce the threshold corona potential causes at the same time
an increase of the magnitude of the HF coupling field, which may even
lead to an increase of the noise.

b)

High-resistance rods and plates.

Discharges from plates,

rods, and braids made from insulating materials and coated with highresistance films should create weak noise levels.

We can assume that

such higii-resistance conductors are in themselves satisfactory dis¬
chargers.

For a plate attached to the trailing edge of the airplane

surface the noise component of the discharge current is

will be

directed along the lines of force of the HF coupling field E*.

Thus, it follows from (5.16) that the noise which occurs when
using a high-resistance plate is reduced as a result of the fact that
the plate is conductive for the radio frequencies, and the discharge
takes place at some distance from the trailing edge of the surface in
the region where the coupling field intensity Et is low (when the
antenna is transmitting).

In addition, the decoupling resistance of

the plate reduces the noise component.

The degree of reduction of

the noise level can be estimated by taking into consideration the
fact that the field intensity in the plane of the conductive plate
follows the law

ew-^p.
where X is the distance from the trailing edge of the surface in the
direction toward the rear of the airplane; A is a constant character¬
izing the amplitude of the applied potential.

Then,, if

is the HF

coupling field intensity at the trailing edge of the surface, and
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Figure 5.8.
Results of noise level measurements for given value of
direct current flowing through discharger.
Noise values are referred to the noise level for the same current
flowing directly from the wing trailing edge [121]j a) flat aluminum
edge 0.28 mm thick, relative noise level 0 dB; b) edge with needles,
relative noise level -7 dB; c) edge with 0.025 mm diameter wire, rela¬
tive noise level about —11 dB; d) plexiglass 0.125 mm thick, resisti¬
vity 0.3 M0hm/cm2, rectangular edge, relative noise level -25 dB»
e) decoupled discharger, relative noise level -51 dB; f) high-resisance rod, relative noise level from -29 to -30.5 dB; g) high-resisance rod with tungsten pin at end, relative noise level -2? dB; h)
high-resistance rod with 0.025 mm diameter wire at end, relative noise
level -27 dB;
i) type an/asa/£ wick discharger, relative noise level -63
dB;
J) high-resistance rod with wire braid at end relative noise level
-22 dB;
k) wick discharger doubled back, relative noise level from -12
to -21 dB;
1) cotton rope discharger, relative noise level from -40 to
-54 dB;
m) type awasa/j. wick discharger ending in tungsten poins, rela¬
tive noise level -14 dB;
n) type an/Asa/j. wick discharger terminating
with 0.025 mm diameter wire, relative noise level -25 dB.

AN/ASA/3
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Ez is the same at the trailing edge of the high-resistance plate.

To calculate the coupling field attenuation using this formula
we must determine the value of Xt experimentally.

The measured value

of the noise level reduction when using the plate (Figure 5.8d) was
about -25 dB.

The points at the end of the decoupled discharger play a major
role in reducing noise.

While the noise reduction was -51 dB when

using the points (Figure 5.8e), with the points removed the noise
increased by 20 dB (Figure 5.8f).

If we compare the operation of the

wick discharger (Figure 5.8i), which reduces the noise by

-63

dB, with

tue same wick modified as shown in Figure 5.8k (end of discharger
wick and about 12.5 mm of the plastic tubing bent forward and wrapped
with insulating tape; small diameter holes made in the bend of the
plastic tubing to make possible discharge from the wick fibers in the
tubing), in the latter case, the noise increased by more than 40 dB,
i.e., when using only decoupling resistances in the dischargers the
noise reduction is relatively small.

c)

High-resistance rods with metallic discharging points.

The

wick dischargers (Figure 5.8i) work effectively only in the course of
a limited time period.

Their characteristics deteriorate rapidly in

flight as the conductive coating of the individual fibers disintegrates
or the conductive imprégnant drys out.

To reduce the effect of wick

deterioration it was suggested that metallic discharging points be
used at the end in place of the dielectric fibers coated with a
conductive layer.

We see from comparison of Figures 5.8m and 5.8n with Figure 5.8i
that the use of metallic discharging points leads to about a 35-40 dB
deterioration of the wick characteristic.

It follows from comparison

of the data for Figures 5.8e with 5.8g and 5.8h that the installation
of a discharging point at the end of the discharger rod leads to a
reduction of the discharger effectiveness.

FTD-HC-23-544-70

240

d)

General remarks on the operation of corona dischargers.

It

follows from comparison of Figure 5.8i with Figures 5.8k» 5.8m and
5.8n that the main factor in noise reduction by the wick discharger
is the small radius of the fibers» the high resistance and low capaci¬
tance of the individual fibers at the end of the discharger, which
limit the amplitudes of the pulses.

This conclusion is confirmed by

comparison of the data of Figures 5.81 and 5.8k.

The plastic tubing

was removed from the wick discharger (Figure 5.81) and it was bent
back as shown in Figure 5.8k.

In so doing, part of the conducting

fibers protruded.

Initially, while these fibers were undamaged, the noise level in
the scheme of Figure 5.81 was 30 dB lower than in the scheme of Figure
5.8k.

Only after deterioration of these fibers did the characteristics

of the discharger of Figure 5.81 become similar to those of the
discharger of Figure 5.8k.

Thus, the wick dischargers reduce noise most effectively.
tunately, they do not stand up well in service.

Unfor¬

It appears that an

acceptable solution would be the creation of wick dischargers having
the required bulk strength.

4.

The noise resulting from corona discharge can be suppressed

by the use of special reception schemes.

Noise reduction is accomplished by choice of suitable antenna
systems, selecting their location, and the receiver circuitry.

a)

Effect of antenna characteristics on noise level at the

receiver input.

The noise field for a dipole antenna depends very

kittle on its location along the fuselage, while the noise field of a
loop antenna increases as the loop is moved from the nose toward the
center section.

Consequently, the signal/noise ratio will increase

as the loop antenna is moved toward the airplane nose [121],

In selecting the antenna type we start from the fact that for a
given value of the noije current the equivalent noise field of the
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dlpoie antenna is inversely proportional to the frequency.

Therefore,

although a given noise current may not affect the reception quality at
high frequencies, it may lead to failure of the communications and
navigation equipment operating at the lower frequencies.

The noise

field of the loop antenna is independent of the frequency.

Therefore,

shielded loop antennas are used more often than dipole antennas

for

reception of the low radio frequencies under static interference con¬
ditions.

If the distribution of the magnitude of the noise current

of the corona-type discharger along the fuselage has, for example, a
triangular form, then the ratio of the equivalent noise field inten¬
sities

of the dipole and Ep of the loop antennas is given by the

relation

*

where z is the antenna distance from the nose of the fuselage; w is
the reception frequency; and çlt is the speed of light.

The advantage

of the loop antenna over the dipole increases with reduction of the
frequency and as both antennas are moved toward the nose of the
airplane [121].
A reduction of the interference in the case of the loop antenna
can also be achieved by locating the loop so that the effect of the
HP coupling field at the point where the discharger is located is
reduced.

As the plane of the loop is rotated through 90° from the

direction in which the noise is maximal, the noise level decreases by
about 25 dB.
To reduce the effect of static interference on the dipole anten¬
nas, they can be located so that the interference signals induced on
two antennas connected to the receiver input will be subtracted while
the useful signals will be combined.

On two dipole antennas located,

for example, on the fuselage centerline, one above and the other
below the fuselage, the noise currents are equal in phase and approxi¬
mately equal in magnitude.

However, signals with vertical polarization

will induce in the antennas currents which are equal in magnitude but
shifted 180° in phase.
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a symmetric input transformer, we can compensate for the effect of
the interference currents.

In practice, this method has made it

possible to obtain noise attenuation up to 25 dB [121].

It is obvious that a similar connection scheme is possible for
noise suppression when using loop antennas.
b)

Reduction of the effect of static interference with the aid

of receiving devices.

The effect of static interference on the oper

ation of the receiver can be reduced by selection of the reception
frequencies.

Reception in the UHF band and particularly in the

shorter waveband is free of Interference in most cases (see Figure
5.5).
Another circuitry solution is the use in the receivers of a
blocking device which is automatically activated on the appearance
of strong interference pulses [121].
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K
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n

noise static

n
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threshold

th

M

lightning

M

T

theoretical

T

0

actual

act
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critical
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cp

average

av

MaKC

maximal

max
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electric

e

B

helicopter

B

3

earth

e
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Jet

CT
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glass

g
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D
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H

nickel plated

H
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chromium

Cr

n

brass

Br
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front

fr
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remaining

rem
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