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STATIC ELECTRICITY IN NATURE AND INDUSTRY *
By Paur G. Guesr?

INTRODUCTION

Notwithstanding the great progress in physical and chemical sci-
ence during recent years, man has acquired no knowledge of what
electricity really is. Investigators agree, however, that it has a dual
nature, being composed of positive and negative parts, and that its
varied phenomena depend upon the relation and interaction of these
two entities. Thus, the dynamic or current electricity familiar to
all is believed to be due to differential movement of positive and
negative electricity along or through a conductor, whereas static elec-
tricity is the phenomenon associated with opposite charges separated
and virtually at rest with respect to each other.

In this bulletin “static electricity ” is used in its commonl
accepted meaning to include the various manifestations that result
from the coming together or neutralization of positive and negative
charges which have been separated by friction between unlike sub-
stances or otherwise.

Although static electricity is one of the most common phenomena
in nature it can not always be detected except with delicate instru-
ments and frequently escapes notice. But at times conditions for
its manifestation are particularly favorable, and it is recognized by
the appearance of a spark or the mutual attraction of oppositely
charged bodies or perhaps by the physiological effect known as
shock. One of the most familiar manifestations of static electricity
is the rasping, crackling noise often heard during radio reception.
This noise usually is due to electromagnetic waves from a distant
spark or, more directly, to actual discharge through the receiving set
of electricity picked up from the ever-charged atmosphere.

Probably everyone has observed other manifestations of static elec-
tricity, such as the crackling or sparking that accompanies the strok-
ing of a cat’s fur and the combing of one’s hair in cold, dry weather
or the sticking together of sheets of paper suddenly torn from a
pad or rubbed. In whittling or planing wood the shavings often
cling to the blade or hand. Mason (1)3 states:

It sometimes occurs that on brushing the clothes it seems impossible to
remove the dust and the more vigorously the brush is wielded the more

tenaciously the dust seems to stick. This is due to the electrification of the
cloth and the consequent attraction of the dust particles.

1 Work on manuscript completed December, 1931.
2 Assistant electrical engineer, U. 8. Bureau of Mines.
3 Numbers in parentheses refer to bibliography at end of this bulletin.
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When weather conditions are favorable charges are sometimes
picked up by a person walking across a deep-pile rug, and a spark
intense enough to ignite gas can be drawn from the finger.

Lightning is no doubt the most spectacular and in itself the most
dangerous discharge of static electricity; but the unsuspected, seem-
ingly insi%niﬁcant sparks from built-up charges through unintelli-
gent handling of inflammable and explosive materials are perhaps
a greater industrial hazard. Explosions initiated by such sparks
have been particularly common and severe in the grain and oil
industries, but the danger exists wherever combustible dusts or
vapors are handled.

In recent years much study has been given dust explosions, par-
ticularly in coal mining and in threshing, handling, and milling
%rain; and numerous articles have been written. The United States

ureau of Mines (2) has made an exhaustive research with large-
scale coal-dust explosions in its Experimental Mine at Bruceton,
Pa.; and much has been learned on the ease of ignition, speed of
flame propagation, pressures developed, and means of preventing
such explosions. Rock dusting has been developed to a high degree
of perfection as a preventive measure. Other countries, especially
Great Britain and France, have devoted much study to these problems.

The principal work in this country on the study of dust explo-
sions in grain-handling and milling plants has been that of the
chemical engineering division of the Bureau of Chemistry and Soils,
United States Department of Agriculture, under David J. Price
(3, 4). Because of its experience in this field the Bureau of Chem-
istry and Soils has assisted in investigations of dust explosions in
many other industries, especially those preparing or manufacturing
starch, sugar, sulphur, cork, and wood (5, 6).

In this country alone the damage from dust explosions has totaled
many million dollars, and hundreds of lives have been lost. The
growth of this hazard has been notable.

Although small dust explosions had undoubtedly occurred before,
the first large-scale dust explosion seems to have occurred in a coal
mine at Haswell, England, in 1844 (7). Faraday, in 1845, recognized
the importance of dust as a contributing cause of this disaster.
To-day such explosions are common, and dust is known to be one of
the greatest industrial hazards.

In many bituminous-coal mines dust is a far greater potential
danger than methane (fire damp), although an explosion of this gas
usually precedes the more extensive coal-dust explosion.

Price states (8) that in 1929 more than 28.000 manufacturing
plants in the United States, employing some 1,325,000 workers and
with a total output valued at more than 10 billion dollars annually,
were liable to dust explosions. Although dust explosions in these
growing industries have occurred with increasing frequency during
the paslt 20 years, marked progress has also been made in combating
the evil.

Sugar and starch are conspicuous among dusts for their ease of
ignition and violence of explosion, and many disastrous explosions
have occurred in their manufacture. Whether the substances them-
selves or the methods employed in their manufacture are at fault,
these dusts seem unusually susceptible to ignition by static electricity.
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Beyersdorfer (9) reports that five sugar-dust explosion disasters
occurred in Germany during the 10 years preceding 1922. As a
result of these and other disasters he thoroughly investigated the
nature and cause of sugar-dust explosions. Some results of this
research are discussed later, but the following statement from his
conclusions is of interest here:

The technical possibility of thermal as well as electrical causes of dust
explosions has been determined, and it has been found that the electrical cause
is the more frequent.

Recent collation of statistics indicates that static sparks (10) initiate
a large percentage of starch-dust explosions.

The widespread occurrence of static electricity in nature and in
industry is brought to mind forcibly in the statements of two recent
investigators. Amaduzzi (11) states:

Electricity pervades everything: the most elementary molecular and atomic
edifices, all material bodies, the earth, the sky, the universe.

According to Clark (12), fires caused by static electricity—

are found to occur in the presence of cotton fiber or cotton dust; in ma-
chinery which handles or treats cereals, starch. and the like; in machines grind-
ing sulphur and organic materials; and in locations where benzine, gasoline,
or other inflammable liquids are being evaporated or discharged through pipes
and orifices. The occupancies affected by the hazard include rubber mills,
cloth-coating plants, japanneries, dry-cleaning establishments and other places
where inflammable volatiles are used, cotton gins, card and picker rooms of
cotton mills, threshing machines, grain elevators, grain-cleaning machines, and
in sulphur and dye grinding operations.

The growing importance of this subject has prompted an investi-
gation of static electricity as a possible cause of some mysterious gas
and dust explosions in coal mines. Thus Rees (13) believes that in
many such disasters * since other possible causes can be eliminated
in turn, it is possible that obscure electrical effects * * * form
the true solution,” and Hargreaves (14) has expressed the opinion
that “static electricity has played a very important part in coal-
mine explosions.” Before a program of experimentation was
adopted to determine, if possible, some questions raised in this con-
nection, a large amount of literature bearing more or less directly
on the subject was studied. The author believes that much of this
material has general interest and sets forth in the following pages the
most important facts disclosed.

Although the scope of this report is rather broad, it deals pri-
marily with static eﬁectricity as a hazard. Casual and experimental
observations recorded herein are thus given for a background and
for the purpose of suggesting hazards not yet recognized. Emphasis
has therefore been placed upon the fact of electrification and the
possibility of spark discharge rather than upon the purpose of the
various experiments reported or interpretation of their results.

In considering the statements made in this paper, particularly in
connection with reported accidents and their causes, the reader
should remember that some of the information is third or fourth
hand or perhaps only a rumor. The fact should not be overlooked
that in disasters mental stress and imagination may lead witnesses
to exaggerate the importance of observations.

To preserve the original opinions set forth and to guard as much
as possible against the introduction of his own convictions, the author



4 STATIC ELECTRICITY IN NATURE AND INDUSTRY

has made extensive use of quotations in this review although, of
course, selection and arrangement of such quotations imply a certain
prejudice.
The bibliography of the literature studied contains only a small
art of the literature available on static electricity and kindred sub-
jects, but it is believed fairly representative and adequate.

ACKNOWLEDGMENTS

The author acknowledges his indebtedness to J. Billeter, research
fellow, Carnegie Institute of Technology, for his careful translation
of German articles. He appreciates also the help of numerous mem-
bers of the Bureau of Mines personnel and others who furnished
references or other valuable information.



Part 1.—GENERAL OBSERVATIONS AND EXPERIMENTS

EARLY HISTORY
600 B. C. TO 1600 A. D.—ELECTRIFICATION FIRST OBSERVED

No article on static electricity seems quite orthodox which does not
state that Thales of Miletus made the first- observation of electrical
effects other than those due to atmospheric electricity. About
600 B. C. this philosopher noted that amber rubbed with silk could
attract light bits of straw, lint, and other materials. Although vir-
tually all substances are now known to acquire this property to some
extent, the ancients knew but two—elektron (amber) and lyncurium
(supposedly tourmaline or topaz). Electrical attraction was long
confused with magnetism, which had been observed in loadstone as
early as 2637 B. C. and employed in navigation for centuries (15).
The attraction produced by friction, however, was erratic and short-
lived and had no practical application; it seems to have aroused no
particular interest until about 1600 A. D. However, two other
effects of static electricity had received some superstitious attention.
St. Elmo’s fire—a pale, phantomlike glow sometimes observed at the
top of ship masts—was considered a good or a bad omen by naviga-
tors, depending upon the type of its appearance. Sparks generated
in combing or rubbing the hair were usually attributed to super-
natural power.

GILBERT—ELECTRICS AND NONELECTRICS

In this day of scientific achievement one can hardly realize that
the first glimmers of light on the nature and universality of elec-
tricity were seen but a little more than 300 years ago, for it was
then that William Gilbert, called the “ father of electric and mag-
netic science ” £16), published De Magnete, the first report on this
subject. One of Gilbert’s most important discoveries was that many
substances besides amber could, gy rubbing, be endued with the
power of attraction. He states (15):

An ordinary piece of amber * * * attracts by friction, without which
latter, few bodies give out their natural electric emanation or efluvium. * * *
By friction a body is made moderately hot and also smooth; these conditions
must in most cases concur.

Gilbert believed that bodies which give off odors upon being rubbed
were the most easily electrified “ because their effluvia are stronger
and more lasting.” Substances that could be electrically charged
he called electrics, and those that could not be charged, nonelectrics.
Careful observation convinced him that “ all bodies are attracted by
electrics save those which are afire or flaming, or extremely rarefied ”
and that heat from the sun heightened by means of a burning glass

5
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“dissipates and spoils all the electric efluvia. * * * Moist air
blown from the mouth, moisture from steam, or a current of humid
air from the atmosphere” were also recognized as inhibiting or
dissipating conditions. Many of Gilbert's observations were made
possible by his invention of the versorium, a simple form of electro-
scope consisting of a delicately pivoted needle capable of moving by
attraction toward any weakly charged body.

CABEUS—ATTRACTION AND REPULSION

In 1629 Cabzus discovered that bodies after being attracted to a
charged electric were often repelled immediately, but more than a
hundred years passed before this action was explained satisfactorily.

VON GUERICKE—FRICTIONAL ELECTRIC MACHINE

After Gilbert’s investigations interest in the new science grew
rapidly. Great impetus was given its study in 1660, when Von
Guericke invented the first electric machine—a large sphere of
sulphur mounted on a spindle so that it could be rotated with a
crank while friction was applied with the palm of the hand or a
piece of fabric. More efficient frictional machines were soon devel-
oped, and static electricity for experiment and entertainment was
readily obtained.

GRAY—CONDUCTORS, ELECTRICAL TRANSMISSION

In 1729 Stephen Gray made the important discovery that some
bodies are conductors and others nonconductors of electricity.
Shortly afterward he and a friend transmitted a charge of electricity
650 feet along a wire supported on insulators (nonconductors) of
silk thread. Gray also discovered that static charges normally reside
only upon the outside surface of hollow conductors.

DUFAY—TWO KINDS OF ELECTRICITY

Charles Dufay repeated Gray’s experiments in 1733. His interest
was directed particularly to insulation; he soon discovered that the
real difference between electrics and nonelectrics is in conducting
ability and that under suitable conditions all substances can be
electrified. Thus he wrote (17) : « Electricity is a quality universally
expanded in all the matter we know, and which influences the
mechanism of the universe far more than we think.” Perhaps his
greatest discovery, however, was that there are two kinds of elec-
tricity. That found upon glass and crystal he termed “ vitreous”
and that upon amber and copal, “ resinous.” Dufay also established
the fundamental law that like charges repel and unlike charges
attract.

VON KLEIST—INVENTION OF CONDENSER

One of the most important advances in the field of electrostatics
was Von Kleist's invention of the Leyden jar. in 1745 (16). This
device, which can store a strong electric charge in a small space,
was the forerunner of the modern condenser which has such wide
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a.?plication in electrical engineering. It is simply a bottle or flask
of good-grade hard glass coated within and without about two-thirds
of the way to the neck with tin foil. Two opposite electric charges
may thus be brought close together and bound in small compass by
mutual attraction without the possibility of neutralization, that is,
actually coming together. A condenser embodies the same prin-
ciple; but the separating material or dielectric, as it is called, is
usually in sheet form and is placed alternately between several
conducting plates.

CANTON—ELECTROSTATIC INDUCTION

In 1754 John Canton discovered electrostatic induction and addi-
tional facts regarding the two kinds of charge. He (17) noticed—
that an insulated body under the influence of a neighboring charge acquired
two charges, the one nearest the influencing charge being of the opposite kind
and the one farthest away being of the same kind, as the inducing charge,
and that they disappeared on the removal of the latter. If, however, the
insulated body were touched prior to the removal of the inducing charge, it
was left with a charge of the opposite kind.

Long before electrons were discovered electricity was believed to
be corpuscular, and its movements to the outside of conductors and
its distribution over large surfaces were thought due to mutual
repulsion of similarly charged particles. In the induced charges
just mentioned, removal of the remotest charge by touching was
effected by providing a much larger area (a person’s body), upon
which it could expand and become rarefied. It was early discovered
that the most effective way of removing a charge was by grounding
or earthing it. Miiller (18) says:

Electricity always distributes itself according to the amount of surfaces on
passing from one insulated conductor to another; in order, therefore, to de-
prive an insulated conductor of all its electricity, we must bring it into con-
tact with another, having an infinitely larger area, as for instance with the
ground, for it is thus brought in contact with the whole earth’s surface in
which its electricity is wholly lost from being regularly distributed over so
vast an extent.

By 1754 it was fenerally believed that all bodies contain equal

uantities of two electric “ fluids.” In the natural state of a body

ese fluids were supposed to neutralize each other, but by friction
they could be separated entirely or in part, resulting in an unbal-
anced condition or charge. Fonvielle (19) says:

This neutral electricity is especially remarkable for the surprising faeility
with which it is decomposed into two elements, the sole ambition of which
seems to be that of combining together again and which agitate the material
world in endeavoring to attach themselves one to the other. It seems as if
nature had given to the electric matter a species of soul, similar to those Plato
speaks of, which are composed of half of a being and only find repose when
they have met with the other half of which they are deprived.

This idea of the neutralization of opposite charges led to their
designation as positive (+) and negative (—), which, though purely
arbitrary, is an improvement over Dufay’s nomenclature.

FRANKLIN—SINGLE-FLUID THEORY

Benjamin Franklin (17), who definitely established the identity
of static sparks and lightning, believed that there was only one
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electric fluid in matter—an excess giving a positive charge and a
deficiency a negative. Strangely enough, the essential parts of both
Franklin’s theory and the 2-fluid theory find a place in the present-
day conception of electricity.

Not so closely related to present considerations, but equally im-
portant, are the discoveries and work of Coulomb, Cavendish, La-
place, Biot, Poisson, and others, who developed the theoretical and
mathematical foundation of this branch of electrical science.

VOLTAIC ELECTRICITY—ELECTROPHORUS

With the discoveries of Galvani and Volta near the close of the
eighteenth century that an electric current may be set up by mere
contact of dissimilar metals attention was largely diverted from
frictional electricity to the newer and more promising form, and the
“ conception arose that common electricity was electricity in tension
and that voltaic electricity was electricity in motion ” (17).

Volta is said (20) to have recognized the probable identity of
voltaic and frictional electricity as propoundeg years later (1882)

Ficure 1.—Electrophorus (Volta)

by Helmholtz (21). Volta made other important and perhaps
more obvious contributions to electrostatics, no doubt the greatest
being his invention of the electrophorus. This simple device, which
so well illustrates a number of the principles of static electricity
and forms the basis for later important inventions, including all of
the highly efficient static machines of the “influence ” type, merits
a brief description (see also fig. 1, 4) (22).

If the plate of resin or, as in later forms, ebonite is rubbed briskly
with cat fur or flannel it becomes strongly charged with (—) elec-
tricity. As no readily prepared surface 1s an exact plane, the cover
when placed upon the nonconducting resin acquires only a negligible
amount of the resin’s charge but has opposite charges induced upon
it according to the principle discovered by Canton (see fig. 1, B).
If the cover is now removed by means of its insulated handle, first
being touched momentarily with the finger to liberate the repelled
(—) electricity, it is foun(f7 to have a strong (+) charge which ma
be withdrawn as a bright spark. The cover may be replaced,
touched, removed, and discharged repeatedly with no diminution
of effect except that due to the slow leakage of charge from the
resin plate to the air. It is important to note, however, that although
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a large amount of electrical energy may be accumulated thus, it is
acquired only as a transformation of the mechanical energy expended
first in separating the initial charges on the fur and plate and then
in separating the plate and cover, gravitational and atmospheric
resistance being neglected.

Lichtenberg (23) is said to have built an electrophorus 6 feet in
diameter, from which sparks 16 inches long could be obtained.

MAGNETO ELECTRICITY

Magneto electricity—that produced by the movement of conductors
through a magnetic field—which now 1s almost the exclusive source
of electric light and power, need not be discussed here, nor the
related work of Qersted, Ampere, Maxwell, Faraday, and many other
brilliant investigators of the nineteenth century. The work of some
of them, however, is mentioned in other parts of this report.

DYNAMIC ELECTRICITY

Electricity moving along a conductor as current and as a result
of an electric pressure or difference of potential is known as dynamic
or kinetic electricity. Much of the useful work performed by an
electric current is due to the fact that it produces a magnetic field.
An electric charge moved from place to place even by ordinary
mechanical means is accompanied by magnetic effects which may be
very pronounced when the movement and charge are great enough,
as they sometimes are during electrical and magnetic storms. Dur-
ing the discharge or neutralization of static electricity a current may
flow momentarily, when the phenomena are, strictly speaking, those
of dynamic electricity (24).

DEFINITION OF STATIC ELECTRICITY

According to Atkinson (25):

The terms used to distinguish different classes of electric phenomena, as
friotional, static, galvanic, chemical, magneto, thermn, take their origin from
the different methods by which electricity is generated and the various condi-
tions under which its phenomena have been observed and should not be
understood as referring to any difference in the nature of the electricity pro-
duced. The term *frictional” has been used to designate that class of
phenomena now under consideration, since friction is one of the principal
agencies by which the electricity is generated. But it seems more appropriate
to use a term embracing not merely one agency by which the electricity is
generated but also the various phenomena produced and distinguishing these
phenomena from those pertaining to electricity generated by other methods.
And since these phenomena refer chiefly to electricity when stationary, the
term “ static ” from the Latin “ sto,” to stand, has been adopted to distinguish
electricity observed under these conditions from electricity observed chiefly
in a state of motion.

MODERN INVESTIGATIONS

ELECTRICAL NATURE OF MATTER

The present era of advancement in physical science may truly be
said to have begun with discovery of the electron. So important has
this discovery become that all matter must in the last analysis be
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regarded as electrical. Undoubtedly, therefore, all electrical phe-
nomena are fundamentally electronic.

The idea that electricity is corpuscular vaguely permeated the
writings of many early investigators (16). Among the most sug-
gestive evidences of such a structure was Faraday’s discovery that
“the movement of a certain quantity of electricity through an
electrolyte is always accompanied by the transfer of a certain defi-
nite quantity of matter from one electrode to another.” In 1881
Helmholtz wrote, “ If we accept the hypothesis that elementary sub-
stances are composed of atoms, we can not well avoid concluding
that electricity also is divided into elementary portions which behave
like atoms of electricity.”

Toward the end of the third quarter of the nineteenth century it
therefore became clear that electricity, whatever be its nature, was
associated with atoms of matter in the form of exact multiples of
an indivisible minimum charge which may be considered to be “ na-
ture’s unit of electricity.” This hy’pothetical ultimate particle of
electricity was christened “ electron ” by Prof. Johnstone Stoney in
1881.

Among early discoveries that led to the present knowledge of
these particles was that, although gases at ordinary pressures of-
fered high resistance to the passage of electricity through them, the
resistance was greatly lowered if the pressure was reduced enough.
The passage of electricity thrmagh tubes filled with certain gases
gave beautiful effects of light and exhibited other phenomena which
aroused considerable interest. “Many eminent physicists had an
instinctive feeling that the study of the passage of electricity through
gases would shed much light on the intrinsic nature of electricity.”
The studies of Varley, Hittorf, Crookes, and others demonstrated
that the discharge consisted of actual particles which seemed to
proceed from the (—) terminal or cathode. In a remarkable series
of experiments beginning in 1897 Thompson showed that these (—)
particles or corpuscles, as he called them, had a mass of only about
1/2000 * that of an atom of hydrogen, although they carried a charge
of the same magnitude as had previously been determined for hydro-
gen in electrolytic solutions.

Contemporary discoveries in radioactivity and the vast amount of
study and research devoted to these subjects since the dawn of the
present century have revealed many of the secrets long sought in
regard to the nature of electricity and the constitution of matter.

t is now givenerally believed that every neutral atom in the uni-
verse is a balanced system of unit electrical charges; that is, it is
a nucleus having a preponderance of positive charges or protons
surrounded by a requisite number of unit (—) charges or electrons,
the kind of substance or matter being chiefly determined by the
charge of the nucleus (26).

In every solid body there is a continual atomic dissociation, the result of
which is that mixed up with the atoms of chemical matter composing them
we have a greater or less percentage of free electrons. The operation called

an electric current consists in a diffusion or movement of these electrons
through matter.

¢ Recent determinations assign to the electron a mass of between 8.944 and 9.035X
10-% grams, or about 1/1844 that of a hydrogen atom. Its charge is given as 4.77 X 10-1°
absolute electrostatic units (E. 8. U.) (27).
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But while—

the electrons can move freely through so-called conductors, their motion is
much hindered or restricted in nonconductors. Electric charge consists, there-
fore, in an excess or deficit of negative electrons in a body (16).

By various means other than spontaneous disintegration an atom
may be stripped of one and sometimes more outer electrons, leaving
it with an excess of (+) charges. Such an atom is called a (+)
ion. A liberated or free electron, on the other hand, may be ac-
quired by a neutral atom, which then becomes a (—) ion. The
same is true of molecules or groups of atoms. A molecule with
more than a normal amount of electrons is a (—) ion and one with
less a (+) ion.

body or group of many molecules is said to be ionized when
a number of its molecules have by some method become ions. A
solution containing free ions is called an electrolyte. Electrolytes
are formed spontaneously when salts, acids, or alkalies are dissolved
in water. Of importance in connection with static electricity is the
fact that upon the surface of many solids exposed to a normal atmos-
phere is a thin film of moisture which may have become a highly
ionized solution by its dissolving action upon the solid (28, 29).
Moreover, according to Thomson (30) :

There are numerous reasons for believing that the arrangement of the
molecules at the bounding surfaces of bodies is different in many cases from

the interior arrangement. The remarkable phenomena of surface tension are
to be explained on this basis.

Studies of the special orientation of surface molecules—

tend to show that the surface conditions bulk large in many of the phenomena
of nature. Contact electricity is undoubtedly intimately associated with some
of these phenomena (30).

Many theories have been advanced to explain these surface: con-
ditions and their part in the production or manifestation of static
charges. Thus, to explain the electric potential at certain inter-
faces, Quincke, Helmholtz, Lenard, Gouy, Nernst, Langmuir, and
others (81) have developed the idea of a double layer of molecular
dimensions in which (+) and (—) ions are normally arranged in
a somewhat definite order; for example, according to one concep-
tion the outermost surface of pure water in contact with air is
composed of OH- ions, while just beneath it is an H* layer.

Freundlich (32) says:

It is obviously necessary to analyze every frictional electrical process,
particularly with the object of deciding which electrical double layer is
actually torn apart, how thick the adsorbed layer of water is under the
experimental conditions, how strong the mechanical tangential force is, and
what are the rubbing surfaces * * *  Upon close contact of the rubbing
particles [he is here speaking of the electrification of dust] the adsorption
layers are partly combined; during the rubbing they are again torn apart.
Where this process of shearing will tear the double layer can not be predicted
and can only be determined by particular examination of the experimental
conditions. Anyhow, it is not difficult to recognize that according to the
circumstances the particles may remain behind positively or mnegatively
charged.

It may be postulated, therefore, that any process by which portions
of a double layer can be separated will result in external manifesta-
tion of an electrical charge.
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During recent years many experiments of early investigators have
been repeated and extended in an effort to clarify some discrepancies
and to learn more of the true nature and cause of electrification.
In addition, the annoyance and danger of static electricity in the
rapidly growing industries and its interference with communication
have demanded an investigation of many of the related problems.

Among other things, these studies have shown that, except in a
restricted sense, the terms “ frictional ” and “tribo ” electricity are
misnomers (30), for several means other than friction are capable
of producing static electric charge. In presenting the following
groups of experiments and observations the author has attempted to
arrange the subjects according to the state of matter involved and
the treatment supposed to be responsible for the charge. Such
arrangement is necessarily arbitrary in places; for example, a dust
cloud is composed of both solids and gas and might be supposed to
receive its electrification either through friction or impact of
particles.

ELECTRIFICATION OF SOLIDS
BY FRICTION

During the early study of static electricity investigators devoted
much time to arrangement of materials in lists or electrostatic series,
as they are called. In the following list, found in Ganot’s Physics
(22), the substances are arranged in such order that each becomes

ositively electrified when rubbed with any of the bodies following,
gut negatively when rubbed with any that precede it—

1. Catskin. 5. Glass. 9. Wood. 13. Resin.

2. Flannel. 6. Cotton. 10. Metals. 14. Sulphur.

3. Ivory. 7. Silk. 11. India rubber. 15. Gutta-percha.
4. Rock crystal. 8. The hand. 12. Sealing wax. 16. Guncotton.

High charges are obtained most easily if the two substances selected
are far apart in the series. Considering that the very foundation
of matter is electrical it is not surprising that the arrangement of
materials in an electrostatic series often corresponds closely with
arrangements based upon other physical or chemical properties (29).

Although such electrics behave, 1n general, according to rule, some
of them have been found either to remain neutral after rubbing or
show reversed sign under certain conditions. At times a given
body may become charged negatively but upon greatly prolonged
rubbing appear positive. Shaw, Richards, Vieweg, and others have
carefully studied these irregularities. A few interesting facts gath-
ered from their experiments follow.

According to Shaw and Jex (83), solid surfaces may be modi-
fied in two ways: (1) Addition of material, such as adsorbed films
of gas or water vapor; and (2) physical changes, as by strains or
reorientation of surface particles. The test pieces for most of their
experiments considered here were small glass rods very carefully pre-

ared, cleansed, and rubbed with well-cleansed masses of fibers and
abrics. It was found extremely difficult to cleanse the latter per-
fectly, and the slightest trace of organic oil or wax therein caused
erratic results. All test pieces were handled with clean tongs. Two
uncharged glass rods when rubbed together developed no appreciable



PART 1,—GENERAL OBSERVATIONS AND EXPERIMENTS 13

charge, but when one was slightly heated it acquired a (—) charge
due perhaps to expulsion of water vapor.

Although the glass rods ultimately received a (+) charge when
rubbed with ordinary or impure textiles, when materials were abso-
lutely free from contamination the glass could receive only a (—)
charge, regardless of the extent of rubbing. An interesting rela-
tion was shown between this behavior and the character of the glass
surface. Continued rubbing with ordinary textiles changed the
coefficient of friction for glass, and a critical value (p=0.18) was
found below which the glass received a (+) charge and above which
a (—) charge; if, then, the glass surface was near this critical state,
it could receive either a (+) or a (—) charge, depending on whether
the pressure of rubbing was light or heavy. DBecause of their effect
on the coefficient of friction yarns and mixed fabric charged glass
(+) or (—), according to whether rubbing was along or across the
surtace fibers.

If the rods which had been rubbed were left exposed to the air,
they slowly regained their original coefficient of friction—p=0.5
or 0.6.

Similarly, Owen (34) has found that less work is required to
develop a given charge upon a previously rubbed surface than a
fresh one.

Reviewing the work of several earlier investigators, Vieweg (29)
points out that many substances, such as fur, paper, woog, and
cloth, often found in triboelectric series, can not be described accu-
rately and should not be expected always to give reproducible
results. He therefore arranged a new series, comprising chiefly such
materials as pure chemical compounds, elements, and crystals. He
discusses difficulties encountered in building up an electrostatic
series, considering particularly substances with reversed polarity,
and shows that different crystal faces of the same substance give
different potentials, which in some instances may be enough to make
the position of the substance in the series uncertain. In rubbing
two substances together he found that the most consistent results
were obtained when pressure was applied. because of “ the adsorbed
films [35, 36] which exist on some surfaces, the properties of which,
rather than those of the surfaces themselves, are tested by gentle
rubbing.” Vieweg also made careful determinations of the effect
of humidity upon the charge acquired by friction and found that
moisture on a substance always adds to it a (+) charge. He states:

The naturally negative substance might be negative, neutral, or positive; the
other surface was always positive. In the extreme case. where the substances
had come to equilibrium with an atmosphere saturated with water vapor, the
general result was to charge any two substances positively.

The corresponding negative charges were shown to have been
acquired by the air. Under certain conditions this effect was so
great, indeed, that the positions of two substances in the series were
reversed. Experiments with weak solutions of acids and alkalies
applied to the surfaces gave interesting results. Critical concentra-
tions of these electrolytes were found below and above which oppo-
site charges were manifested. He states further:

It is evident that since certain films on the surface of a solid tend to add a
negative charge while others tend to add a positive one, the possible variations

165765°—33——2
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of effects are many. For example, the normally positive surface might have on
it a film which would acquire a negative charge, while the other substance was
covered with a film tending to become positive. The results obtained in this
case would vary with the extent to which the two solids were rubbed together.
No doubt much of the confusion in the past has been due to effects of this
nature. * * * The necessity of working in the absence of moisture, if
reproducible results are desired, is apparent.

Richards, however, contends (37) that—

if electrification by friction were an exceedingly small and fugitive effect,
the lack of agreement among the data obtained by different experimenters
might reasonably be attributed to undetermined contaminations of the surfaces
of contact; but the triboelectric charges are, on the contrary, so large that the
inability of one observer to reproduce the results of another or, indeed, his
own, must clearly be referred to other causes. Of the alternative explanations
which may be suggested, the most probable and, if found true, the most impor-
tant, is that the frictional charge results from the superposition, in proportions
varying with the manner in which contact is made, of two or more different
effects.

Many investigators have concluded that electrification of dielectric
substances by friction is similar to voltaic electrification in dissimi-
lar metals and that friction or pressure simply serves to establish
good contact. The existence of this voltaic effect seems to have been
clearly demonstrated by Richards, and his experiments show that—
previous discrepancies may be ascribed partly to the impossibility of defining
the area over which contact actually occurs in the usual experiment of rubbing
a hard solid with a soft buffer, partly to an electric effect of compressing an
amorphous material. and partly to the fact that in certain cases the relative
velocity of two bodies at the moment of contact determines whether or not an
effect due to the inertia of the mobile electrons [38] will be sufficiently large to
mask the voltaic electrificatiop.

In connection with the influence of surface contamination, Jones
(3?1) claims that bodies rubbed together in various gases and even
under oil still exhibit a charge of the same sign as when rubbed in air.

BY IMPACT

Several investigators believe that electrification by friction is so
likely to be influenced by unknown factors that another method
should be employed if reliable information is to be obtained. One
method which has been considered favorably is that of impact.
When two bodies collide, electricity separates and the bodies become
charged. By droppin% small spheres of dielectric or insulating ma-
terials upon a metal plane Richards (40) obtained charges rangin
from 0.16 to 9.83 E. S. U. with potentials of 2.41 to 183.8 volts. I%
was found that the magnitude of the charge depended more upon the
velocity than upon the mass of the impinging sphere but that the
electrical energy showed no direct dependence upon the mechanical
energy lost in impact. By this method readings could be duplicated,
and there was no evidence of the erratic variations which had so
often characterized electrification by friction. However, in four
tests, at least, the sign of the charge was opposite to that produced
by rubbing the same substances together, an effect which seemed to be
attributable to a change in the relative importance of two distinct
charging mechanisms, one the contact (or voltaic) electrification and
the other a separation due to the inertia of “ free ” electrons.

Tagger (41) mounted spheres of glass, ebonite, hard rubber, and
other substances upon the end of a swinging arm so that they could
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be made to fall upon a polished steel anvil at known velocities.
Comparison of the charges developed with the amounts of mechanical
energy involved indicated that the energy available as charge was
only a small part, probably less than 1 per cent, of the total transfer
of energy.

BY PRESSURE

It is well known that quartz and other crystals show electrical po-
larity when pressure is exerted upon them. Electricity produced
thus is called piezo-electricity. This property of quartz crystals
especially is utilized in certain types o? high-pressure manometers.
The fact that such crystals also show the converse effect—that is,
change their dimensions slightly when placed in an electric field—
has been utilized in radiobroadcasting in a device which keeps the
carrier wave at absolutely uniform frequency.

By wringing together (pressing tightly with a slight rotary mo-
tion{ optically flat surfaces of glass and steel, Richards (87)
found that the charge formed was independent of the amount of
friction once intimate contact was established, and that it was pro-
portional to the area of contact. He discovered that ionization of
the residual air molecules between the plates by means of a stron
beam of X rays in no way diminished the charge, and that it persiste§
even after the plates were in contact for many hours, thus appar-
ently proving the presence of a true voltaic ﬁel({

By pressing two kinds of sheet rubber having dielectric constants
of 2.94 and 3.96 against seven hard materials having dielectric con-
stants of 2.8 to 7.8, Richards obtained charges which were independ-
ent of the nature of the material against which the compressible
dielectric was pressed, proving, it was believed, that the effect here
was not that commonly known as voltaic and that amorphous as
well as crystalline substances can be electrified by pressure.

When two bodies are in close contact, electrification upon the ad-
jacent surfaces is of low voltage and can be observed only indirectly.
With metals or other good conductors an appreciable current may be
made to flow in evidence of it ; but with nonconductors elaborate tech-
nique is required, and few determinations have been made.

Richards’s ascertainment of voltaic charge on such bodies, how-
ever, has been mentioned. More recently Perucca (21), using an in-
duction method, has made measurements of the potential difference
between glass and oil, which he believes “ are a strong argument in
support of the contact theory of triboelectricity.”

BY CLEAVAGE

Splitting or fracture along cleavage planes of crystalline or lami-
nated bodies is often accompanied by a manifestation of static
electricity. Before such a separation. however, the laming have been
in intimate contact, and the electrical elements have adjusted them-
selves along the interfaces in some sort of polarized equilibrium.
Cleavage is therefore not the initial cause of the separation of
charges, but the means whereby they are further separated and given

otential energy. Therefore, cleavage, or, in its less restricted mean-
1ng, separation, should perhaps be considered not so much a distinct
method of electrification as a factor in most, if not all, methods.
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Thus, in speaking of frictional electricity Naylor and Ramsey
(42) state: “ Friction has been merely the means of securing intimate
contact, which has been immediately followed by separation, caus-
ing such an increase in potential as made the charge readily evident.”
It is easily seen that the same process is involved in electrification by
impact. The role of separation is made clear when the following
fundamental electrical relationships are considered.

-9
=& (V)

where E=potential difference in volts, Q=quantity of charge in coulombs, and
C=capacity of system in farads.

Cc= K%, @)

where X=thickness in centimeters of the separating medium or dielectric, A=
cross-sectional area in square centimeters of the space between the charged
surfaces, and K=a constant whose value is determined by the nature of the
dielectric. Therefore
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Since K, 4, and @ may be regarded as unchanged, the voltage is
directly proportional to the separation.

In connection with static machines of a certain type Thomson
(80) points out that the potential difference caused by contact of the

late and rubber may be of the nature of only a few volts or less;
Eut as the plate moves away, the great change 1n the capacity of the
system causes a corresponding change in voltage. After a certain
point is reached, at which presumably the maximum contact is
made, further increase in pressure of the rubbing pad, though
sufficient to heat the glass plate, will not increase the electrical out-
put of the machine.

If cork and glass are pressed together and separated, they will
be found to be charged. Glass dipped in clean, dry mercury and
withdrawn takes on a noticeable charge. Coehn and Lotz (43)
have shown that a wax-coated metal ball immersed in distilled
water acquires a strong (—) charge. Boning (44) states:

When pieces of wax, icicles, sugar, or other substances are broken or when
folded film or paper is torn apart, the separate pieces show electrical charges
of different sign. A number of the processes show in the dark an appearance
of light at the places where they separate, as for instance sugar, films, ete.
Which one of the pieces will be (+) and which (—) can not be determined
in a particular case; the average of many experiments show as many pieces
to be (—) as (+).

If large crystals of sugar or pieces of hard candy are forcibly
rubbed together in the dark or thrown upon a stone or pavement,
brilliant flashes of light may be seen. Crystals of uranium nitrate
shaken together show strong triboluminescence (45). A bright
bluish glow may be seen at the boundary of cleavage in a roll of
electricians’ friction ta{)e when a portion is rapidly unrolled; an
almost identical example of static electricity, but on a large scale,
is that developed upon the driving belts of machinery. Under
suitable conditions, not fully understood, such belts often become
very highly electrified, throwing out brush discharges to any object
within a few feet and emitting a peculiar singing noise. Such
charges may be due in part to friction produced by the belt slipping
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on the pulley and by its passage through the air; most, however,
appear to be produced by the pressure and subsequent separation
of the belt and pulley, and the highest charges occur near this line -
of separation (5). %oltages up to 80,000 have been measured on
belts in various industries (44); Thomson (30) states that he has
seen sparks several feet long jump from belts 4 or 5 feet wide.
Generation of conspicuous amounts of electricity by this means,
however, is relatively rare; many belts may be inspected before
one is found which noticeably exhibits the phenomenon. Naylor
and Ramsey (42) relate that in a certain plant three compressors
of the same tyge, belt driven by individual 100-horsepower motors,
were placed side by side. There seemed to be no difference in the
operation of these compressors, yet only one belt showed electrifica-
tion and that very strongly.

Nukiyama and Nakata (46) in quantitative experiments with lami-
nated fabric, such as that used in the construction of balloons and
airships, have found charges up to 26 E. S. U. per cm? on pieces of
the cloth which have been stripped or pulled apart. Aluminum
foil stripped from blocks of carnauba wax or shellac gave values of
about 12 Il)‘.} S. U. per cm?

BY INDUCTION

When any object is placed near a charged body or in an electric
field, it becomes charged. If this object is a conductor, the two
charges developed in it will reunite when the field is removed unless
one of them is previously carried away by grounding or some other
means. If a nonconductor or dielectric, tKe two charges will remain
on the surface until brought together and neutralized through some
conducting path. Usually leakage through the body itself will soon
bring about this loss of charge. An apparent exception, however,
was recently discovered. Certain wax mixtures, if melted and al-
lowed to so idifly in an intense electric field, are found to be highly
charged and polarized, and these charges will persist for years even
though the piece of wax is handled frequently. Such ¢ permanently *
charged bodies are called * electrets ” (47, 48).

Inasmuch as any live conductor or power line is surrounded by an
electric field, static charges can be induced in objects merely by
holding them near such a wire. Ordinarily glass, sealing wax
ebonite, etc. (because of surface films which conduct the repelle(i
charges to the hand), become electrified if held for a few seconds
near a wire carrying direct current in a 200-volt circuit (33). High-
voltage lines of course induce proportionately larger charges.

ELECTRIFICATION OF DUST

NATURAL

Whenever a cloud of dust is raised electric charges are developed,
the amounts depending on a number of factors, such as the quan-
tity of dust involved, the rapidity with which it is dispersed in the
air, the nature of the dust, and the atmospheric conditions.

Above active volcanoes.—Nature proviges large-scale examples of
dust electrification. A spectacular effect sometimes attributed to
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charged dust (49) and sometimes to steam has frequently been ob-
served in the pineal clouds formed above active volcanoes. These
dark clouds of finely divided particles of ejected matter are often
brightened by vivid flashes of lightning discharging through the
cloud to the rim of the crater. At such times a sudden agglomer-
ation and precipitation of dust may follow, the particles no longer
repelling each other by their similar char%e (7, 44).

In an interesting account (15) of the formation many years ago
of a volcanic island near the Azores, Captain Tillard says:

Suddenly a column of the blackest cinders, ashes, and stones would shoot
up in the form of a spire, rapidly breaking into various branches resembling a
group of pines, these again forming themselves into festoons of white feathery
smoke. During these bursts the most vivid flashes of lightning continually issued
from the densest portion of the volcano. * * * In less than an hour a peak

was visible and in three hours a crater was formed 20 feet high and from 400 to
500 feet in diameter.

Dust storms.—Because of their extent and violence, dust storms in
the Sahara Desert are often accompanied by strong electric charges.
Rudge (50), making investigations in South Africa where the climate
on account of its dryness is eminently suitable for observations on
atmospheric electricity, states that during a dust storm the potential
gradient of the atmosphere, which normally seldom exceeds 200
volts per meter, may be reversed in polarity and rise to as much as
500 volts per meter (—). Contrary to expectations, both the dust
particles and the earth’s surface at the place were charged (—).
Even the dust gently raised by a caravan of camels could change the
sign of the air’s charge. On the other hand, in England it was found
(51) that the dust, which is usually calcareous, imparted an addi-
tional (+) char%e to the atmosphere.

Because of its length an airship passing through a dust cloud may
raceive enough opposite charges to cause sparks. It has been sug-
gested (44) that such sparks may have brought about the Dmms' e

isaster.

Kercher (7) observed a most unusual exhibition of dust electri-
fication. He states that wind preceding an approaching storm one
evening raised a cloud of street dust high into the air and that
elfectriltlzity thus formed discharged through the cloud with a flash
of light.

Inga sand storm near Las Cruces, N. Mex. (52), the charges picked
up on a small radio antenna gave a rapid succession of sparks about
4 cm long. When the storm was at its ei%ht sparks up to 7 cm long
jumped %etween the aerial and ground leads. At ﬁahore, India
high-voltage electrical discharges have frequently been observe
(53) from radio antennee during sand storms. Benade states:

On a perfectly still day when the air is heavily laden with dust the aerial
potential may fluctuate for hours between 5000 and 10,000 volts, though * * *
the current amounts to only about 1 microampere.

Occasionally such dust clouds have caused serious overvoltage on
high-tension transmission lines.

During west Texas sand storms (54) the atmosphere is in a ve
unusual electrical condition. Severe shocks are sometimes receive
from radio antenn@, fence wires, and automobiles. Automobile
ignition systems refuse to function in very severe storms.
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A practical demonstration of dust electrification may be performed
with a comparatively simple apparatus designed by Rudge (55) (see
fig. 2, A). Sparks 4 or 5 cm long may be drawn from charge-col-
lecting cylinder b after the machine has been o(inerating a few mo-
ments with a fairly strong current of air. Rudge states elsewhere
(56) :

It does not matter much—save in respect to the sign of the charge—what
the nature of the dust is, for sand, coal dust, flour, or iron filings all give rise
to strong charges.

Dust-mixing chamber ¢, cylinder b, and the tubes are made of brass
or other metal. Insulating support ¢ and other shaded parts are of
ebonite. The cylinder in the original design was about 5 cm in
diameter and 25 cm long, but exact dimensions of the parts are said
to be relatively unimportant.

Drifting snow.—I1f the definition of dust as “ fine, dry particles of
matter ” is accepted, it may not be out of place to consider blizzards
in this connection. In a snowstorm supported wires may be so
charged as to give sparks; in one case (44) a telegraph line 5 km
long discharged continuously through a gap of 3 cm.

Sgnow blown against a lump of snow or ice becomes charged (44);
this charge is (+) on the smaller particles and (—) on the larger.
Icicles suspended in the open air and exposed to wind-blown snow
are said to show a (—) charge, but when suspended high above
the ground so as to be struck by the finer snow they receive a (+)
charge. Sand blown against sandstone also receives a charge.

EXPERIMENTAL

Lichtenberg.—Probably the first definite experiments with electri-
fied dusts were Lichtenberg’s, about 1776 (16). He discovered that
dust shaken through a cloth bag becomes charged with (+) or
(—) electricity, depending upon the kind of dust. By sifting a
mixture of red lead and sulphur dusts upon an ebonite plate having
an invisible design traced upon it with charged conductors of
opposite sign, the particles will arrange themselves in falling so
that the sulphur will mark out the (+) lines and the red lead the
(—). This action has been very successfully utilized in studies
of field distributions, leakage paths, polarity of other dusts, etc.

Davy.—In 1806 Davy (57) showed that dry, solid acids in contact
with metal plates charged the latter S+), but that powders of dry,
alkaline substances charged them (—).

Knoblauch.—Little more seems to have been learned about dust
electrification until Knoblauch (28) reported his investigations in
1901. He made some 2,500 tests with many kinds of dust dropped
from plates of platinum, sulphur, glass, and paraffin. Figure 2,
B, is a diagram of the apparatus. In testing the nonmetallic plates
they were fastened to a metal base and attached to the handle
instead of the platinum plate shown in the figure.

In making a test the powder was placed upon the hinged plate
and the ground connection closed. The connection was then opened
and the plate tilted by the insulated handle until the dust shid off
upon the grounded copper plate, the charge on the electrometer being
noted meanwhile.
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Outgoing dust and air

. -
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Dust
Hinged platinum plate
Axis
Insulated handle
Copper plate
Electroscope \Switch
== Ground "~

B

Cylinder,2 em x 20 cm
one end brass tube,
other end brass gauze

Fieure 2.—A, Dust electrical machine (Rudge): B, appa-
ratus for testing electrification of various dusts (Knob-

lauch) ; O, apparatus for testing electrification of dust
clouds (Rudge)
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Great care was exercised in handling the substances to prevent
formation of undesirable charges before dust and plate were sepa-
rated. Preceding each experiment the plates and special spoons
(of the same material as the plate testeg) were carefully cleaned
and discharged by flame or otherwise.

The general results obtained follow. The platinum and paraffin

lates were nearly always charged (+) with acid substances and

—) with alkaline. Sulphur was usually charged (—) but with a
fewacids (+). Glass was usually (+) but with a few alkalies (—).

These charges were believed to have been developed in an exceed-
ingly thin film of water, perhaps only a few molecules thick, which is
normally upon the surface of all bodies. As already mentioned,
such a film of water may contain dissolved ions from the surface
beneath. With glass the solution would be alkaline; with sulphur,
acid; with platinum and paraffin, neutral or nonionized, etc. Most
organic substances were believed to contain, if not acid or alkaline
principles, esters which decompose in the presence of water to form
alcohols and acids.

Assuming that such ionized liquid layers exist, two bodies in con-
tact are actually separated by a double-film layer in which an
exchange of ions occurs according to their concentration and mobil-
ity. Electrification by contact between two liquids was demon-
strated by Davy in 1801 (58).

Knoblauch believed that insulators as well as metals can produce
such ions but in much smaller amounts, the mechanism of the sepa-
ration of charge thus being the same in each case. In this wa
a common cause was proposed for frictional and voltaic electri-
fication.

Rudge.—Rudge’s experiments, which seem to have been suggested by
his extensive oEservations of natural dust electrification, have clari-
fied the subject and form a groundwork for later investigators. The
apparatus used in many of his experiments (51) was essentially that
sEown in Figure 2, . A puff of air from a bellows was directed
obliquely upon the pile of dust, which was scattered and driven
through the gauze to which it imparted a charge. As a result of
dozens of tests with a great many substances, the following rules
were established : ‘

1. Nonmetallic elements give positively charged clouds when the finely
divided material is blown into a cloud by a current of air.

2. Metallic elements give negatively charged clouds when the finely divided
material is blown into a cloud by a current of air.

3. Solid acids and acid-forming oxides give positively charged clouds and
basic oxides negatively charged ones.

4. The charge upon the dust is opposite to that associated with the ion
of the same substance when in solution.

5. In the case of salts, the charge apparently depends on the relative
strengths of the acidic and basic ions.

6. Similarly constituted bodies give similar charges.

Tests with cylinders of finer-mesh gauze or chiffon indicated that
the charges observed were actually carried by the dust particles and
not by the air, which was believed to carry a charge of the opposite
sign. From additional observations, however, Rudge concluded:

That in all cases the charge upon the air is really due to very fine particles
which do not readily settle or which move with such velocity that they escape
capture by the charged electrodes used in certain experiments.
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Observations which led to this conclusion follow:

1. A dust-and-air mixture blown through a gauze and thence upon a radio-
active collector imparted to one obstruction a (—) charge and to the
other a (+).

2. Other gases than air generally caused no difference in results.

3. Air blown over various dusts cemented to electrodes showed no charge
unless particles of the dust were detached; air passing gently through a tube
containing dust carried no charge unless some of the dust also passed through
the cotton-wool plugs.

4. Oppositely charged electrodes placed in a duyst-laden atmosphere each
attracted a certain amount of dust. In most cases there was a marked difference
in the amount of dust collected on the electrodes and the greater this difference
the greater the charge carried away by the air. The charge carried away by the
air was always opposite to that upon the electrode which carried the greater
quantity of dust.

The first three observations show that the charges are not due to
mere increase of surface contact or to friction between the air and the
dust. Tests made by blowing dust through tubes of varicus materials
which could be inserted in the apparatus shown in Figure 3 indicated
that the nature of the substance from which, or upon which. the dust
was blown did not affect the charge. Mercuric sulphide (HgS) de-
veloped the highest charge of any of the dusts tested; 0.00047 gram
blown into the air caused a rise in potential of 6 to 8 volts, the density
of the cloud being only 5X10-° gram per cm®. A few grams of corn
flour blown into a room caused a rise in potential of 200 volts, which
persisted for some time. Commenting upon these observations.
Rudge says (49):

It is thus easy to understand how the very high potential gradient—over
10,000 volts per meter—may arise during a dust storm.

It has already been pointed out that like substances rubbed together
can become charged. Rudge states:

It appears that practically every material is found to become charged when
rubbed on another piece of the same material, the two pieces becoming oppositely
charged.

But Hesehus states that two pieces of the same material receive the
sume kind of charge, whereas the fine dust which is abraded in the
process has a charge of the opposite sign. Rudge, however, concludes,
“ The total electrification of dust and air is zero ” (49).

Whitman.—The whole question of the residence of the charges ap-
parently has been fairly well settled by Whitman’s experiments (59)
at the Uniated States Bureau of Standards in 1926. In these
experiments—
dust clouds were formed by blowing various pure chemical substances
through tubes, and the net electric charge imparted was determined as a func-
tion of the composition of the dust, tube material, area of contact between qust
and tube during the blowing process, velocity with which the dust moved through
the tube, and length of path of dust through the tube.

By means of a “particle polarity recorder ” the individual particles
in a dust cloud were photographed as they fell between electrically
charged plates. Whitman states:

Such photographs show the presence of positive, negative, and neutral par-
ticles in all dust clouds even of very pure substances. The ratio of positive
to negative electrification in a cloud is found to change as the larger par-
ticles * * * settle out, but evidence is obtained which contradicts the hy-

pothesis that the large particles carry an opposite charge from the small
particles in a given cloud.
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Stager.—Stager’s experiments (60) just before those of Whitman,
however, indicate that distribution of the charges at least in some
degree accords with differences in particle size. A fine screen mois-
tened with glycerin and water was charged with one polarity by dust
caught upon it, whereas the very fine dust which passed through
had a charge of the opposite kin({ Stager suggests that dust strik-
ing a screen and bouncing off thereby acquires a charge which ma
have led to large errors in the experiments of some former investi-
gators. He refers to this source of error as the “ screen effect.”

Boning.—To develop if possible a new and more comprehensive
theory of dust electrification, Boning (44) experimented with many
kinds of dusts. Although the theory that electrification was brought
about by friction or contact between dissimilar substances was gen-
erally accepted, Boning pointed out that charges could also be pro-
duced by the operation of like substances upon each other.
Therefore, to isolate the essential mechanism, most of his experi-
ments were performed with substances of like kind. hese
experiments were mostly confirmatory and in general upheld his
belief that the charge was developed as a result of differences in
size and mass of the dust particles. His idea was essentially that all
particles carry with them rather loosely bound, very much smaller
negatively charged particles, probably *free” electrons. He as-
sumed that in collision the main masses behave like elastic spheres,
the separation of electricity or “charging ” of the particles being
accomplished as follows:

Consider two colliding particles of the same substance :

(@) Mass (1) collides with equal mass (2). Result: An equal exchange of
(—) charge.

(b) Mass (1) collides with smaller mass (2). Result: Mass (2) accelerates
SO ta.st that it loses its attached charge, which is gained by mass (1).

(e) Mass (1) collides with a larger mass (2). Result: Mass (1) rebounds
and loses it charge. which is acquired by mass (2).

(@) Geneval case of mixed masses of same or different material. Result:
Charge determined Ly the net gain or loss.

Dust of various materials in suspension in air was blown through
a grounded metal tiebe containing irregular pieces of material having
the same composition as the dust and thence into a collector con-
nected to an electroscope. In all tests the collector received a (+)
charge; the (—) charge was left behind where collision with the
larger masses occurred.” (See fig. 3, .1.) Readings of the electro-
scope corresponding to potentials of 3.000 to 9,000 volts were
obtained thus.

In another series of experiments various dusts were sifted from a
cloth bag and allowed to fall upon the collector of an electroscope
(fig. 8, B, a). If the dust wux ;i good dielectric (for example, sul-
phur), some of the (—) charges ilparted to it by the sifting process
were removed by grounding the electroscope; but those on top of the
layer remained, and when the ¢refind was removed an induced (+)
charFe was left on the plate (fig. 3. B, 8). Then if the dust was

ently blown away (fig. 3. B. ¢) “his previously bound (+) char

ecame manifest. A similar effect was obtained, however, when the
collector (fig. 3, B, d) was covered iith a plate of sulphur, and the
original charge (imparted by siftl ;) was removed by thermionic
means before the dust was blown f.5; the plate. Each of several
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other dusts tested was likewise negatively charged when blown from
a surface of identical composition. Boning explains this last result
by his ¢ tearing-effect ” hypothesis, according to which the duct ac-
quires free electrons at the instant of separation from the plate.

i

Same material as
dust cloud Screen dust in lump form Valve

X ~]
\~ Coll

-—]

Electroscope
-t= = Ground o
A

FiGure 3.—A, Apparatus for determining electrification of
dust clouds (Boning) ; B, method for determining nature
of dust electrification (Boning)

Israel.—Israel (61) made similar experiments shortly afterwards,
Charges were determined for 11 kinds of dusts blown from as many
kinds of plates. In 71 combinations of the materials the dust carried
a (—) charge. Ina very few tests a (+) charge was noted, but this

FIGURE 4.—A, Apparatus for  determining electrification
of dust clouds ( I';‘,’ae,, : B, method of demonstratlnf charge
and luminescence of sugar-dust clouds (Beyersdorfer)

was not interpreted to imply thet the usual charge mechanism was
not present, but rather that g>me unknown factors had entered
which overbalanced it. Israe]’- test set-up was essentially that in
Figure 4, A.
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While agreeing in part with Boning on the source of charge, Israel
thinks that the carriers lost by collision, friction, or other means may
not be electrons but simEly vestiges of double ion layers. In con-
nection with these hypotheses attention should be called again to the
experiments of Tolman and Stewart (38), which showed that abrupt
stopping of a rapidly rotating coil of wire results in a flow of
current due to inertia of the free electrons in the wire.

Beyersdorfer—In 1922 Beyersdorfer (7) thoroughly investigated
sugar-dust electrification. Although many facts of scientific interest
were brought out, the work was undertaken primarily to determine
whether the formation of static charges might be seriously consid-
ered a cause of numerous explosions in the sugar industry. These
had long been attributed to thermal causes, but no one had seriously
considered discharges of static electricity.

Simple experiments showed that sugar dust blown through glass
tubes charged them (+) ; copper tubes were charged (—). By using
a method similar to that of Dolezalek and Holde—that is, blowing
the dust through a long, narrow tube—potentials up to 20,000 volts
could be obtained. When the charge was accumulated in a condenser
heavy sparks 1 cm long were produced. Ten milligrams of sugar dust
blown with a bulb through the air for 10 cm into a small metal cylin-
der charged it to a potential of 200 volts (9). Beyersdorfer recog-
nized that clouds of very fine dust which he calls “ aerosols ” are
similar in many respects to liquid colloidal solutions and states that
suspensions of sugar dust exhibit Brownian movement and the Tyn-
dall effect. If the charge on the particles in such a cloud exceeds a
critical value, it may leak off in a visible glow. Luminescence, pre-
sumably from such a cause, was produced by blowing sugar dust
under high pressure through a narrow slit between two steel plates in
an apparatus similar to that shown in Figure 4, B. When air was
used the light, which could be seen only in a darkened room, was
pale blue. A piece of copper wire held just above the slit was elec-
trically charged, and sparks 14 em lonE jumped between it and the
plates. When other gases were used the color of the glow was the
same as that given by the gas alone in a discharge tube. Spectro-
scopic comparison was made of the light given by different gases and
sugar dust. The information thus obtained showed that the lumi-
nosity was not a chemical or intercrystalline phenomenon. Beyers-
dorfer pointed out that O, and N,O; are formed in a silent or brush
electrical discharge; and in his opinion these gases might be formed
in highly charged dust clouds, making them more susceptible to
explosion.

Blactin and Robinson.—Explosions are perhaps more prevalent in
coal mining than in any other industry. Most of them are attributed
to dust. It is therefore desirable to ascertain whether in mining or
the subsequent handling of coal the dust clouds formed can become
sufficiently charged with static electricity to bring about, under other
suitable conditions, autoignition or the ignition of gas. Although
coal dust has not yet been ignited by this means experimentally,
Blactin and Robinson (62) have exploded methane mixtures by tg’e
spark from a charge built up in the passage of a coal dust-air mixture
blown at high velocity through a long large-diameter iron pipe.
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Figure 5 shows the apparatus, which with the exception of the meter
and the test bulb was mounted outdoors. These investigators state:

In carrying out an experiment the speed of the air and the rate of feeding
the dust were adjusted to the desired figures * * * and, when convenient,
the shutter closing the apex of the hopper was withdrawn. The voltmeter
responded rapidly to the electrification and normally reached a steady deflection
within 5 to 10 seconds of opening the shutter.

In one experiment with an air speed of 450 linear feet per minute
the effect of three different rates of feed of dust was tested. The
initial rate of feed developed 4,000 volts. On doubling the rate of
feed 5,800 volts and on quadrupling the rate 7,000 volts were devel-
oped. When the velocity of the stream was increased to 2,600 feet per
minute, potentials as high as 20,000 volts were obtained. To ignite
a mixture of 8.5 per cent methane in air they found—

that the gap had to be adjusted to break down at 4,300 volts, the capacity
in circuit being the natural capacity of the steel tube, leads, voltmeter, and

.

8" diam. >

Fieurp 5.—Apparatus for determining coal-dust electrification (Blactin)

explosion vessel only, which approximated to 0.0002 microfarad. Sparks cross-
ing such a gap invariably ignited the test mixture, while those crossing a
slightly shorter gap, which broke down at 4,100 volts, failed to do so.

The ignition tests were made with air moving at a linear velocity
per minute of 2,700 feet (368 cubic feet). With this velocity the
amount of dust required to produce an incendiary spark with three
kinds of coal was only 0.0041, 0.0015, and 0.0011 ounce per cubic foot,
respectively. With the latter quantity the investigators state that
the cloud 1ssuing from the tube was so faintly colored “as to be
invisible unless silhouetted against a white bachground.” Further:

The smallness of the critical concentration with all three dusts indicates
clearly that, given favorable atmospheric and electrical conditions, an air
current containing only a minute burden of dust, but moving at a rapid speed
[yet well within the limits of mining practice] can readily produce sufficient
electrical energy on a well-insulated duct to give rise to sparks capable of
igniting fire damp.

The experiments showed that on many days no charge could be
developed, whereas on others conditions were so critical that the
temporary passage of a cloud before the sun prevented their
formation.
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The apparatus became completely *“ dead” if the relative humidity of the
atmosphere rose above about 65 per cent. * * * There did not appear to be
any gradual transition from one state to the other, If the apparatus func-
tioned at all, it functioned well, and intense electrification resulted.

Grounding the pipe through “leaks ” of extremely high resistance
showed assuredly that—
accidental contact of a mine-ventilation duct with earth at a number of
places along its length, or a single deliberate “earth” connection will provide
leakage that will effectively prevent the accumulation of an electrostatic
charge on the duct, even though the conditions for electrification (e. g., high
air velocity, high concentration of dust in suspension, and low relative humid-
ity of the atmosphere) may be otherwise favorable.

The fact must not be overlooked, however, that in many places
“ where auxiliary ventilating systems are installed, more particu-
larly in hot and deep mines, it is a matter of some difficulty to obtain
a good ‘earth .

n an earlier series of experiments (63) with other and much
smaller apparatus, Blactin had compared the electrification produced
with different kinds of coal, potato and rice starches, and Lycopo-
dium spores. In the tests witﬁ the last substance he took advantage
of the fact that—

approximately half the mass of each spore can be removed by extraction
with suitable solvents, the residue consisting of a shell which seems to have
undergone no change in size nor shape during the extracting process.

By comparing the charge developed upon treated and untreated
Lycopodium he could ascertain, with the same substance, the rela-
tive 1mportance of size and mass in the process of electrification.
Equal numbers of particles were found to acquire the same amount
of charge in each case. These experiments form the basis of the
hypothesis that the chief factor determining the chargeability of a
dust is the fineness of the particles, which seems to have been largel
confirmed by the results obtained with starch grains of widely dif-
ferent sizes and with numerous coal dusts. In fact, some more or
less successful attempts have been made to utilize the electrification
of coal dust as a measure of its fineness.®

Differences in the electrification of coals from various sources
were attributed partly to an unknown fineness factor and to surface
changes due to exposure to the air. The dust used in most of the
later experiments is described as that of which 85 per cent passed
through a 200-mesh screen (I. M. M. series).

Walther and Franke.—An interesting series of experiments with
coal dust has recently been performed in Germany by Walther and
Franke (64). The investigators state that although considerable
study has been given the general problem of dust electrification,
coal dust has not received the specific attention it deserves in view
of the many disasters attributed to it. Their own experiments,
however, though not immediately concerned with ignition, have
supplied much of the need in this respect and while made only with
brown coal (a type similar in some respects to our lignite) the results
should be generally applicable.

8 Mason, T. N., and Wheeler, R. V., The Inflammation of Coal Dusts. The Effect
of the Chemical Composition of the Dust: Great Britain Safety in Mines Research
Board Paper 33, 1927, 20 pp.
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Their work may be briefly described as follows: Measured
amounts of dust were admitted at a known rate to a horizontal glass
tube through which a current of air or other gas was passing. After
being caught by this stream the dust traveled about 1 meter through
the glass tube and thence through a short length of copper tu
connected to the electrometer. A piece of copper wire was wrapped
around the glass tube for much of its length and in most tests was
grounded. The following tables list a few of the more interesting
relationships observed.

Effect of area of contact

Diameter Size of par-
of glass Voltage ticles, Voltage
tube, mm mesh 1
6 1,950 80 2,630
2 3,100 115 2,920

The screen sizes given are for Tyler standard sieves, which it is believed correspond closely with the
figures given in the original paper.

Effect of temperature and humidity

Relative
Temper- | humidity, | Voltage
per cent
100° C. % 5,000
100° C. 0 7,930+
Room. % 2,000
Do. 0 4,460

Bitumen
Coal content, Voltage
per cent
8.0 2,020
8.6 2, 500
2.7 8, 500

Effect of moisture (room temperature)

Initially dry coal Initially dry air
: Coal dust;
Air; relative ’
h ty, | Voltage wm' Voltage
per cent by weight
90 2,000 8.7 880
50 2, 300 0 3,200
0 4,460
90 per cent humidity in air volts

8.7 per cent weight H30 in coal
Bryair 14000 volta.
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Effect of different atmospheres

Relative
Gas humidity, | Voltage
per cent
Air 0 4,460
90 2,000
N; 0 3,150
90 900
COs 0 2,740
90 450

The data show that the voltage increases with increase in amount
of dust; pressure of the air stream; dust concentration; total dust
surface, which is proportional to the fineness of the dust; tempera-
ture; and bitumen content. It decreases with increase in diameter
of pipe; moisture in the air or in the coal; and replacement of air
witﬁ inert gas.

The dust in all tests was (—) ; the tube (+).

ELECTRIFICATION OF LIQUIDS

Although all substances can be made to develop electric charge,
in general such charge is most conspicuous upon bodies which are
poor conductors, usually because of the difficulty or impossibility
of completely separating the conducting bodies before the charges
neutralize or because of the subsequent rapid leakage to surrounding
objects or ground. What has thus been shown in its relation to
solids is, in many instances, equally applicable to liquids. Conse-
quently liquids of high resistivity, such as oils and many organic
solvents, are very susceptible to electrification (42, 65).

WATER

It is popularly believed that water is a good conductor of elec-
tricity, but in fact pure water is one of the poorest liquid conduc-
tors. Thunderstorms supply convincing evidence of the electrifica-
tion of water.

WATERFALL ELECTRICITY

Natural.—It has long been known that the air surrounding water-
falls is charged with (—) electricity. In 1890 Elster and Geitel
observed that this charge could be detected 500 meters above the
falls. Soon Lenard (66% became much interested in the electricity
of waterfalls and thoroughly studied the whole subject, making
observations and measurements at 10 or more large falls and many
smaller ones in various parts of the Alps. These observations con-
firmed those of previous investigators and furnished a background
for a long series of laboratory experiments. All can not be described
in detail here but certain results should be given. In actual water-
fall measurements, not far from the breaking up of the water, the
charge shown by the air was always (—); but within the spray,
particularly close to the wet rock, a (+) charge could be detected.

Experiments.—The first laboratory experiments were made at
Heidelberg with a bathroom shower. After the water had run a

165765°—33——3
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few minutes the air in the room showed a strong (—) charge.
Similar tests in another city showed no charge, owing to impurities
in the water, as shown later. It was soon discovered that enough
electrification could be obtained from one fine stream of water to
make practical measurement possible; most of the experiments were
therefore made with such streams. In fact, it was later found that
increasing the number of streams did not increase the electrical effect
proportionately. As observed with the multiple stream of the
shower, the charge was greater when the drops fell upon a wet,
solid surface (a water film) or into a shallow pool than when they
fell into a large volume of water; thus the charge on the air dimin-
ished as the level of water in the receiving vessel was raised. Part
of the decrease was no doubt due to shortening of the falling stream,
as it was found that within certain limits the charge increased with
elevation of the source; in one experiment it was ten times as great
with a stream that fell 70 cm as with one that fell only 30 cm.
Another condition was perhaps more important. It was found
that in deep water the entrained air of the stream was carried far
below the surface and that the charge of the surrounding atmosphere
decreased as more time was required for the charged bubbles to
escape. The prominent part of escaping air in the production of
waterfall electricity was shown in many ways. For example, after
distilled water stood in a vessel a couple of days it became some-
what contaminated from the air and perhaps from the vessel; bub-
bles rising to its surface would linger perceptibly before breaking.
Under these circumstances the charge developed was less than when
the water was fresh. The following table shows the rate of building
up of charge on the instruments when several combinations were

tried:
Volts per

minute

Contaminated water falling upon contaminated water; many floating air

bubbles 0. 146
Pure water upon contaminated water; many floating air bubbles______ . 244
Contaminated water falling upon pure water; very few floating air

bubbles - .333
Pure water falling upon pure water ; very few floating bubbles_._________ . 654
Pure water upon moistened zinc plate 1. 472
Pure water upon moistened zinc plate with ventilation by gentle

fanpning ___________________________ 1. 875

The increased electrification produced by added ventilation at the
foot of the falling stream was even more noticeable in other experi-
ments. The fact that an increased length of stream, although the
final velocity of the drops might be the same, gave greater electrifica-
tion was shown to be largely due to a greater entrainment of air.

With contaminated water the slower escape of air may not alone
have accounted for the smaller charge. The early experiments with
bath showers had shown a great difference between pure water and
that which contained traces of dissolved salts. The following tabu-
lations show the effect of impurities in two tests; in the first distilled
water gave more than 40 times the charge of city water.

Volts
Distilled water. —140
Tap water —3.4

Salt water (22.9 per cent NaCl_ ) +1.5
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t Chm'tgetl?h t | NaCl nt ercc]g:‘;ggtighat
» )y

Ng?'wpe%ﬁ%n %; i)el:lreowatear %y wlgglcl% I}or pure water
0 - 100.0 | 2.5 °69.5
. 005 6.7 5.0 °99.1

. 025 ¢17.4 | 10.0 °83.5
.05 °22.9|22.9 f °14.0
.B ¢28.2 | Tap water 14.9

Comparison of test results with room air and with carefully puri-
fied air showed little or no difference, but the charge was smaller in
atmospheres of hydrogen or illuminating gas. When the air in the
test chamber was laden with tobacco smoke the charge was stronger
than normal, and its period of decay was greatly increased. Proba-
bly the last effect may explain the first, for with the smoke the charge
in the air was still appreciable after two hours, whereas normally it
decreased to a greater extent in 15 minutes. But mere persistence of
suspended particles seems inadequate to explain the retention of
charge, as it was found that although the charge given clean air dis-
appeared almost entirely in 45 minutes the presence of aqueous fog
could be detected after 13 hours, and if a trace of NaCl was present
in the water it could be seen spectroscopically to persist even to 27
hours.

Twenty-five other liquids, including mixtures of alcohol and water
in different proportions, were tested. Turpentine and mercury gave
the air a charge, respectively, two and fourteen times that obtained
with distilled water. With these two exceptions pure water gave
the highest charges.

Of special interest in the present study is the fact that in one test
with a stream of water 0.8 mm in diameter and 1.2 meters long
Lenard obtained a charge having a potential of 4,000 volts. In
this experiment both water reservoir and receiving vessel were care-
fully insulated. The fine stream of water separated into drops about
one-third of the way down and fell upon a metal plate suspended
in the receiving vessel.

Although some charge may be imparted to the water stream by
friction with the nozzle or an intercepting surface, it probably
constitutes only a small part of the total waterfall electricity, for
the final effect was scarcely altered by the use of jets of glass or
metal or receiving plates of various substances, including ice, which
is said to be the only material that is (+) with respect to water.
If, however, a waxed plate was used. which could not be wetted
easily, electrification of the surrounding air diminished considerably.

By far the largest part of WaterfalFelectricity—usually taken to
mean the (—) charge of the air, although many observations indicate
that an equal (+) charge is also separated—is caused in some manner
by the impact of water upon a water surface. Breaking up the water
stream alone is not sufficient ; no noticeable charge is acquired by the
air where a stream of itself breaks into drops, as shown by one of
Lenard’s experiments in which a fine horizontal stream of water was
projected out of the laboratory through an open window. A wire
cage so placed that the stream could pass through without hitting it
on either side did not become charged, even though drops formed
after the water had passed only halfway through the cage. When the

¢ Charge opposite in sign to that for pure water,
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solid stream was split with a sharp, thin knife only a small (+)
charge was detected although a great deal of water spray was pro-
duced. A large (—) charge, however, was immediately observed
when the stream was allowed to strike a small board held near the
exit of the cage. A draft of air then blown across the stream re-
moved enough of the negatively charged air to enable the cage to
accumulate the (+) charge of the water spray.

Furthermore, the process does not require drops falling upon a
water surface to be broken. That drops may so fall with but slight
deformation was earlier shown in photographs by Worthington (67).

These experiments and many others point to the theory already
mentioned that upon a pure water surface is normally a double
layer of ions arranged with the (—) on the outside and the (+)
underneath. In other liquids and electrolytes the arrangement may
differ. When the velocity and density of air passing along such a
surface are great enough— as at the moment of impact of two water
surfaces—the outer layer of (—) ions on the water is snatched awa
by the air, which then shows a (—) charge, while most of the (+
ions are retained by the water. Lenard states:

If this takes place rapidly enough it [the air] may have gone a con-
siderable distance before the electrical charge would have time to combine
completely with the opposite charge of the water; the two parts of the electri-
cal double layer are thus separated mechanically.

Assuming that the maximum charge of a drop is given up when it
sinks below a water surface to one-half its diameter, Lenard calcu-
lates a charge of 2.1X107!2 coulombs per square centimeter of area.
He points out that if such a charge were to be placed upon one
plate of a condenser of this area, the other plate separated by
0.000001 mm and car