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and is either a little greater or a little less in most bodies. But in
soms bodies it, very singularly, runs up to large nutmbers. Iron is the
principal offender; then come nickel and cobalt, minor magnetics, but
far removed from the crowd of almosi unmagnetisable substances,
Fe =56, Niand Co about 585, What ean it be ¢
The linear connection hetween H and B is very unsatisfactory. Not
merely does g vary with the temperature, and enormously from one
picce of iron to another, being, with moderate strength of magnetie
foree, largest in the softest iron and smallest in bard steel, but it varies
with the magnetie force, first increasing with the force, and then, more
importantly, decreasing greatly : how far down is unknown.  To make
matters worse, part of the induction produced by applied magnetising
force hocomes fixed, for the time, remaining aftcr the romoval of tho
force. Thus the lincar connection between H and B must be taken
with salt.  But within moderate limits, and excluding permanent
magnetisation, which requires separate consideration, p in equation (10)
may be taken to be, like % and ¢ before, a scalar constant in case of
isotropy, and a linear vector operator in eolotropic media, being then,
like ¢, self-conjugate, or without the rotatory power.

# in soft iron is said to run up to 5,000 or 10,000 (Rowland’s
experiments. I forget the exact figures). But in general it is very
far lower than these tremendous figures. From experiments on the
retardation of coils made some years ago, including straight solenoids,
T concluded that u=from 50 to 200 was safe, [for small forees).

Not B, but B/dr should be the magnetic induction to compare
with D, the electric induetion, or displacement. So, dividing (11)
by 4, and then multiplying by 4H, we have

$HB/ 47 = HpH/8r = 7, say. (Magnetic energy) (11)

T is the energy of the magnetic induction per unit volume, when wholly
induced, and acting conservatively, [within the clastic limits],

LIS

Seoron II. ON THE TraNsMISSION oF ENERGY THROUGH WILES 1Y
THE ELECIRIC¢ CURRENT,

Consider the electric current, how it flows. From London to Mt
chester, Edinburgh, Glasgow, and hundreds of other places, day and
night, are sent with great velocity, in rapid succession, backwards and
forwards, electric currents, o effect mechanieal motions at g distane,
and thus serve the material interests of man.

By the way, is there sueh a thing as an eleetric current ? Not that
it is intended to cast any donbt upon the existence of a phenomenon so
called ; but is it a current— that Is, something moving through a wire ¢
Now, although nothing but very careful inculeation at a tender age,
continued unremittingly up to maturity, of the doctrine of the matopi-
ality of electricity, and its motion from place to place, would have
made me believe it, still, there i so much in electric phenomena to
support the idea of electricity being a distinet entity, and the foree of
habit is so great, that it is not easy to get rid of the idea when oneco i
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istorics t of the science, static
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electric current, which became the actual motion of icity thrang
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explain why, when it came R e s
T had the greatest possible repugnance ) stons, an
i ent to be the motion of elec y
could not accopt the electric cnrrent € g of leairicily
ic} b ir thonght it semething guite T
(statie} throngh a wire, but R, DAt ol
i i i t so far as mere statements of exp
simply did not believe, excep e e . s 20 o
facts were concerned. This had its disa e e el
if one has sufficient faith-—which we know , -
izsgizelpt a certain hypothesis unhemtatmgly as a fact, 1anffl wg;ﬁ'rllc oitn 113:
consequences undoubtingly, regardless of the danger o oy
i ematurely. ) )
ldegss pi{fkiwell gemarked, we know nothing: about .lthe' Velogé?gngf
electricity ; it may be an inch in a year or a milljon m1 es mnla g
Following this up, it may be nothing at all. Itl;] .fagct;;(t).vii; g0 gdeﬁnitg
gis that the electric current 1s something ! 2, fints
gﬁggﬂlti in a given spacc, that we can eniiertala1 t?_e ;flec[feoni; ii‘;s i};]ots;;ei,tss
i i duet of its hypothetic i
ing velocity, Then, the pro Dy e O o
ity is the measure of the current; but, bel hypat
leloeg;t{;e chose to accept it, to talk of the velocity }?f ef;flldlm‘t‘g;l (1; t‘}‘;g
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the supposed velocity of electricity in the electric currﬁn Ryt
the dynamical theory, it is the electric current itself t afhm rinemliz e}&
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)

« displacement * currents in a dielectric.



136 ELECTRICAL PAPERS.

But is there not the fact that we can send a current into a long
circuit, and that it plainly travels along the wire, taking some timo to
arrive at the other end? Does that not show that electricity travels
through the wire? To this I should have answerced formerly, when
filled with ““ Heat as a Mode of Motion,” that it is a fact that thero is
a transformation of cnergy in the battery, and that this energy is
transmitted through the wire, there suffering another transformation,
viz., into heat ; that when the current iz set up steadily, the heat is
generated uniformly ; that the electric current in the wire is thereforo
some kind of stationary motion of the particles of the wire, not exactly
like heat, but having some peculinrity of a directional nature maldng

" the difference between a positive and a negative current ; but that there
was 1o evidence in the elosed eireuit of any motion of eleetricity throngh
the wire, but only of a transfer of energy through the wire.

However, leaving personal details of no impertance to anyone but
myself, let us consider the transmission of encrgy through a wire. Lo
iix ideas, let our eireuit be an insulated suspended wire from Tondon fo
Edinburgh, and that we transmit energy to Edinburgh from a battery
m London, the eircuit being completed through the earth. Let tho
current be kept on.  Tn the first place the phenomenon is steady. It
does not change with the time. Next we find that the magnetic force
about the wire is the same everywhere at the same distance, or the
wire is in the same condition as regards the magnetic induetion ontside
it, and when we apply our knowledge to the interior of the wire,
regarded as a bundle of smaller wires, we find that the magnetic force
in the wire does not vary along its length, Again, heat is being
generated within the wire at a uniform rate (a part of the steadiness
above mentioned), and next, this phenomenon is also the same all along
the wire, Ileat is undoubtedly a kinetic phenemenon, hence tho
electric current i3 also, at least in part, a kinetic phenomenon. The
electric current is not itself heat; but as its existence in the wirc
involves the continued production of heat, we conclude that some kind
of motion is neeessarily involved in the electric current apart from thoe
heat produced, and from the uniformity of effect in different parts of
the wire, that it is a kind of stationary motion. Again, the electrie
force is the same all through the wire. "There seems no difference
between one part and another. Outside the wire, in the dielectrie,
however, there is a difference, for the electric force varies not only at
difforent distances from the wire but also at the same distance outside
different parts of the wire. (We disregard here all irregularities due
to other conductors and currents.

Passing to the battery, the complexity of conditions malkes it more
difiicult to follow, though the state of electric force and magnetic force
and heat generation is reducible to the same, and may be made identi-
cally the same as in the wire by properly choosing its shape, ete, But
in the battery there is a very remarkable thing taking place, namely,
bhe loss of chemical energy at a steady rate ; and in the system generally,
2 still more remarkable thing, an exactly equivalent steady gain of
heat. Heat that might have been produced on the spot by the chemieal

ELECTROMAGNETIC INDUCTION AND ITS PROPAGATION. 437

action, otherwise conducted, appears all over the circnit. How does it
get there? The natural answer is, through the wire. Bub to get to
the further parts of the wire it must go through the nearer, hence there
must be what we may call an cnergy-curtent, which, in the wire, at a
given place, would be the ratc of transfer of energy through a gross
section there. Now, which way is the energy-current directed? It
would seem only fair to let it go both ways equally from the battery.
Let it be so first. Then there is an energy-current entering the wire,
equal to one-half the dissipativity, which falls in strength regularly up
to the middle of the wire, where it is zero. It falls in strengih on
account of the heat generation. Similarly the other energy-current goes
through the earth to Edinburgh almost unabated in strength, and is
then directed from Edinburgh to the middle of the wire, where its
strength also falls to nothing. This seems absurd. Then let the
energy-current be directed one way only, say with the positive ctmr?nt.
If the positive pole of the battery is to line, we have an energy-current
in one direction all round the eirenit, London to Edlnburgh, and back
through earth. If of maximum strength at the battery it falls nearly to
nothing at the distant end, and quite to nothing through the carth up
to the other pole of the hattery. But we have no data whatever to fix
whereabouts the place of maximum energy-current is. It requires a
second agsumption, The reader may similarly consider the eﬂ'ect_cif
reversing the battery, or of making the energy-current he directed with
the negative current. There is no getting at anything definite, e:licel_at
that the energy-current must vary very widely, though regularly, in
strength, whilst there is nothing to fix which way it is dirceted, or
where the maximum strength is. Again, the energy-current is a kinetic
phenomenon, and as it varies so widely in different parts, we mlghti
expect different parts of the wire itsolf to be in different electrica
states, which is exactly what we do not do; for though its po‘ten’c‘lgl
varies, yet potential is not a physical state, but a mere scientific
co}i;zgt.we not better give up the idea that emergy is transmmfed
through the wire altogether 7 That is the plain course. The enellgy
from the battery neither goes through the wire one way nor the ather.
Nor is it standing still. The transmission takes place entirely through
the diclectrie. What, then, is the wire? It is the sink into which t{m
energy is poured from the dielectric and there wasted, passing _fromlt_'ne
electrical system altogether. All [the above mentioned] difficulties
AT, ) ]
no};hiltsiﬁgeenergy of the battery passes into heat immediately would
require its instantaneous transmission te all parts of the wire, which
cannot be entertained. There must be an intermediate state or states,
after leaving the battery and before becoming heat. And there must
be a definite amount of encrgy in transit at a given moment; in th.e
steady state this must be of constant amount, just as the total rate
of transmission is of constant amount. We must not, however,
individualize particular elements of energy, and follow their motions,
but regard the matter quantitatively only. The energy in transit may
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be co ) i
e J;I;paatrgdsggag;er?;gl %ty of a machine which is transmitting motion ;
Of%‘&llsmission e remains constant and definite, and the rate
o ;C é)l‘l‘:ré 131 ]‘;‘Ia(icwelj s theory therc is the potential energy of the dis-
i thopk(i)n ;‘;qe in the dielectric parts by the electric force and
L maff;letic flc or magnetic cnergy of the magnetic induction due
T B 3ureorce m all parts of the field, including the conducting
i revcrseythi ‘s%]pposed to be set up by the current in the wire
ey §; the current in the wire is sct up by the energy
snamitied, hrough the medium around it. The sum of the electfﬂ:
tl‘ansmi?tingce(i]rt;]:;g;cfsr(ljin thtch gngg%f of ihe tf}sllectric machinery which is
o iy e - the battery to the wire. It is definite in
amount, d the rate of transmission of energy (total) Is also definite in
It i
bcing}zizﬁgnzﬁit ;;&porgt_nt to find the paths along which the energy ig
e o ] irst define the energy-current at a point to be the
L directiouggf I;ansfem'_edl. In unit time across unit area perpendicular
o om0 mnslmlssmn. As the present section is argumenta-
i s tOp lvil only, we cannol enter into mathematical details
e haan fsa,y hat if H be the vector magnetic force, and E the
b deﬁneocfcei,sn%thEcl?Il/T:m(%clmpresic_d fo(rces, the energy-current,
R ey, iH /4w (sce equation (3) for definiti /
Col:;(sl éitg:i:lfruglvetgalrly, irrespective of the natur)e of the mec;;)l?mofus‘t)t;
o ok ir;ly,trapagit}, and permeability, or as to eolotropy or isotrop
it i an;llen% as well as in steady states. A line of ener fﬁ
e l)reésu 1Baen ‘1;% zﬁ"efg Eifeeie?:fm and tllle magnetie furce, and ig.a
- W g v general notions,
froﬁei?lznbg,ottﬁr Wi f {rom London to Edinburgh with 2 steady current
s it thy 311} 1 ondon. The energy is poured out of the battery
by T 1 eneri ;e e‘-ctrm u‘g & steady rate. Divide into tubes boundegl
i ko aﬁg-tm;re_nt. They pursue in general solenoidal paths in
ontoring o i, falmina,te in the conductor. The amount of encrgy
Totiath i 'gbe » engf{ Of; the conductor is the same wherever t-hbat
g of}the mwuat«_a,. The lines of energy-current are the inter-
centlonaio tmnlsna?;;efim and electric equipotential surfaces, Most of the
bl A W_ml ted parallel £_o the wire nearly, with a slicht slant
eyt ire in the d_n‘ectmn of propsgation ; thus t-heblines of
energ e jntILI)le{'at the wire very obliquely. But some of the euter
faocs Bk tﬁ ?pa.cle to an immense distance, especially those which
e A gh 1;)11: icr end of the wire, Others pass between the
o T r : / at none in the earth itself from London to Fdin-
inrrt;bh}e ea,r[;}fsiﬁb:[ ,1 although there is 2 small amount of energy e;lt-er-
e e raig it downwards, especially at the earth pla.btcs P
po tmveﬁu(rlnenlt 1n cireutt at Edinburgh, it is worked by ener
e e e 8 tW 1'olly through the dieloctric, then finding its W’gy
e e bme;zh, where it enters the coil and is there dissipated 0¥
instrument;pwhjifch ; Jvl:ellzflzi 1_1101:&0_@3 it eﬂ'?cts in moving parts of ,the
et impr’e oo forcjel.s a different kind of affair from dissipation,

f

s
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A tube of energy-current arriving at the
lant, at once turns round and goes straight
to the axis. In passing from the battery to the wire through the
dielectvic the energy-current is continuous, the state being steady (or
the ether machinery frictionless) ; but directly it reaches the conducting
matter of the wire dissipation eommences and the current begins to
fall in strength, and on reaching the axis has fallen to nothing. Not a
fraction of an erg is transmitted along the wire. Some smail part of
the energy leaving the battery may enter it again, but most of the
dissipation in the battery itself 1s accounted for by the weakening of
strength in tubes which are on their way to leave the battery.

Put the battery in the middle of the line; earth at both ends. Now,
one half of the encrgy-current tubes leaving the battery sideways furn
round to one section of the line, the other half to the other section.
Otherwisc the case is similar to the last.

When we have a double wire looped withont earth, and battery ab
one end, most of the energy is transmitted between the wires.

In a cireular circuit, with the battery at one end of a diameter, its
other .end is the neutral point; the lines of energy-current are dis-
tributed symmetrically with respect to the diameter.

On elosing the battery cirenit there is an immediate rush of energy
inte the dielectric, and, at the first moment, into all bodies in the
neighbourhood of the battery, and wasted there in induced currents
according to their conductivity. In the variable state the tubes of
eniergy-current are themselves n metion. It takes some timc to set
the electric machinery going steadily. Also the energy-current is not
continuous in the dielectric, for the potential energy of displacement
and the magnetic energy have to be supplied at every place. But, in
the end, the energy-current becomes continuous in the dielectrie, gocs
round an external conductor instead of entexing it, as it would do in
the trausiont state, and finaily reaches the conductor to which the
battery is connected, penetrating which 16 terminates.

If we neglect the magnetic energy, as in Sir W. Thomson’s original
telezraph theory, against the energy of electric displacement, we can
easily get a general idea of the setting up of the permanent state in a
tong suspended wire ; a submarine cable is more complex on account of
the sheath. The energy reaches the beginning of the wire first, and
only reaches the end, save insignificantly, later on. But the theory
indicates instantaneons setting up of eurrent at the far end, though
not in recognisable amount. This result follows from the neglect of
the magnetic energy. In a dielectric medium the velocity of un-
disturbed propagation is (¢p)™*; where ¢ is the capacity, and p the

permeability ; that the magnetic encrgy = 0 is equivalent to assuming
p=0 everywhere, whence instantaneous transmission. The “retarda-
tion,” however, arises from the setting up of the potential energy of
displacement.  But, strictly speaking, we must not negleet 1t is,
then, not so easy to follow the transient state without simplifications.
There js an oscillatory phenomenon in the dielectric, a to-and-fro
transmission of energy and pressure parallel to the wire all round it

Now, go into the line-wire.
surface of the wire by a long s
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with a velocity whose possible maximum is that of undisturbed trans-
misston.  This is modified as it progresses by dissipation in the wire,
and so gets wiped out, This ustally oceurs so rapidly that the waves
are of importance only at the battery end of a long wire. The electric
machinery must have mass, as well as elasticity, by reason of this
phenomenon, since there is reason to beliove (from Maxwell’s theory of
light) that it is not the air, but something between the air molecules
that is the electromagnetic medinm, the air merely modifying the
phenomena somewhat, '

. In the state of steady current through a submarine cable, with an
Iron sheath outside the dielectric, the energy is transmitted wholly
through the gutta percha or other suitable nsulator (neglecting the
small amount going to carth), thus going nearly parallel to the wire,
practically quite paralicl, except as regards the lines near the wire itgelf,
as they all eventually meet the wire. There is no transmission in the
sheath lengthwise, though there is dissipation there if it shonld contain,
as 1t does sometimes, part of the return current. In the trausient state
there is, of course, always dissipation in the sheath more or less, besides
the loss of energy to magnetise it.

Now to speak more generally.  In the steady state of current due to
any impressed forces, the tubes of ehergy-current start sideways from
the places of impressed force, where energy is supplied to the electric
system, and travel through definite paths, without loss in dieleetric,
with loss in conducting parts, to terminate finaily in condu'ct-ing matter;
or clse they may go from ono place of impressed force to another with
or without dissipation on the way when the current is with the im-
pressed force at one soureo, and against it gt the other But with
special arrangements (solenoidal} of impressed force, there is no trans-
mission of energy in the steady state.

Since on starting a current the encrgy reaches the wire from the
medium without, 1t may be expected that the electric current in
the wire is first set up in the outer part, and takes time to penoctrate
to the middle. This I have verified by investigating some special
cases,

Inerease the conductivity of a wire enormously, still keeping it finite,
however. Let it, for instance, take minutes to set up current at the
axis. Then ordinary rapid signalling “ through the wire ” would be
accompanied by a surface-current only, benetrating to but a small
depth.  The disturbance is then propagated parallel to the wire in the
manner of waves, with reflection at the end, and hardly any tailing off.
With infinite conductivity there can be no current set up in the wire
at all. There is no dissipation ; wave Propagation in the medium is
perfect. The wire-current is wholly superficial—an abstraction—yet it
is nearly the same with very high conductivity, This illustrates the
impenetrability of a perfeet conductor to magnetic induction (and
similarly to electric currens), applied by Maxwell to the molecular
theory of magnetism. Whatever state of magnetie induction and of
eurrent there may be in a perfect conductor is & fixture, If we move
the conductor about in a magnetic field, superficial currents are instan-
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taneously induced, whose only function is to ward off external induction
and keep the interior state unchanged.

In & thermo-electric eircuit of two metals, with one junction a little
hotter than the other, there is a transmission of energy from one
junction to ‘the other through the dielectric, with a trifling amount of
loss in the cirenit generally, Here the sonrce of the electric energy is
heat, and the final result is heat. One junction is cooled, the other is
heated, reversibly, Now, heat is the energy of molecular agitation, and
at first sight the only difference is that the agitation is a little more
brisk at one junction than at the other. Again, all parts of the cirenit
are agitating the ether. It would appear, then, that the ordinary
molecular agitations set up no electric manifestations on account of
their irregularity ; although the electric machinery may be influenced
vigorously, yet it must be done in some regularly symmetrieal manner
to constitute an impressed electric force. At the junctions there is a
change of material, the molecules ave different, and at their contact
some directed quality is given to the agitations. This is very vague,
no doubt, but is merely to point out that the impressed force is a
symmetrical kind of radiation.

After these general remarks the temporarily interrupted mathematical
treatment will be resumed.

SEcrion III  REsuMrrioN oF Roveir SKETOM ExTENSIONS.

Beal transient, and suggested dissipative Magnetic Current,

As the rate of increase of the displacement in a non-conducting
dielectric is the clectrie current, so the rate of increase of B/dm may he
called the magnetic current. Let it be @& Then

G =B/4r=pH/4r. (Maguetic current) (12)
Like eleetric displacement currents, magnesic eurrents are transient only,
i.¢., they cannot continue indefinitely in one dircction, like an electrie
conduction current. Also, like electric currents in a dielectric, they are
unaccompanied by heat generation. In ether, the electric current and
the magnetic current are of equal significance.

There is probably no such thing as a magnetic conduction current,
with dissipation of emergy. If there be such, analogous to an electric
conduction current, then let )

G=gH 4 pHidz. oo o, (13)

Here gH is the magnetic conduction current, which, added to the
undoubted magnetic current as in (12), gives @ the true magnetic cur-
rent. ¢ may be scalar, or similar to &, with rotatory e Multiply (13)
by H. Then, nsing (11), )

HG=HgH+7. ................cc......... (14)

Here HyH is the rate of dissipation. Compare with {9).

Lffect of g in a Closed Iron Ring.
The permanency of state of a steel magnet makes it improbable that



January 10, 1885. Electrical Papers vol.1 Oliver Heaviside.

SECTION I1.. ON THE TRANSMISSION OF ENERGY THROUGH WIRES
BY THE ELECTRIC CURRENT.

Consider the electric current, how it flows. .... ....
By the way,.is there such a thing as an electric current? ....

Then we wait 90 years until 27 May 1976 for “Theory C”

“When a battery lights a lamp, electric current is not involved.”

1 June 2018. 40 more years, and it remains impossible to publish or
communicate “Theory C”. It is now 130 years since Oliver Heaviside wrote;
“By the way, is there such a thing as electric current?”

www.ivorcatt.co.uk/x8620h.htm

The concept of “no electric current” is incomprehensible. 200 years ago this
was true of phlogiston and also of caloric. Electricity is “the last of the
mediaeval fluids.”
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Ragistered Office: Princesway Team Valley Estate GATESHEAD Tyne and Wear NE11 OTU
Registered Number: 11110058 England

Directars: W. B. Miller BSc(Hons) R. A. McKie FCA K. W. Wood BSc(Hons)
1. R. Lamb CA D. 8. Walton BSc{Hons) PhD

A subsidiary of Prestwick Circuits Limited, Ayr, KAS 6BE




