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or more generally, the heat produced is p roportional to 
the square of the current. For example, if the same 
current exists for equal intervals of time through pieces 
of wire having the same physical dimensions, one of 
copper and the other of iron, the iron will become hotter 
than the copper; consequently, the iron is said to offer 
more opposition to the current and to have a hig her re­
sistance than copper. 

To sum it all up, "T he heat produced in a conductor 
is proportional to the 1·esistance of the conductor, the 
sq11are of the mrrent, and the time of mrrent flow." 
This is commonly known as Joule's law o f e lectric heat­
ing. The amount of energy, converted into heat in te rms 

of jou les, may be expressed: 

1IV = R 12 t 

where R is expressed in ohms, I in amperes, and t in 
seconds; then the energy 117 wi ll be g iven in joules. 
Joulejsecond is therefore the rate of expend ing energy 

in a circuit. In electrical circu its, power is expressed in 
watts, one watt being equivalen t to a joulej second. In 
thermodynamics, heat energy is expressed in calories­

the unit calorie being equivalent to 4.19 joules. A calorie 
is the heat required to cause a change of 1 de:;gree centi­
grade rise in the temperature of one gram of pure water. 

In accordance with Joule's Law, the rise in tempera­
ture of an electrical conductor is attributed to thermal 
agitation of the atomic or molecular structure of the con­
ductor by the movements o f the electrons. If this agita­
tion be increased, by either increasing the potential d if­
ference across the terminals or increasing the resistance 
of the conductor, the electrons w ill soon acqo ire suffi­
cient kinetic energy of motion to overcome the electro­
stat ic force of the atoms and molecules as well as caus­
ing heat by g iving up energy. \'<lhen this occurs, the 
electrons actually break through the potential barrie r at 
the surface and leave the conductor, but in so doing, 
their kinetic energy is expended and they are attracted 
back to the conductor. Under such conditio ns, electrons 

are continually leaving and retu rn ing to the surface of 

the cond uctor, effectively es tablishing a cloud of electrons 
in the immediate vicinity of the heated conductor. Usu­

ally a red or white hot temperature is required for the 

conductor to p rod uce such a cloud. 
The cloud o f electrons constitutes a negative "space" 

charge. and if a positively charged is in to 
the vicinity, an electrostatic fi e ld wtll 
causing elect rons to be d rawn from .the . space 
in attempting to equalize the .. Thts 
current flow is known as the "Edtson effect and ts the 

basic principle o f the electron tube. 
T hermal propertie.r of metal.r .. During the l:eriod of 

from 1800 to l 900 various ex pen menters establtshed the 

fact that the potential energy gained by an electron that 

was caused to leave the surface of a conductor could be 

expressed in terms of energy called e!ectron-volt.r. When 

used in this manner, an electron-volt represents the 
energy imparted to an electron in forcing it through a 
potential difference of one volt. One electron-volt is 
equal to 1.602 x 10-1 2 e rgs of energy. 

The potenti.al barrier at the surface of a conductor pre­
vents an electron from leaving until it has sufficient 
kinetic energy of motion. A convenient method com­
monly used is the use of heat. Each metal has a poten­
tial barrier dependent upon its atomic or molecular struc­
ture and the energy in electron-volts required to over­
come the potential barrier is termed the "work f!fnction" 
of the metal. 

The work function in electron-volts for three metals 
used as filaments in vacuum tubes are shown below with 
their approximate operating temperatures. This indicates 
that greater energy is required for metals having a 
greater work function. 

T ungsten 4.53 electron-volts 
Tantalum 4.07 
Thorium 3.35 

2100° c. 
195 0° c. 
1500° c. 

Contact pote111ial. About 1800, Volta arrived at the 

conclusion that the twitch in the frog's leg in Galvani's 

famous experiment was due to the electric potential 

caused by the contact of two dissimilar metals. Later 
it was proven that a contact e lectromotive force exists 

between two dissimilar metals when placed in intimate 

contact. This is an intrinsic property of metals and the 

contact e.m.f. depends upon the work function s of the 

two metals used and the temperature of the junction. 

The difference in potential resulting from contact tn 

air between two dissimilar metals is very small , usually 

a few microvolts at normal temperatures. This is due 

to the fact that some metals have more free electrons 

than others; therefore, when in contact, electrons w ill 

pass from one metal to the other, thus creating an excess 
of electrons in one of the metals and giving it a negati,ve 

charge. This contact e.m.f. is subject to considerable 

variation depending upon such phys ical factors as cleanl i­

ness of contact surfaces, temperature, humidity, pressure 

of contact, etc. O ften, as will be seen later, contact po­

tential is of a nuisance value in the wiring and connec­
tions in e lectronic circuits. 

Thermoelectric potentials. A thermoelectric potential 

is one generated by a conversion of thermal energy to 

e lectrical energy. Figure 1 shows two dissimil ar metal 

wires joined at two points to form a sing le conducting 

loop. A contact potential will exist at each junction, due 

to movement of free electrons from the copper wire to 

the iron wire, which charges the iron side of each 

junction negatively with respect to the copper side. 

When the temperature of junction A is the same as that 

of junction B, the two contact potentials wi ll be equal, 

but since the potential at A is opposite to that at B, the 

effective potential in the entire loop will be zero. 
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However, i f the temperature of junction B is raised 
as shown in figure 1 by the use of an ordinary candle, 
there will be an increase in electron transfer from the 

copper to the iron, thus raising the potential at junction B 
above that at junction A . The effective potentia l in the 

loop is equal to the difference in e.m.f. at each junction, 

and current wi ll flow in the loop from copper to iron at 

the heated junction, via the iron wire to junction A, 
through the junction and via the copper to junction B. 

The quantity of thermal current established will be de­

termined by the difference in lemperttllfre between the 

hot and cold junctions, and the d irection of current flow 

depends upon which junction is heated. 

COPPER WIRE 

F IGURE 1- The tbermoelectric cirwit. 

One theory of thermal e.m.f. is based upon the un­

equal quantity of free electrons per unit volume in the 

two d issimilar metals. Copper at normal temperatures 

has less e lectrical resistance than iron ; therefore, copper 

is expected to have a grea ter number of free electrons per 

unit volume than iron. W hen the two metals are placed 

in contact with each other, the distribution of free elec­

trons tends to equalize across both junctions; electrons 

move from copper to iron at both points of contact, 

which charges the copper positively, and the iron nega­

tively. As the charge in both metals builds up it will 

become more and more difficult for electrons to move 

from copper to iron and a stabil ized condition is reached 

when no further electrons move through the junctions. 

The two contact potentials a re then equal but acting in 
opposite di rections, and with no difference of tempera­

ture between the two junctions the effective e.m.f. in the 

loop is zero. 
However, if one junction is heated, thermal agitation 

causes a greater transfer of free electrons from copper 
to iron at the heated junction. This raises the potential 

at the heated junction, which causes a thermal current to 

be established in the loop. 
Since the number of free electrons in a metal does not 

vary di rectly as the temperature, the thermal e.m.f. devel-

oped across the heated junction of two dissimilar metals 

cannot be expected to vary directly as the temeperature. 

Figure 2 shows the variation of thermal e.m.f. of an 

iron-copper thermocouple as plotted against the dif­

ference in temperature between the two junctions. 

At 0° difference the thermal e.m.f. is zero, but as the 

temperature difference is increased by heating one junc­

tion, the thermal e.m.f. increases, first rapidly then more 

slowly, attaining a maximum for this particular thermo­
couple at approximately 275 o difference. O ver this 

range of temperature difference, the number of free elec­

trons in the copper exceeds the number in iron. The 

temperature difference at which the ratio of free elec­

trons in copper to those in the iron is maximum is called 

the neutral temperature of the couple and coincides with 
mlLximum thermal e.m.f. 
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FIGURE 2-Thermal e.m.f. diagram of a copper-iron 
thermocouple. 

\'<lhen the temperature difference is increased above 

275 °, the rate at which free electrons are liberated in the 

iron becomes g reater than the rate of increase in electrons 

from the copper, so that the total number of electrons 
transferred per unit time is reduced and causes a similar 

reduction in the e.m.f. At twice the neutral temperature, 

the number of free electrons released per unit volume for 

each metal is equal ; therefore the thermal e.m.f. is zero . 

The temperature difference at which this condition is 

attained is called the temperature of inversion. Beyond 

this .temperature, iron releases more free electrons than 

copper and causes the copper to become charged negative 

with respect to the iron, thus reversing the polarity of the 

e.m.f. across the junction. 
D ifferent combinations of metals wi ll p roduce a simi­

lar-shaped curve, but of course the ampli tude of e.m.f., 

the rate of change of e.m.f. per degree change in tem­

perature difference and the range of temperatures over 

which the variation takes place will d iffer from figure 2. 

In any p ractical thermocouple, the variation of e. m .f. 

fo r temperature difference between zero and the neutral 

c 
z 
() 
r 
)> 
U1 
U1 
11 

m 
0 

c z 
() 
r 
)> 
U1 
(./') 

II 
m 
0 



0 
w 
lL 

V> 
V> 
<( 
_j 

() 
z 
::::) 

0 
LU 
lL 
U) 
U) 

<( 
_J 

0 z 
:::> 

temperature will be of primary importance. In electrical 
work, the most important factor will be the rate of 
change of thermal e.m.f. per degree change in tempera­
ture at the hot junction. The cold junction is always as­
sumed to be held at a fixed temperature. 

T able I shows an arrangement of metals called a 
thermoelectt·ic series. Any metal in the list is · electro­
positive to any metal that follows it, and electronegative 
to one that p recedes it. For example, if nickel be placed 
in contact with antimony and junction heated, electrons 
will be transferred from nickel to antimony and the 
nickel becomes positively charged. Nickel is said to be 
electropositive to an timony. However, if bismuth is sub­
stituted for antimony, the nickel becomes electronegative, 
since the transfer of electrons w ill then be from bismuth 
to nickel at the heated junction. 

Table I. T hermoelech"ic Series. 

1. Bismuth 7. Gold 
2. Nickel 8. Silver 
3. Platinum 9. Copper 
4. Aluminum 10. Zine 
5. Tin ll. Iron 
6. Lead 12. Antimony 

The above series is quite brief and can be extended 
considerably by the addition of a number of alloys which 
have marked thermal properties. A combination of pure 
platinum plus an alloy of 90% platinum and 10 o/o rho­
d ium is w idely used as a thermocouple in furnace 
pyrometers. A thermocouple of this type in con junction 
with a sensitive milliameter may be used to measure 
temperatures up to the order of 20ooo C. Constantin 
an alloy of about 60% copper and 40 % nickel is ofte~ 
used with iron or copper in the thermocouple-t;pe milli­
ameters. 

A theromp ile is a combination of thermocouples ar­
ranged in series so that the thermal voltages are additive. 
Such a device in series with a very sensitive current meter 
has been used to measure the heat of distant planets and 
to compare the temperatures of distant stars. With the 
thermopile placed at the focal point of an astronomical 
telescope, a temperature change less than one millionth 
of a degree Cen tigrade may be detected! 

CONDUCTOR R I __ ... 
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FIGURE 3-Typical thermoco11ple ammeter for me on 
d.c. or a.c. 

The thermocouple ammeter is extensively used in 
hig h-frequency electronic circuits. Figure 3 is a typical 
thermo-ammeter arrangement. The resistance R is of 
very-small ohmic resistance and is connected in series 
with the circuit in which the current is to be measured. 
The thermocouple is mounted in di rect and constant 
contact with R. T he heating action of the current raises 
the temperature of the thermocouple. The thermal e.m.f. 
establishes a current th rough the sensitive meter, this 
c~rre.nt being proportional to the heating effect of the 
ctrcUit current. According to Joule's Law of heating, the 
heating effect of a current varies as the square of the 
current value. Because heating effect varies as the square 
of the circuit current, the scale of the thermo-ammeter 
will be non-uniform, as shown in the figure. 

Cond11ction of mrrent in liq11ids. An electric current 
can pass in most l iquids, other than molten or fluid 
metals, only when some of the molecules of the liquid 
become dissociated . The p rocess of dissociation occurs 
when an. ino.rganic salt or an acid, such as sulphuric acid, 
H2SO.J> tS dtssolved in water. T he solution is called an 
electrolyte, and the breaking up of molecules into atoms 
~nd groups of atoms having a positive or negative charge · 
ts called ~ol~cular dissociation. For example, consider 
a sulphunc aod solution, which is a common electrolyte 
used in storage batteries. The dissociation of each mole­
cui~ .of H SO .• produces three charged particles: two 
postttvely charged hydrogen atoms (each deficient of one 
electr?n ) , and one SO 4 g roup of atoms carrying a double 
negattve charge, thus 

H2SO~-:_H++H++SO~,- -

. Th~s proce~s is reversible and may proceed in either 
d trectJOn, as tndicated by the arrows in formula above, 
until equilibrium is reached for the solution. 
. These c~arged atoms or groups of atoms are called 
tOns. An ton has entirely d ifferent characteristics f rom 
~hose ?f the c.orresponding neutral atom or g roup. An 
ton. wtll rematn charged either positively or negatively 
unttl the charge carried is neutralized by an opposite 
charge that may be I' d b f supp te y an external source o 
e.m.f., or by another ion of oppo 't I 'ty . st e po an . 

Electrolytic conduction is the term applied to the 
passage of current through a solution of this kind, a l­
tho~gh the current does not consist of a drift of electrons 
as I'd . 10 a so t conductor. In electrolytic conduction, the 
tOns are the ~arriers of the electric charge. The number 
~f el ectr~ns tn excess or deficiency in an ion is equal to 
the c.hemtcal va lence of the atom or g roup. (See Basic 
Physics, part 6, December 194 7 issue ELECT.RON.) 

Within the solution, the current equals ;he sum of the 
charges carried through any cross section in one second 
by the two streams of ions : one, moving toward the 
anode and the other, toward the cathode. The anode is 
the conductor, or p late, from whid1 the current enters the 
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electrolyte, and the cathode is the conductor or plate 
where the current leaves the electrolyte. 

Electrolysis and Faraday's lAws. In studying the con­
d uction of current through solids, you learned that two 
effects are always present : a magnetic effect and a heating 
effect. In electrolytic conduction, there are also two ef­
fects: a chemical decomposition of the solution or the 
electrodes, and a heating effect. Chemical decomposition 
resulting from elect ric current supplied from an external 
e.m.f. is called electrolysis. 

The dissocia tion of a meta llic salt in a solution, such 
as silver nitrate, results in positively charged si lver atoms 
and negatively charged nitrate g roups in solution . W hen 
an external source of voltage is applied to electrodes 
p laced in the solution, the negative terminal or cathode 
wi ll attract the positive silver atoms which are deposited 
on the cathode when their charge is neutralized. Such 
a process-depositi ng of metal on an electrode-is called 
electroplating . 

As the resu lt of a long series of experiments Faraday 
evolved the following laws of electrolysis : 
1- The mass of a substance liberated by electrolysis is 

proportional to the quantity of electric curren t whid1 
passes through the solution. 

2- The mass of a substance liberated by a given q uantity 
of current is proport ional to its chemical equivalent: 
that is, the ratio of its a tomic weight to its valence. 

These two laws may be co~bined into one worki ng 
statement : Liberated mass is equal to the electro-chemical 
equivalent times q uantity of current, where the electro­
chemical equivalent of any substance is defined as the 
mass of that substance which is liberated electrolytically 
by one coulomb of electricity. 

In practice, the mass of a metal deposited on a cathode 
can be determined with greater accuracy than the volume 
o.f a gas formed by a similar p rocess. The deposit o f 
stlver f rom a solution of silver ni trate has been carefully 
measured by various observers with results which differ 
~nl.y very sl.igh tly f rom 0.0011181 g ram per coulomb. 

.hts mass ts called the electrochemical equivalent of 
stlver. It should be noted that the International Standard 
for the quantity of electricity called the coulomb is 
0.0011181 g rams of si lver, since the known physical 
standard for this comparison was the Standard Ki log ram 
(See, however,. ELECTRON, Dec. 1947, page 16) . 

Elecl1'ochemlcal potentials . The contact potential \Vhich 
results when . d issimilar metals are p laced in certain 
electr?lytes, etther acid or alkaline, are of much greater 
mag nttude than those obtained between the same meta ls 
in air. T able II , below, shows the contact potentia ls for 
a few of the more important elemen ts when immersed in 
a normal e lectrolyte. The potentials listed in this table 
are not to be considered exact; they are simply given to 
ind icate the genera l magni tude. The potentials will vary 
to some extent wi th temperatu re and pur ity of the metals 
and only sl ightly with the strength of the electrolyte. 

T able II. Electrochemical Series 

Element 

Potassium 
Sodium 
Aluminum 
Zinc 
Iron 
Cadmium 
Nickel 
Lead 
Hydrogen 
Copper 
Mercury 
Silver 
Carbon 
Gold 
Lead peroxide ( approx. ) 

Contact potential and polarity 
111hen referred to hydrogen 

- 3.20 volts. 
-2.72 
- 1.82 
-0.77 
- 0.46 
-0.42 
-0.25 
- 0.12 

00.00 
0.33 
0 .60 
0.79 
0.83 
1.08 
1.98 

In any electrolytic solution, chemical reaction tends to 
dissociate some of the neutral molecules into positive and 
negative ions, the usual process by which chemical energy 
is converted to electrical energy. The negative ions are 
chemically active ; that is they are the ions that w ill even­
tually cause chemical decomposition of one of the metal 
plates or electrodes in a battery. 

Electrolytic and 11oltaic cells. You have just learned 
that when a current is passed through an acid or alkal ine 
solution called an electrolyte, chemical decomposition 
takes place and a metal or gas is liberated . T his process 
was termed electrolysis. The apparatus used is known as 
an electrolytic cell, and the electrical energy, supplied by 
an outside source, serves to produce the chemical d1anges 
involved, a small part being wasted as heat. 

Cells which themselves supply electrical energy, due 
to the chemical reactions that occur when they contain 
metals immersed in an electrolyte, are called voltaic cells. 
In this type of cell, chemical energy within the cell is trans­
formed into electrical energy, w hich is supplied to some 
exterior. point with, of course, loss of part of the energy 
as heat. Voltaic cells are called primary cells when the 
electrodes must be replaced after use, and secondary, or 
storage cells, when the electrodes can be restored to their 
ini tial condition by a process called "recharging." 

T he chemical actiOt7 111ithin a primary cell. All ele­
ments have a chemical affinity for negative ions, the 
actual magnitude of the attraction for the i?ns being 
determined by the nature of the elemen t. ! IllS rna~ be 
observed from the series in table II. To avotd confusiOn, 
make a closer study of the table. Note that the contact 
potential is that which exists between the metal and a 
hydrogen reference electrode. However, a gas makes a 
poor electrical connection. Fo r that reason, a second 
metallic elect rode is required for electncal connect ion 
with an external circuit. With regard to the potential 
d ifference available to a circuit, another metal on the 
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list is chosen for the other electrode. The actual trans­
formation of chemical energy to electrical energy takes 

place at the negative electrode where the negative ions 
in the electrolyte give up their negative charge, or 
charges upon contacting the metal electrode, and in this 
chemical process an atom of metal is detached from the 
electrode and goes into the solution. The charge is built 
up in the negative electrode until it just counterbalances 
the chemical affinity for the ions by the electrode. 

FIGURE 4-
Simp/e voltaic cell. 

Figure 4 shows the primary type of copper-zinc cell 
w ith an electrolyte composed of a solution of sulphuric 
acid and water- d issociation causing the sulphuric acid 
to break into plus hydrogen ions and negative So., 
(sulphate) ions. The negative ions migrate toward the 
zinc electrode, due to its chemical attraction, and g ive 
up their charges on contact. The chemical reaction sets 
a neutral zinc atom free which goes into the solution. 
The reaction is at eguilibrium when the repulsive force of 
the negative charge built up on the zinc electrode is egual 
to the attraction the latter has for the negative ions. The 

same action takes place at the copper electrode, but since 
it has less chemical affinity for the negative ions than 

zinc, eguilibrium is reached with less chemical reaction. 

Between the two electrodes will exist a potentia l differ­

ence due to the transformation of chemical energy to 

electrical energy. This potential may be determined from 
the series in table II by taking the algebraic difference 

that exists between the two elements in the series. 
Polarization. Given the primary cell just described: 

If a metallic conductor is now connected between the 
exposed ends of the zinc and the c~pper (see figu:e 4 ) , 
a current will flow through the wne from the zmc or 
negative electrode to the copper or positive elect rode. 
These electrons stop the chemical action at t_he copper 

electrode within the solution, and the negallve charge 

then attracts the positive hydrogen ions . . Upon c~nt~ct, 
the charge of the hydrogen ions is neutralized by piCking 

up electrons from the copper, and when ~eu tr~ l i zcd, the 
hydrogen ions form molecules of gas which clmg to the 
surface of the copper electrode. The fl ow of electrons 

in the external circuit reduces the charge on the negative 
zinc electrode, thus permitting further chemical reaction· 

and conversion from chemical to electrical energy. How­
ever, the formation of hydrogen gas on the copper elec­
trode reduces the activity of the cell by making it more 
difficul t for the positive ions to reach the surface of the 
copper and remove electrons. This in effect resul ts in a 
zinc-hydrogen cell which is of lower potential difference 
than a zinc-copper cell. T he reduction of cell activity by 
formation of hydrogen gas about the positive electrode 
is called polarization. 

To eliminate polarization it is necessary to replace the 
hydrogen deposit at the electrode by something which is 
not a gas, preferably by the element of the electrode 
itself. In this type cell, copper sulphate is used in close 
contact with the copper electrode. The resulting chemical 
action causes the hydrogen ions to form sulphuric acid 
and release a positive copper ion. This in turn combines 
with the copper electrode, when it removes a negative 
electron in neutralizing its charge; thus the conductivity 
of the electrode remains the same. Such an agent is 
called a de polarizer. 

Primary cells in common 11se. Primary cells differ ac­
cording to the particular materials used for the electrode, 
the electrolyte, _and the depolarizer. H igh electromotive 
force and low mternal resistance are desirable, but dur­
abi lity and cost of materials are the controlling factors. 

Th_e so-~alled gravity (copper-zinc) cell previously 
deswbed IS one type of primary cell in common use 
where l?ng unattended service is requi red, such as rail­
road switches etc. I t is necessary, however, to replace the 

zinc electrode and the depolarizer at certain intervals. 
This type of cell is designed for continuous service, 
b~t ?ecomes temporarily useless if left long on open 
Ci rcuit. The e.m.f. produced is about 1.08 volts ' and the 
resistance in ordinary sizes ranges f rom 1 to 6 ohms. 
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FIGURE 5- The rommo11 dry-cell in cross serlion. 

The ordinary dry cell is the most common type of 
primary cell. It is usually discarded when used up be­

cause it is uneconomical to rep lace the chemically decom­
posed electrode. 

This type of cell is not "d ry" in the true sense of the 

word, since the electrolyte consists of a moist paste in­
stead of a liquid, thus making it portable. Figure 5 is 
a cross-sectional view of the cell. The container is a zinc 
cylinder which also serves as the negative electrode. The 

positive pole is the carbon rod. The electrolyte is a 
solution of water and ammonium chloride, NH.,Cf. The 
zinc container is lined with thick blotting paper which is 
saturated with the electrolyte. T he space between the 
li ning and the carbon rod is packed with granulated car­
bon and manganese peroxide mi.'Xed in a paste wet wi th 

the electrolyte. T he manganese peroxide is the depolar­

izer. The chemical action is as follows: dissociation of 
the ammonium chloride produces positive NH.,+ ions and 
negative C/- ions. The transformation of chemical to 
electrical energy takes place at the zinc electrode where 
the negative Cl- ions migrate and give up their charge, 
at the same time detaching neutral zinc that goes into 
the solution. The positive NH.,+ ions take up electrons 
from the positive carbon rod and, in the process of doing 

so, break down chemically to ammonia, N H 3 , and hy­

d rogen gas. The action of tlie depolarizer is to remove 

the hydrogen gas by supplying oxygen to form water and 

manganese oxide. The ammonia does not materially 
affect the chemical t ransformation of energy. Whenever 
the external circuit is completed, the above chemical reac­
t ion takes place and current is supplied at the expense of 
the zinc electrode which is gradually decomposed. 
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FIGURE 6--T he W esto11 Standard Cadmifllll Cell. 

The electromotive force of a new dry cell is about 1.6 
volts and the resistance Jess than 0.1 ohm. The current 
on short circuit may be in the vicinity of 25 amperes. 

On open circuit the cell deteriorates very slowly and 

polarizes rapidly when a heavy current is drawn, but 
recovers in a short time when the curren t is stopped. 
Dry batteries are universally used in eguipment reguiring 
relatively low current for short periods, or low curr_ent 
alternately with large currents, such as in portable radiOs, 
door bells, flashlights etc. 

Standard or IIV est011 Cell. A standard cell is of simple 
desig n so that it can be used as a standard of electro­
motive force wh ich remains constant over a long period 
of time. It is not intended to supply cu rrent, so it shou~d 
be used in series with a h igh resistance in order to avoid 
injury from short circuits. The W eston Cadmium Cell 
is now used almost universally as the standard of electro­

motive force. The electromotive force is about 1.0188 
absolute volts at 20° C. Its variation with temperature 
can be accu rately calculated. 

Figure 6 shows the simple construction of the Weston 
Standard Cadmium Cell. The cell is made of g lass 
tubing in the form of the letter H. Platinum wires sealed 
in the bottom of each leg serve as terminals. Mercury 

and an amalgam of mercury and 12Y/1o cadmium serve 
as electrodes (the same as copper and zinc, respectively, 
in the cell described previously). The mercurous sul ­

phate is the depolarizer and the electrolyte is composed 
of a solution of cadmium sulphate. The air space at the 
top of each leg provides for expansion of the materials 
under temperature changes. The entire cell is sealed and 
is usually mounted inside a case in an upright position 
with the terminals at the bottom, so that the temperature 
may be measured guite accurately. Since cell e.m.f. varies 
exactly with temperature, exact calculations of e.m.f. can 

be made. 
Secondary or stomge cells. The discussion up to this 

point has centered on primary cells in which the t rans­
formation of chemical energy to electrical energy has been 
effected at the expense of d1emical decomposition of one 

of the electrodes. This characteristic of a primary cell 
limits its use to low-current requirements. For economi­
cal reasons, therefore, it cannot be used where the cur­
rent reguirements are of large magnitude or of long 

duration. 
For purposes reguiring steady currents larger than can 

be supplied by primary cells, storage batteries are used . 
Batteries are combinations of secondary cells in groups 
that are either in series or parallel and containing a 
sufficient number of workable uni ts to meet the reguire­

ments of current and voltage. T ypical applications in­

clude storage batteries offering standby serv ice in power 

substations to supply the load for short periods in the 
event of power failure of the regular generators, service 

as a source of power for submarines and for electric 

trucks, and service as independent batteries for energiz­

ing the starting and lighting circuits in automobiles. 
You have previously noted that the electrodes in a 

primary cell cannot be chemica lly restored to their orig­

inal form by the application of an externa l source of 

e.m.f. The construction of the secondary type cell over­

comes this defect by utilizing electrode materia ls which 

can be restored by an external source of e.m.f. during a 

process called charging. 
T here are two types of secondary or storage cells used 

commercially ; the n ickel-iron or Edison cell , and the 

lead-lead peroxide cell. Since the lead cell is more often 
encountered , its operation will be briefly explained here 

(see figure 7 ) . The lead battery has as its positive elec­

trode a plate (or plates) of lead peroxide p.ressed firmly 

in to a supporting grid of lead. The negative electrode 

consists of plates composed of pure spongy lead. to .pro­

vide as much surface as possible. The electrolyte 1s dtlute 

sulphuric acid with a specific gravity of 1.150 to 1.300. 

The chemical action proceeds in much the same fash ion 
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as that cf the primary cell. Dissociation of the acid in 
the water produces positive H · ions and negative S04-­

ions. When the latter give up their charge at the spongy 
lead or negative electrode, a lead atom is dislodged, 

which combines with a sulphate ion to form insoluble 
lead sulphate. This is deposited on the plate. The positive 

FIGURE 7-Tbe secondary or storage cell in cross section 
and when med in groups to form a storage battery. 

H + ions that are neutralized by taking a charge from the 
positive lead peroxide plate reduce it to lead oxide and 
oxygen. Then the neutral H atoms unite with oxygen to 
form water. The lead oxide, however, is unstable, and 
immediately combines with the acid in the electro lyte to 
form more water and deposits lead sulphate on the 
positive electrode. This is the chemical reaction that 
takes place when the cell is delivering current to an 
external source connected between the terminals. T his 
evolution of chemical energy to e lectrica l energy is 
termed the discharge of the cell and is accompanied by a 

gradual reduction of the activity o~ the el~trol yte as 

evidenced by a decrease in the specific gr~vity . At the 
same time that the strength of the electrolyte is being 

reduced, the plates of each electrode become coate~ m~re 
and more with the insoluble lead sulphate which In ­

creases the internal resistance o f the ce ll and , hence, the 

current del ivered to the external source is decreased . 

By causing cu rrent from an ex ~ern~l source ~o fl ow 
through the cell in the opposite di rectiOn to wh1ch .the 

II 1. d ent it is possible to reverse the chem1cal ce supp 1e curr , 

d 'bed above and restore the electrodes and process escn . . 
e lectrolyte to their original fo rm. TillS charg ing p rocess 

· t f 1 'ng an excess of elect rons to the nega-consls s o supp yi . 
tive electrode o( the cell , which causes the coatmg o f lead 

sulphate to d issociate or break down into spo.ngy le.ad 

(left deposited on the plate) and into sulphate IO~S w1th 

a negative charge which are returned to the solution. 

The chemical action at the positive electrode is more 
complex, however, since several chell)ical changes take 

p lace simultaneously when energy is removed from that 
electrode by the external source. The coating of lead 
sulphate combines with water in the electrolyte under 
these circumstances, and the sulphate ions are released 
from the lead sulphate, while water is separated into 
H + ions and O- - ions. The oxygen combines wi th the 
lead to form lead peroxide, the original composition of 
the electrode, and the hydrogen combines with the sul­

phate ions, as well as with those liberated at the negative 
electrode, to form sulphuric acid. The formation of 
acid increases the specific gravity of the electrolyte which 
provides a very reliable indicator as to the state of charge 
in the lead acid type of battery. 

If the cell is overcharged or charged at too high a 
rate, a ll of the hydrogen and oxygen gas liberated will 
not unite with the ions of lead and sulphate. This gas 
escapes in the form of tiny bubbles and the effect is 

known as "gassing." An excess of it indicates the com­
pletion of "charge." With- regard to an automobile bat­

tery, the specific g ravity of the electrolyte is 1.285 

when the battery is fully charged; when d ischarged it 
may fall as low as 1.1 50. During the charging process, 
a smaU amount o f water is lost due to electrolysis and 
the escape of gasses form ed, otherwise the processes of 
charge and discharge are very efficient. An efficiency of 
90 % is possible, but this depends g reatly upon the con­
d ition of the battery, its electrodes and electrolyte, the 
temperature and the rate of charge and discharge. 

The dynamo or electric generator. The dynamo or 
electric generator is a device that is used to transform 

mechanical energy to electrical energy, throug h the me­
d ium of the magnetic field. The process of t ransforma­
tion is easy to understand when you consider the rela­
tionship that exists between mag netic flux and directions 
of current and motion. 

Referring back to part 13 which explained magnetic 
lines of force, a generalization was made to the eff~ct 
that an electric curren t always establishes lines of force 

around it. The natural question that arises is whether 
this phenomenon can be reversed: i.e., can a curren t be 
produced in a circuit through the use of a magnetic field ? 
Experiments conducted by faraday in 183 1, along these 
lines, proved that an e.m.f. cou ld be ind uced in an elec­
t ric circuit by a t'elative motion between the circuit and 
a magnetic fi eld. These experiments lead to the con­
clusion that an e.m.f. will be induced in a coil or wire 
whenever there is a change in the magnetic flux linked 
with it. 

Figure 8 is a simple and direct method of ill ustrating 

how an e.m.f. is induced in a conductor which is part 

of an electrical circui t. In the interest of simplification a 

horseshoe magnet is shown with one l ine of force. The 

di rection of the flux li ne is from the N -pole to the 

S-pole. The conductor, shown as a heavy circle within 

the area of the magnet, represents the portion of the 
electrical ci rcuit within the influence of the magnetic 
field. The d irection of motion of the conductor, in the 

sequence, is to the right. B, C, D , E represent the inter-

MAG~TIC trf£CT S 
AS CONDUCTOR .,DYES TO lt1GHT 1 
TH.AOUCI-t .t.NO PAST rLUX U."tf" 

(B) (C) (O) 

FIGURE 8- The generation of e.m .f. by induction. 

(E) 

action of the conductor and the line of flux at later in­
tervals of time without showing the actual magnet in 
each case. As the conductor is moved to the rig ht, the 
flux line is distorted B, and as the conductor is moved 
still farther the flux line extends around both sides of 
the conductor C, where the opposite sides of the flu.x 
line begin to attract each other because they are op­

positely directed. Due to this mutual attraction they 

d raw together as the cond uctor is moved farther to the 

right until they toud1, and because of their opposite d i­
rect ion at this point cancellation results, as shown in D. 
The flux line immediately returns to its d irect path be­
tween the N -pole and S-pole of the magnet while the 
loop that had been formed about the conductor is col­
lapsing into the wire. 

In parts 12 and 13 of this course it was shown that 
the magnetic field about a conductor was proportional 
to t!1e current flow, therefore when a portion of the flux 
line is detached in the manner shown in figure 8 it will 

represent a certain finite magnetic field. Since a current 
cannot flow without its attendant magnetic field, the 
converse may be also taken as true; and a changing mag­
netic field, however minute, w ill cause a certain amount 
of current flow. The magnetic field produced about the 
conductor when it passed through the l ine of flux be­
tween the poles of the magnet immediately collapsed 
after it was formed, but in doing so, caused a. min~te 
current to flow whi le it was collapsing. T he production 
of current in this manner is called ind11ction, and the 

· e.m.f. resulting from the collapsing mag netic field is 
called an induced e.m.f . 

Quantitative experiments have shown tha t an e.m.f. of 
one absolute volt (electromagnetic un it) is generated 
when a conductor 1 em in leng th cuts a magnetic field 
at the rate ~f one flux line per second. This is a v.ery 
small quant1ty, 108 abvolts being egual to one pract1cal 
volt. It can be stated : 

e = B L v (10-8 ) practical volts. 

where e represents the induced e.m.f. in volts, B is the 

Aux density, L the active length of the conductor in 

centimeters and 11 is the velocity in cmjsec. 
From the above it can be readily seen that the voltage 

may be increased by any one or a combination of th ree 
ways; the flux may be increased, more conductors may 
be used, or the speed at which the flu.x .d1ange is effected 
may be increased. 

The above formula applies only when the conductor is 
cutting the flux lines at rig ht angles, but when the ang le 
between the flux lines and the d irection of motion is 
any angle other than 90° the induced e.m.f. may be 
stated as : 

e = B L v sin e X lO-S volts. 

Direction of induced e.m. f. and Lenz' s Law. Lenz' s 

Law in a generalization of findings from experiments on 
induced e.m.f. I t states in effect that, whenever a current 
is set up by a change of jl11x th ro11gh a cfrmit, its direc­
tion will be mcb as to oppose tbe act that caiiSed it. 
This may sound confusing at first, but consider the basic 
laws of physics concerning energy. Energy may neither 
be created nor destroyed, but it may be converted from 
one form to another with varying degrees of efficiency. 
Since this is true, every force w ill have an equal and 
opposite force or reaction, which means an energy change 

of some kind. 
In figure 8 the force which caused the induced e.m.f. 

was the action of moving the conductor to the right 
across the line of flux. The small loop about the con­
ductor that produced the induced e. m.f. (and hence the 
current) is noted to be of such a direction that the 
current is coming out of the page. Note tha t in figure 
8 (D) the d irection of the flux line and the loop about 
the conductor is opposite. Therefore there is an attrac­

tion between the flux lines at this point or a force that 
opposes the movement of the conductor. If another flux 

line were placed to the rig ht of the conductor in figure 
8 (E) the lines would be of the same d irection thus 

fu rther opposing the movement of the w ire. 
In the p revious chapter the behavior of a current­

carrying wire in a magnetic fiel d was shown and the 
force acting on the wire was found to be p roportional 
to the flux density, the current, the active length of the 
conductor, and the sine of the ang le between the flux 

direction and the d irection o f the conductor movement. 

Now, considering these two cases, it may be seen that 

when a conductor is moved across lines of flux, the in­

duced e.m.f. causes a curren t to flow in the conductor 
whose magnetic fie ld is of such a direction that the fo rce 

developed is in opposition to the original force caus­
ing movement of the conductor. This conforms to all 

the Jaws regarding conservation of energy. . 
The elertriral generator. The tran~formatiOn of. me­

chanical to electrical energy is accompl1shed by movmg a 

number of conductors across magnetic flux lines. A 

simple generator, consisting of a single-turn loop and a 

two-pole permanent magnet, is shown in graphic steps in 

fig ure 9. The magnetic field between the pole faces 

consists o f parallel lines. T he sing le-turn loop is con -
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FIG URE 9-SucceJJive positions in generati11g an e.m.f . 
by the me of a rotating cond11ctor in a fixed magnetic field. 

structed so that each conductor is parallel to the pole 
faces, and rotates about an axis that is the center of the 
area between the mag netic poles. The conductors of the 

loop rotate so as to cut the lines of force, but wi ll cut 

through the lines of force perpend icularly only at two 
points which are opposite the center of each pole face. 
At all other points of rotation the ang le between the 
line of force and the d irection of conductor movement 
will be an ang le less than 90° . 

At position A, neither conductor wi ll be cutting or 
passing through a line of flux. Therefore the induced 
e.m.f. wi ll be zero, but as the rotation is continued, each 

conductor will be pass ing at right angles th rough the 
flu.x lines opposite the center of each pole face, as shown 
in B. The induced e.m.f. at this instant causes a cu rrent 
flow out of the page in the conductor opposite the 
N -pole and into the page in the conductor opposite the 
S-pole. Each conductor has opposite curren t direction but 
since the conductors are connected as shown, the induced 
current is in one direction. The mag nitude of the in­
duced e.m.f. and hence the current flow is maximum at 

this instant of rotation. 
When the conductors have rotated to a position shown 

at C, the e.m.f. and current are again zero. Let us con­

sider what has actually happened between positions A 

and C. The rotat ion has been at a constant rate, the flux 

existing between the pole faces has been constant, but 

the ang le at which each conductor was cutting the Jines 

of force has changed. From position A where the con­

d uctors were moving parallel to the lines of fo rce to 

position B where each conductor was moving exactly 

at right ang les, the ang le of cutting lines of force has 

varied from zero to 90° , hence the function of the sine 

of the ang le has varied, from zero to one. Between posi­

tion B and position C the sine fu nction of the angle of 

cutting has varied from one to zero, just the r~verse. 
Since the induced e.m.f. varies as the sine funct1on of 

the cutting ang le, fig ure 10 may be used to illustrate 

the variation in the ampli tude of induced e.m.f. versus 
angle of rotation. The corresponding position of the 

rotat ing element is a lso shown for clarity. D uring this 

half revolution, the current and induced e.m.f. have 

varied from zero to maximum (at 90o ) and back to 

zero again. 
As rotat ion is continued, at a constant rate, from C 

to D , the angle of cutting increases from zero to 90° 

again. Each conductor is now cutting flux Jines in the 

same manner as previously explained, but the direction 
of the flux lines with respect to each ind ividual con­

ductor has reversed. From A to C the current was flow­
ing out of the page in the black conductor and into the 
page in the white conductor, but now the positions of 
the conductors have been reversed. The field direction, 
however, has remained unchanged; therefore, the direc­
tion of curren t flow in the loop is reversed. The varia­
tion of current through the loop is again from zero to 
maximum at D , and back to zero at the original position 
A. T his variation of current is plotted in figure 10 

below the central line to indicate magnitude opposite to 
that of the first half-rotation. 

FIGURE 10-Graf~ of induced e.m.f. versw 
position of rotor. 

Subsequent revolutions at a constant rate will produce 
exact replicas of the action shown in fig ure 9 and 
plotted in figure 10. This explanation describes how 
mechanical energy may be converted to electrical energy. 
The mechanical force exerted on the rotating member 

causes the conductor to cut the lines of force in the mag­
netic field which induces an e.m.f. in the circuit. The 
current caused to flow as a result of this induced e.m.f. 

is of such a direction that its magnetic field produces a 
force opposing the orig inal force acting on the rotary 
element. W hen the conducting loop is complete as in 
this example, there is a small Joss in energy in the form 
of heat due to the current passage throug h the loop, and 
also an amount of mechanical heat Joss from the friction 
encountered in rotating the element. 

The mechanical energy supplied plus that lost in over­
coming fri ction is equaled by the energy from the 
counter force d ue to induced e.m.f. and current flow 
plus the energy lost in heating the conductors. 

Uti li zation of this electrical energy takes many forms 
dependin.g upon the application and is beyond the scope 
of a bas1c course, but will be taken up in later assig n­
ments on electrical machinery. 

1. 

2. 

3. 
4. 
5. 

ANSWERS TO QUESTIONS IN PART 13 
11/ 15 dine per unj t pole. 
T wo. 

900 to 1000 lbs. depend ing upon flatness of surface. 
4.25 amperes and using # 3 AWG wi re. 

200 g rams of force per centimeter of length. Force 

exerted is proportional to length; therefore 20 con­
ductors would experience a force of 2 kg. 

MODEL TDH 
SWITCH FAILURES 

During a recent field trip, a represent~ive of the 
Bureau of Ships received a complaint about repeated 
failures of the contacts on inductance switch S-111 of 
the Model TDH Radio Transmi tting Equipment. These 
failures can best be p revented by proper tuning of the 
balanced network used to feed the Model TDH trans­
mission lines. 

In this particular instance, by corrective tuning, the 
circulating tank current was reduced from approximately 
60 to 21 amperes at a frequency of 8190 kc. This value 

compares favorably w ith the tank current of the Model 
TDH-4 Radio Transmitting Equipment which has a 
circulating current of 24 amperes at 8 190 kc. 

PORT ABLE COVERPLATES 
FOR SONAR SEACHEST 

It has come to the attention of the Bureau of Ships 
that various vessels having sonar sound ing equipment 
installed are not initially provided with portable cover­
plates, and that in many cases the coverplates are not 
carried on board even though they \vere supplied. At­
tention is invi ted to BuSh ips Jetter S68- ( 1) (983 ) 
EN28/ A 2-11, Serial R-366, Parag raph 6, which states in 
part "In all cases, a portable coverplate should be pre­
pared and fi tted to the outer opening of the seachest, and 
then removed when the proj ector is in p lace. " 

Type plans based on BuShips drawings RE 78f 113, 
RE 78F 134 and RE 78} 136 cover fabrication of water­
tight coverplates for sonar sounding transducer seachests. 
These coverplates are bolted over the external opening 
of the seachests prior to the removal of the transducers, 
when the vessel is waterborne. A bolt ing ring, flush 
with the hull of the vessel, is provided when the sea­
chests are built into the hull. The bolting holes are 
stopped-off with headless flush bolts when the cover­
plate is removed. 

Based on a beneficia l suggestion submitted by Mr. 
Lawrence E. James of the Mare Island N aval Shipyard , 
it is recommended that a nameplate be affixed to each 
coverplate to faci litate identifi cation aboard ship and to 
prevent loss or misplacemen t. Action will be required 
as follows: 

1- \Xfeld a 3 x 5 corrosion-resistant steel nameplate to 
each coverplate. 

2- Engrave on this nameplate in Yrinch letters "Cover­
plate for sonar seachest, Frame No. , for 

Model . " (Model letters of the particular 
sounding equipment concerned should be used.) 

Also eng rave "Do not destroy-for emergency use 
only." 

Last To 
Type of Approach Month Date 

Practice Landings . . . . 9,647 151,700 

Landings Under Instrument 
Conditions . . . . . . . . . . . 199 6,576 

3-Mount each complete coverplate by means of studs 
and wing nuts on a bulkhead near the seachest for 
which it is intended. 

OVERHAULING 
TYPE CG-66ABH ANTENNAS 

The Boston N aval Shipyard reports that a T ype 
CG-66ABH Antenna Assembly of a Model SK-2 Radar 
Equipment was recently removed from a CVE of the 
Atlantic Reserve Fleet and overhauled at the shipyard. 
During the overhaul , the framework of the antenna was 
carefully wire-brushed and repainted. 

After the overhaul had been completed, it became 
necessary to remove the upper framework of the an­

tenna assembly in order to facilitate stowage on the 
hanger deck of the vessel. Upon d isassembly of the 
l.F.f. reflector f ramework from the radar refl ector frame­
work it was found that the two adjoining metal surfaces 
were almost completely rusted away. Apparen tly this 
condition was caused by the condensation of moisture 
within the rectangular framework. Due to the excessive 
deterioration of the surfaces between the I.F.F. and radar 
reflector frameworks, the shipyard found it necessary to 

rebuild this section of the antenna. 
In view of the fact that this deterioration was not de­

tected during the regular overhaul of th.e antenna, the 

above information is brought to the attention of all over­

hauling activities, so that the condition described can be 
detected and eliminated during future antenna overhauls. 

;;;o 
m 
(.f) 
-i 
;;;o 

0 
-i 
m 
0 

;;;o 
m 
(,/") 
-l 
;;;o 

() 
-l 
m 
0 

w 
w 



The Pearl Ha.rbor Naval Shipyard 


