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ELECTRIC AND MAGNETIC
MEASUREMENTS

INTRODUCTION

PArT I. LABORATORY METHODS

1. Treatment of Errors in Laboratory Work. In everyday
life it is not uncommon to hear positive statements as to the
accuracy of frequently measured magnitudes, such as mass or
length, althongh every one knows that instruments of inereased
precision would show more or less important deviations from
the stated values. In accurate scientific work, the ideal is to
make measurements which shall be without crror. This ideal
is not attainable, however, and the methods chosen, as well
as the values observed, must be studied carefully in order to
determine the most probable value of the quantity which is
being measured. In every measurement attention must be
paid to all the conditions which may affect the correctness of
the value sought, and an estimate must be made of the reliabil-
ity, or probable precision, or trustworthiness, of the final
result. © R '

Let us suppose that a galvanomeéter deflection . of 8.55 cm.
1s observed, and let us assume that a careful estimate of the
probable precision of the measurements leads to the conclusion
that the observer can be sure of a single reading to within
0.02 em. The deflection will be recorded in the form

d = 8.65 1+ 0.02 cm.,
B 1
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which means that the recorded result will not be in error by
more than 0.23 9.

Errors of various kinds arise in making measurements, the
most important of which are the following:

Errors of observation, due to lack of ability on the part of
the observer to make accurate readings.

Simple mistakes, which grow less troublesome as the observer
gains in training and experience.

Instrumental errors, due to incorrect calibration of seales or
to faulty adjustment of comparison standards.

Systematic errors, due to defects in the method used.

It is readily seen that the effect of errors of observation is
reduced by taking the average of a great many measurements,
in which the chance that some readings are too large is offset
by the chance that others are too small. Apparatus of a higher
grade, more carefully made and calibrated, is important for the
elimination of instrumental errors, while repeating the experi-
ment by independent methods reduces the systematic errors.

2. Laboratory Methods. In order to accomplish results in
the laboratory it is of fundamental importance first to under-
stand thoroughly what is to be done, and then to proceed in a
systematic manner to do it.

In general, formulas and circuit diagrams should not be
memorized, but instead they should be reproduced as the
result of, careful study and logical thought. The student
should be able, before performing the experiment, to derive
the formulas and to draw the circuits. This should be the
outcome of a thorough understanding of the argument of the
problem, however, rather than definite acts of memory.

The following points should be carefully observed :

(1) Make sure that you know fully the purpose and the

theory of the experiment, including the meaning of all the
leading terms.
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(2) Be sure that you know precisely what data are to be
secured.

(3) Prepare in advance a schedule or program according to
which the observations will be taken, and make a ruled table
with headings for the record. This makes it unlikely that any
step will be omitted, and furnishes a check that the necessary
data are in hand.

(4) Secure a laboratory notebook or observation journal of a
convenient size, preferably permanently bound, and keep it
exclusively for this course, dating each set of entries.

(5) Frequently in engineering practice, one person takes the
observations and another person reduces and discusses them,
perhaps in a distant city, and after a considerable interval of
time. This renders it imperative to make a set of observa-
tional data complete in itself, perfectly clear and readable and
with explanatory notes sufficiently copious so that the influ-
ence of the experimental environment may be fully grasped.
The student should keep this in mind, no matter how simple
may be the problem assigned him.

(6) Scrutinize the conditions under which the observations
are taken and state as a part of the original data the probable
precision of the single readings or measurements.

(7) Proceed systematically in making the required adjust-
ments. The student will be greatly aided in this work by
arranging the circuits in a neat and orderly manner, always
avoiding a tangled set of connecting wires.

Always sketch out in the observation journal the precise cir-
cuit as it was used, before it is disconnected.

(8) The report should contain the following subdivisions:

(a) A brief statement of the purpose of the experiment.

(b) Alist of the apparatus used. Each piece used should be listed,
together with the maker’s name and the number, for purposes of identi-
fication, and such pieces as are of special design, or of exceptional interest
in any way, should be described.
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(¢) A brief analysis of the entire procedure, which will include a con-
cise review of the whole problem, the physical principles involved, and
the fundamental definitions.

(d) A brief statement of the actual steps of the manipulation.
(e) A table of data.

(f) Any formulas used, together with the meaning of each symbol,
and a sample calculation. The derivation of the formula is usually neces-
sary in order to make a clear statement of the problem as required under
(¢) above.

(g) A statement of the degree of precision attained in the observatwus
and in the final result.

(k) Do not omit the units in which the result, and any other impor-
tant quantities, are expressed.

(1) Give any necessary discussion of the results and answer any ques-
tions asked in the text, or by the instructor.

(9) Precautions. Bear in mind that the apparatus used in
the electrical laboratory is expensive and essentially delicate.
Handle each piece with the utmost care, and report promptly
any accidents which may occur. In using electrical measuring
instruments proceed with caution. Use the lowest_shunt first,
or the highest series resistance, or the scale of greatest range,
in order to avoid currents too large for the apparatus. In
general the circuit should be looked over and approved by an
instructor before final connections are made. The connection
to the source of power should always be the last one made,
and this should be done cautiously. The importance of good
contacts must not be overlooked. The ends of connecting
wires must be scraped clean and joined under pressure with
double connectors or in binding posts, never by loosely twist-
ing them together with the fingers.

Ordinarily tap keys and small switches are only intended
for use with feeble currents and with small differences of
potential. Sparking and consequent oxidation of the contact
points will result from the use of keys or switches with cur-
rents which are beyond their intended capacity.
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PaArT 1I. FUNDAMENTAL DEFINITIONS AND UNITS

3. Fundamental Concepts and Definitions. The three
quantities upon which most of the fundamental relations of
electric measurement are based are magnetic pole strength,
magnetic field strength, and current strength.

The unit of magnetic pole strength is that strength of pole
which will repel a similar pole of equal strength at a distance
of one centimeter, in air, with a force of one dyne.

The unit of magnetic field strength is that field in which the
unit pole is acted on by a force of one dyne.

A magnetic field is always specified in terms of its effect on
the unit pole. The direction of the field is the direction in
which the free north-seeking pole will move, and its intensity
is measured by the force which acts upon a unit pole placed
in the ficld.

‘When a magnetic pole of strength m units is placed in a
field of strength IT units, the force F, in dynes, acting on the
pole is given by the formula

F = mI dynes.

The unit of current strength, in the electromagnetic system,
is that current which, flowing through a conductor placed
normal to the field, will experience = side thrust of one dyne
for each centimeter of its length.

Direction of the magnetic field. The direction of the mag-
netic field about a straight wire carrying a current is clockwise
as one looks along the wire in the direction of the current.
In a circular loop or solenoid the current is clockwise to an
observer looking along the axis in the direction of the field.

Reactions between magnetic fields. 1t is often convenient
to regard magnetic fields as composed of discrete lines of force.
According to this conception the following rules for aiding
the memory are useful.

Two magnetic fields when superposed can develop force
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actions between themselves only when they have components
which are parallel. If such parallel components are in the
same direction, the fields will repel one another, and if in
opposite directions, they will attract one another. In repre-
senting these fields on paper, the plane of the paper must con-
tain these parallel components.

Current uniform over any cross-section. A steady current
which is maintained through a circuit of constant resistance
by means of an electromotive force has the same value through-
out the entire circuit. There cannot be any increase or de-
crease of current strength in one portion of the circuit as
compared with any other portion.

Ohm’s law expresses the relation which exists between the
three fundamental quantities, current strength I, electromotive
force or potential difference E, and resistance R. It may be
written in any one of three ways:

E
) I==
@) E=1IR.
E
3) =

Two cases of the application of this law will be considered :
first, when the entire circuit is taken into account, and second,
when only a portion of the circuit is concerned.

(1) If the entire circuit is considered, the value of E in the
above equations must be the maximum potential difference,
or the E. M. F. of the generator. If more than one generator
is in the same circuit, E will be the algebraic sum of all the
separate electromotive forces. Similarly, B must be the sum
of all the resistances in the circuit, including the internal re-
sistance of the generator, or of all the generators, if there is more
than one. For this case, the law will be written in the form

_2+ FE
® =3k
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(2) If a limited portion of a circuit is considered, in which
there is no generator, the value of E in the above equations is
the potential difference impressed across

K <~
the terminals of the constant resistance R I~_'V\M)
" e B
(Iig. 1). Fia. 1.

Any variation in the potential difference
is accompanied by a corresponding variation in the current
strength, and the ratio E/I is constant, and always equal to R.

Potential drop. The product of the resistance of any part
of a circuit, by the current flowing in that part, equation (2)
above, is called the potential drop, the fall of potential, or the
IR drop. The algebraic sum of all such produets taken around
the entire circuit is then equal to the effective or resultant
E. M. F. in the circuit.

Series and parallel combinations of resistance. When sev-
eral resistances of values 7y, 7, 7y - are connected in series,
the equivalent resistance of the group is given by the formula

B=r+r+7--

When several resistances of values », 7, »; «.- are connected
in parallel, or in multiple, the equivalent resistance of the
group is given by the formula

1 1,1 ,1
BE-ntrnth

4. Establishment of Electric Units. For measurements
of length, mass, and time, the absolute units of the C.G. S.
system are of convenient magnitudes. However, the electro-
magnetic units derived from these are much too large or too
small for practical uses. During the early development of
electric theory the units were in a confused state, frequently
with different values for units of the same name.

Several international conferences, with the leading physicists
and engineers of the world as delegates, were called from time
to time. At the International Electrical Congress, held in
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Chicago in 1893, formal definitions for the principal electric
units! were adopted, and the numerical magnitudes of the
ohm, volt, and ampere were fixed. All of these units were
designated as the International Units. 'These units were made
legal in the United States in January, 1894, Since that time
slight changes have been recommended by the International
Conference at London in 1908, and by its authorized commit-
tee.2 The units as adopted by this Conference are defined below.

6. Fundamental Electric Units. The ohm is the unit of
resistance, whichi has the value of 10° in terms of the centi-
meter and the second.

The ampere is the unit of current strength, which has the
value of 107! in terms of the centimeter, gram, and second.

The volt is the unit of electromotive force, which has the
value of 10® in terms of the centimeter, gram, and second.

The watt is the unit of power, which has the value of 107 in
terms of the centimeter, gram, and second.

6. The International Electric Units. In order to repre-
sent these fundamental units practically for purposes of
actual measurement, and as a basis for legislation, the Confer-
ence recommended the adoption of the International Units,
defined as follows:3

The international ohm is the resistance offered to an un-
varying electric current by a column of mercury* at the tem-
perature of melting ice, 14.4521 grams in mass, of a con-
stant cross-sectional area, and of a length of 103.300 centi-
meters.

1 The volt, ampere, ohm, coulomb, farad, henry, joule, and watt.

2 For details of this Conference see: LoNDON ELECTRICIAN, Vol. 62,
1908-09, p. 104. U. 8. BUREAU OF STANDARDS: (a) Circular No. 29,
(b) Miscellaneous publications. Report of the International Committee on
Electrical Units and Standards.

8 U. 8. BUREAU OF STANDARDS, (‘ircular No. 29.

4 For exact specifications see Report of the London Conference, LONDON
ELECTRICIAN, Vol. 62, 1908-09. ’
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The international ampere is the unvarying electric current
which, when passed through a solution of silver nitrate in
water,! deposits silver at the rate of 0.00111800 gram per
second.

The international volt is the electric pressure which, when
steadily applied to a conductor the resistance of which is one
international ohm, will produce a current of one international
ampere.

The international watt is the energy expended per second
by an unvarying electric current of one international ampere,
under an electric pressure of one international volt.

Based upon the foregoing, the following international units
are readily defined.

The joule, equivalent to 107 C. Gi. S. units, is the work done
when one ampere flows for one second, under an electric
pressure of one volt,

The coulomb, equivalent to 10~ C, ad.s. units, is the quan-
tity of electricity transferred by a current of one ampere in
one second. )

The farad, equivalent to 10-? C. G. S. units, is the capacity
of a condenser which is charged to a potential of one volt by
one coulomb.

The henry, equivalent to 10° C. G. S. units, is the inductance
of a circuit in which an E. M. F. of one volt is established by
a current varying at the rate of one ampere per second.

Tn addition to the above units, there were adopted by the
International Convention of Electrical Engineers at Paris in
1900 the following:

The maxwell, equivalent to one (. (i. S. line of force, is the
unit of maguetic flux.

The gauss, equivalent to one maxwell per square centi-
meter, is the unit of magnetic flux density.

1 For exact specifications see Report of the London Conference, LONDON
ELECTRICIAN, Vol. 62, 1908-09.
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ParT IIT. DIMENSIONS AND DIMENSIONAL ForRMULAS

7. Units and Dimensions. In order to define any physical
quantity, there must be given (a) a wnit and (b) a numerical cocflicient
which shows how many times the unit is repeated. This is clearly seen
in the expression of such quantities as 10 pounds, or 30 miles per hour.

It has been found that nearly all of the units used in physics can be
referred back to, and expressed in terms of, three fundamental units,
length, mass, and time. The powers to which these fundamental units
are severally raised in the formula for any derived unit are called the
dimensions of that unit. For example, an area is the square of a length,
hence the dimension of area is 2 as regards length. Similarly, a volume
has the dimension 3 in length, while a velocity has the dimension 1 in
length and —1 in time.

In writing the dimensions of units attention must be paid to the de-
fining equation of the quantities concerned. In the table below, the
dimensions of a few units are given, together with the defining equations
of the quantities.

QUANTITY DeriNiNg EQUATION DIMENSIONS

Area . . . . . . . . a=12 [L%]
Volume . . . . . . . v=10 [L?]
Velocity . . . . v= % [LT1]
Acceleration . a= .t'f = é [LT-%)
Force f=ma [MLT-2)
Work . w=f1 [ML2T-%]
Power . . . . . p= % [(ML2T-3)

The expressions in the third column are called dimensional formulas,
and it is customary to represent the three fundamental units by capital
letters, and to enclose the entire group in square brackets, using negative
coefficients where units enter into the denominator of the defining equa-
tions. These formulas indicate how the units of the various quantities
involve the three fundamental units in terms of which they are defined,
without any reference whatever to the numerical coefficients which may
be associated with them. These numerical coefficients may be either the
numbers which represent the multiples of the units used, or they may be
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quantities like , or the trigonometric functions. In any case such numer-
ical coefficients have no dimensions, and do not enter into dimensional
formulas.

8. Dimensional Equations. An equation signifies that the
quantities connccted by the sign of equality must be alikv in kind, as
well as identical in magnitude. The actual numbers substituted in for-
mulas in making computations are the numerical coefficients, but all
equations must be carefully examined in order to ascertain whether the
dimensions of the units on both sides of the equation are identical. Such
equations with their various qualitics expressed in terms of dimensions,
as shown above, are called dimensional equations.

9. Uses of the Theory of Dimensions. The study of the
dimensions of physical quantities is useful in three ways :

(1) To check formulas. The dimensional formulas may be used to
determine whether an equation is homogeneous with respect to the funda-
mental units involved in it.

Consider the familiar eyuation

x = sot + } at?,

where z is the distance passed over in ¢ seconds, by a particle with initial
speed s), and a constant acceleration q. Written in dimensions this

becomes [1]=[LTT)4[LT-2T%].

It is seen that x is the sum of two lengths. Indeed, quantities of
different kinds would have no meaning if added in this way.
Again, the equation for the period of a sinple pendulum is

1l
T=2my"
\/0
Written with regard to dimensions only, this becomes
(1=} 7]
or [T]=L[T].

In these examples it appears that every term in any one of the equa-
tions has the same dimensions. If this were not so, it would be proof
that there was some error in the formula.

Dimensional equations do not check the correetness of the numerical
work in computing; they only show whether the reasoning has been
correct with regard to the fundamental units involved. This may be
further illustrated by applying dimensions to the distinction between
mass and weight, which are frequently used incorrectly by the student.
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Weight is a force and hence has the dimensions [MLT-%], while mass
is itself a fundamental unit with dimension [M].

(2) To designate unnamed units. It is frequently convenient to use
the fundamental units as they appear in the dimensional formulas when
no name has otherwise becn given to a unit. Thus, the unit of speed is
given as foot/second or centimeter/second ; the unit of acceleration is
foot/second? or centimeter/sccond?; the unit of moment of inertia as
gram-centimeter? or pound-foot2.

(8) To find the new value of the numerical coefficient when the system
of units is changed. If n; is the numerical coefficient of a given quantity
whose unit is g1, and if n. is the numerical coefficient of the same quan-
tity when expressed in terms of another unit ¢,, then

n191 = Naq2

or .
N2 = Ny il .

q2

For example, if the quantity 10 pounds is to be expressed in terms of
the gram as a unit, then n; equals the product of n; by the ratio of the

pound to the gram, and
ne = 10 x 453.6.

As another example of the usefulness of the method, we may find what
number will represent 33,000 foot-pounds per minute when C'. G. S, units
are used. The number 33,000 must first be reduced to the equivalent
number of absolute units in the F. P. S. system or

23000 x 32.1 = 550 x 32.1 foot-poundals per second.
[ MiLi2T\ 3] = ny[ Mo L2 Ty78),

n[ (gram)(centimeter)2(second )~3] = n:[ (pound) (foot)2(second )27,

n1 = 550 x 32.1 I‘(P"}}B‘_l) (wIQSL)z(?Pﬂ?‘l)“” ]
gram / \centimeter/ \second

Then

ny = 650 x 32.1[458.6 x (30.5)2]=745% x 107 ergs per sccond.

10. Dimensions of Electric Units. There are two systems
of electric units, the electrostatic and the electromagnetic, based, respec-
tively, on the unit charge and the unit magnetic pole.

Electric charge. The fundamental equation in the electrostatic system
which expresses the force action between two electric charges ¢; and gz,
at a distance apart r, is given by
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In this equation % is a constant which depends upon the medium. The
dimensional formula for charge is derived in the following way. From

the above equation
9192 = Fler?,

g =[(F)dr),
¢ =[uLT-H¥d 1),
q=[MiLiTuhy.

Magnetic pole strength. The fundamental equation in the electromag-

netic system which expresses the force action between two magnetic
poles, m; and mq, at a distance apart r, is given by

F=Tum2,
wr

In this equation u is a constant which depends upon the medium. The
dimensional formula for magnetic pole strength is derived in a manner
similar to that for charge :

mymg = Fur?,

m =[(Fuyhn,
m =[(LT-Hhd),
m= [M%L%T‘Ip}].

In the above equations for charge and magnetic pole strength it is
difficult to understand the significance of the fractional exponents.
Under the usual assumption that & and w are both unity it appears that
the dimensions of m and ¢ are the same, which could only mean that
they are dimensionally identical. This seems peculiar, and the expla-
nation of the apparent absurdity lies in the fact that both % and ux may
themselves possess dimensions. But since we do not know the precise
mechanics of the electrostatic and magnetic phenomena of the ether, we
cannot write the dimensional formulas of these quantities. If we could
do so, the fractional exponents might be rationalized. Valuable theo-
retical results follow from the use of the equations containing 4 and gy,
but the usefulness of the method, so far as the immediate applications of
dimensions are concerned, is not impaired by omitting them. The re-
maining equations will be derived on the assumption that the phenomena
take place in air, in which case & and u are taken as equal to unity. The
dimensions of electric quantities based on the electrostatic system will
not be considered further.
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11, The Electromagnetic System. In deriving the dimensional
formulas based on the electromagnetic system of units, the starting pomnt
is always the force action associated with the unit magnetic pole.

Magnetic field strength. When a magnetic pole of strength m is placed
in a magnetic field of strength £f, the force action is given by

F=ml

and
_F

m

The dimensional formula for this is
a=METZ _ ydpipn,
minit

Magnetic flux. Magnetic flux is the product of field strength by the
area of cross-section, taken at right angles to the field, or
¢ = Ha.
Hence its dimensions are

¢ =(Mirirpey = (bt

Electric current. In deriving the dimensional formula for any quantity,
any defining equation may be used, so long as the dimensions of all of its
involved units are known, except the one to be derived. In the case of
current, we may start with the force on a conductor of length 7, placed at
right angles to a magnetic field of strength H, and carrying a current of
strength ¢.

F=1iHI

i=F.

Jo8
The dimensions of current are then

i=urTm i rry=atrie.

Quantity of electricity. 'The quantity of electricity which passes through
a circuit with a constant current ¢, in time ¢, is given by

Q =it
Its dimensions are
@ =[Mirirm = mich.

Potential difference. The difference of potential between two points is
measured by the ratio of the work done to the charge carried, or

w

and

Its dimensions are
‘ v=(urrr2Mirh=(uirir-.
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Resistance. Resistance may be defined from Ohm's law, in terms of
current and potential difference :

r=Y.
. %
Its dimensions are
3 1.1
R=[MAirenipiry =T

Inductance. Inductance may be defined in terms of the number of
linkings per unit current, where .V is given by the product of the magnetic
flux by the number of wire turns :

L= _/Y___ nfp — nI.Ia
i ) )

where ¢ is the area of the cross-section.

Since n is a pure number it need not be further regarded, and the
dimensional formula of inductance is

L=(Mir i 2!y i) =),

Capacity. The charge in a condenser is given by the product of the
capacity by the charging potential difference, whence

Q=CV
and
0=2.
v
Its dimensions are
1 _s8
c=raipduin =Ly,

The student is not advised to attempt to memorize dimensional formu-
las. The defining equations will be familiar, however, and from these the
dimensional formulas for all the important quantities can readily be
derived.

EXERCISES

1. Find the number of joules equivalent to 100 foot-pounds.

2. A mass of 100 1b. moves with a speed of 500 ft. per second. Find
its kinetic energy in foot-pounds, also in kilogram-meters.

8. Derive the dimensional formula for inductance from the intrinsic
energy equation.

4. Check the correctness of the Helmholtz equation by means of
dimensions.

6. Derive the dimensional formula for resistance from Joule's law.

6. Derive the dimensional formula for potential difference from the
Faraday equation.
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PArT IV. MISCELLANEOUS INFORMATION

12. Prefixes. Certain prefixes are so frequently used in
scientific work that they should be quite familiar. The more
common ones with their meanings are

meg- or mega- one million
kilo- one thousand
hekto- one hundred
deka- ten

deci- one tenth
centi- one hundredth
milli- one thousandth
micro- one millionth

13. Keys and Switches. It is frequently desirable in
electric work to open or close a circuit quickly, or to change
the connections between circuits rapidly, without the delay or in-
convenience of adjusting wires in binding posts. Various formns

’ of keys and switches are used for this

= %4 purpose. The simple tap key is shown

Fm?. 9 in Iig. 2. A leaf spring is held rigidly

at e on a base b, and is provided with

a platinum pin at d, which may be brought into contact with

a platinum surface beneath it when the finger is pressed on

the knob ¢. If the lower contact and the spring at e are con-

nected to a pair of bhinding posts which are in turn connected

to any circuit, the current may be interrupted or established

as desired. Platinum contacts are necessary in order to pre-

vent oxidation. Such keys are intended for use with feeble
currents and low voltage only.

A switeh is any device for making, breaking, or changing the
connections in an electric circuit. A single-pole, single-throw
switch is shown in Fig. 3, and in any given case one will be
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chosen of sufficient size to carry safely the current required.
An arrangement of two such switches on the same base, with
their movable blades rigidly connected

by an insulating bar, is called a double- \ﬂ%%
-]

pole, single-throw switch. r -

If the blades are so arranged that - Fra. 3.
they may be thrown clear over, and
made to engage jaws on the opposite side of the rocking point,
it is called a double-pole, double-throw switch. A plan view
of such a device is shown in Fig. 4. By
throwing over the switch blades pivoted at
olr «d, the cirenit attached to the terminals cd
d may be connected to either of two other
Fia. 4. circuits connected respectively at ab or ef.
By putting ecross connections between the terminal posts as
shown in Fig. 5, the current in a circuit

[
al O [e) Ole
O

b O

4

connected at ef may be reversed through a o e
1e circuit ed by throwing 't'hb switch s o o

blades from one extreme position to the a

other. " Fie. b



CHAPTER 1
GALVANOMETERS

PART I. GENERAL Typrrs AND CHARACTERISTICS

14. Classification of Instruments. Nearly all methods of
electric or magnetic testing require the measurement of one
or more of three quantities, current strength, potential differ-
ence, or charge. Frequently, however, the problem in hand
requires only that the presence or absence of current, potential
difference, or charge, be shown. 1In general, essentially the
same instrument, with certain modifications, may be used
either to detect the existence of one of these quantities or to
measure its magnitude.

An instrument for simply indicating the absence of a
current in a circuit is called a detector or an indicating gal-
vanometer.

When used to measure current strength, it is called a
current galvanometer, or simply a galvanometer. When pro-
vided with a scale graduated to read amperes, it becomes
an ammeler.

When arranged to measure a potential difference, it is called
a potential galvanometer, and if provided with a scale gradu-
ated to read volts, a voltmeter.

If arranged to measure quantity, it is called a ballistic galva-
nomeler.

In general, the term galvanometer is reserved for a class of
instruments used for either measuring or indicating relatively
feeble currents by means of their magnetic effect.

18
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15. Galvanometer Types. Many instruments of different
kinds have been designed for the purpose just mentioned.
Most of them depend upon force actions between magnetic
tields. Whatever the scale of the instrument reads, or what-
ever the quantity to be measured, the observed effect is really
due to a feeble current flowing through tixed or movable coils,
in the neighborhood of movable or fixed magnets or other
coils. The observed motion results from the attraction and
repulsion of the magnetic fields. One member of the system
must be free to move about its supports. Two types are
common, the suspended-needle type and the suspended-coil
type.

In the suspended-needle type, a magnetic needle is freely sus-
pended by a light fiber of silk or quartz at the center of a coil
of wire through which the current flows. The field about this
coil tends to set the needle parallel to itself, and any motion
of the suspended system may be observed directly, or more
accurately by means of a beam of light reflected from a small
mirror fastened to the moving part. It is possible to so
design the parts that the deflections are very nearly propor-
tional to the currents passing through the coils.

In the suspended-coil type, a permanent magnet is fixed in
position, and between its poles a coil of wire through which
the current is to pass is hung by a thin ribbon of phosphor
bronze or steel. A helix of similar aterial attachdd to the
bottom of the coil serves as a flexible connection with one of
the coil terminals, the other being attached to the upper
suspension strip.

16. Torque. Any rotation of the movable parts of the in-
strument is due to a torque or turning moment applied to it.
Figures 6 and 8, pages 20 and 22, show respectively how the
reaction of the magnetic fields causes the torque in each of the
two types.
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For the suspended-needle type (Fig. 6) imagine a single
circular loop of wire, whose plane lies in the magnetic merid-
ian NS, and which is perpendicular to the plane of the paper
intersecting this plane in A4 and B. 1f a current is flowing
clockwise in this loop as seen from the right-hand side, the

N
b4

-(0)

FiG. 6.

lines of force will be shown by the arrowheads about 4 and
B, giving a resultant field FF at the center of the coil. A
magnetic needle originally in the position ns will be deflected
through an angle 6 to n's', at which position the moment of
the deflecting couple is just compensated by the moment of
the restoring couple. Assumne the strength of pole of the
needle to be m units. It will then be acted upon by the field
F with a force of Fim dynes. Similarly, the south pole is
acted upon by an equal and opposite force. This pair of
equal, parallel, and oppositely directed forces, not in the same
line, constitutes a force couple, the moment of which is given
by the product of one force by the perpendicular distance
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between the lines of action. The moment of this deflecting
couple is '

@ L = Pml cos 6.

This couple will deflect the needle until its effect is overcome
by the influence of the magnetic field (ZI) in which it swings,
which exerts a force of Ifm dynes on each pole. These two
restoring forces constitute a force couple of which the mo-
ment is

2) I = Hml sin 6.

It will be shown in Chapter IV that the magnetic field is
directly proportional to the strength of current in the coils.
The magnetic field 77 is the resultant field due to the horizon-
tal component of the earth’s field, together with that of any
control magnet which may be in use with the galvanometer.
Strictly, the torsion of the suspension fiber is also acting
against the deflecting couple, but effort is made to reduce this

1S

Fra. 7.

to a small value by proper selection of the fiber. It is con-
sidered only in precise work of a certain kind.

For the suspended-coil type imagine the current to be flowing
down in the right-hand side of the rectangular coil as shown
in Fig. 7. A cross-section of Fig. 7 through 4B is shown in
Fig. 8, page 22, the current flowing away from the reader at a,
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and toward the reader at b. The arrows show the direction of
the magnetic fields about each coil and about the permanent
magnet NS. Since

> . .
¥ [/ =) magnetic fields in the
b N~ § . .
=) < B— same direction tend

A O — =79
‘g—:—:_:_—iiﬁ_::z to repel one another,
— —— —>

while those in oppo-
site directions tend
to attract, the resultant torque, due to the reaction of the two
fields, will cause the coil to rotate in a clockwise direction.
The value of the torque is found as follows. Assume the
coil to be I eni. long, and b em. broad, and to have a current
of I C.G.S. units flowing through its turns, which lie in a
field of value H due to the permanent magnet. The side
thrust on one wire in the Held H is given by

J= Il dynes
and on one side of the coil of » turns it is
F = IHIn dynes.

The moment of this force is (b/2)IHIn. Since there are two
sets of wires corresponding to the two sides of the coil, the
full torque L is given by

L=2 g IHin.

The product bl may be replaced by a, the area of the coil,
whence

3) L = IHan.

Equation (3) is only true in case the angle 6 is very small, for
as rotation takes place the effective lever arm is shortened,
and the value of the torque becomes

) L = IHan cos 6.
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17. Suspension and Control. The movable part of the
galvanometer may be suspended on carefully ground pivots in
jewel bearings, or in the sensitive instruments, by means of a
fiber of some material which is as free from torsion as possi-
ble. Unspun silk is frequently used, while an excellent fiber
can be made by drawing into a fine thread a bit of melted
quartz. These quartz fibers can be drawn exceedingly fine,
and their tensile strength is relatively high. They are also
free from troublesome elastic after effects.

In the case of the moving coil instruments, in which the
suspension must carry the current to and from the coil, very
fine phosphor bronze or steel ribbon is used above and a spiral
spring of similar material below. These ribbons are made by
rolling a wire 0.0015-0.0040 inch in diameter into a flat
ribbon.

In order that the movable system may return to its position
of equilibrium after the current has ceased to flow, there
must be a controlling torque.

Referring to Fig. 6, it will be seen that the control is here
due to the magnetic field in which the needle swings, the forces
being represented by the vertical arrows at the poles of the
needle.  In the moving-coil instruments, the control is due
entirely to the torsion in the suspending metal ribbon and the
lower spring.

18. Damping. When deflected by a current, the suspended
system, controlled as it is by a restoring torque which in-
creases with the angle of deflection, will vibrate with progres-
sively decreasing awmplitudes about its final position before
coming to rest. Similarly, when the current ceases, there will
be an oscillatory motion of the suspended system about its posi-
tion of equilibrium. The final position of rest is only reached
after all the energy imparted to the system has been given up.
Since it is tedious to wait for the gradual dyving away of this
motion, artificial means are provided for absorbing the energy
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in order to bring the system to its final position as speedily
as possible.

This process is called damping. Damping is usually accom-
plished either by friction of the air against a light vane
attached to the moving parts, or by the generation of induced
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currents due to the relative motion of conductors and mag-
netic fields, according to Lenz’s law.

If a system could be imagined entirely devoid of damping,
it would continue to vibrate indefinitely after a displacement,
as shown in Fig. 9, curve 1. As the damping increases, the pro-
gressive decrease in amplitude becomes greater, as in curve 2,
until finally a degree of damping is reached for which the
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motion just loses its periodic character and becomes aperiodic,
as shown in curve 3, Fig. 9. The critical value of the damping
for which this transformation takes place is also the value for
which the return of the system to its zero position is the
quickest, with no overswing to the other side. As the damp-
ing increases beyond this critical value, the return to zero
becomes slower, and this condition is less favorable for rapid
work. See curve 4, Fig. 9.

19. Mirror and Scale Methods of Reading. The simple
and direct method of attaching a light pointer to the moving
part of the galvanometer, and reading the deflection as this
pointer swings over a graduated circular scale, is used when
great accuracy is not required, and when the moving parts are
relatively massive, so that the additional mass of the pointer
is negligible.

For sensitive instruments and precise work a small, light
mirror is fastened to the moving parts, and a ray of light is
made to serve as a pointer, as described below.

When used in this way, the instrument is called a reflecting
galvanometer.

The lamp and scale. In Fig. 10, 8§’ represents the scale
at a distance d in front of the mirror, which is, in this case,
concave. A luminous source, such as the

filament of an incandescent lamp, or a /Js
Nernst lamp glower, is mounted at L, just ///
above or below the scale. The parts are ,13’

adjusted so that the image of the filament = Ta T L
formed by the mirror shall fall at the zero

of the scale, and if the scale is translucent, g

the position of the line of light may be read F1a. 10.
from the side opposite the mirror.

The telescope and scale. In Fig. 11, SS' represents the
scale, T the telescope, and m a plane wmirror fastened to the
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moving part of the galvanometer. The portion of the scale at
P is reflected by the mirror into the telescope, the objective
lens o formming a real image of
rJ B the scale at x. At this point
-~ are placed two crossed threads,
7 usually fibers of spider’s web,
a 7 and these must be in the focal
m‘kﬂg-j}-—“;ﬁ 3¢ plane of the objective o, as well
as of the eyepiece e. The cross
threads will then be clearly seen
superposed on the image of the
-5 scale. Any motion of the mirror
will then cause an apparent
displacement of the scale with respect to the cross threads.
If a ray of light is reflected from a mirror, making an angle
0 with a normal drawn to the surface of the mirror, and if the
mirror is rotated through some angle «, it can be shown that
any change in « produces a change just twice as great in 0
(Fig. 11). It follows that tan 2 =tanf=d/L, where L
is the distance from mirror to scale. Since for small angles
tan 2 ¢ may be put equal to 2 tan «, we may write

Fia. 11.

®) tan « =§(‘1Z'
Hence it is obvious that for a uniformly graduated straight
scale, the scale readings are not proportional to the angles of
deflection of the mirror, but rather to tangents of twice these
angles, For very small deflections, scale readings may be
assumed proportional, but for large deflections, greater than
about five degrees, the angles should be computed.

Some galvanometers have curved scales of constant radius, in
which case scale readings are proportional to angles of rotation.

Frequently the galvanometer is used in zero methods, in which
case a short straight scale with arbitrary graduations is sufficient.
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Part II. DESCRIPTIONS OI* SPECIAL TYPES or
GALVANOMETERS

20. Characteristics. The common galvanometers available
for use in the laboratory will be here discussed with refer-
ence to the five points mentioned above: (a) how the torque
is set up; (b) suspension; (¢) control; (d) damping; (e)
method of reading.

21. Suspended Needle Galvanometers. Two examples of
this type will be considered.

The Thomson or Kelvin galvanometer is named from Sir
William Thomson (Lord Kelvin), who perfected it. The
torque is set up by the reaction of the field about the needle
with the field about the coils. The suspension is a silk or
quartz fiber. The control is chiefly magnetic. Damping is
effected by means of an air vane. Readings are made with
the lamp and secale, or with the telescope and scale.

It is obvious that the sensibility increases as the controlling
force is weakened. Ifence, to reduce the control as much as
possible, use is made of the astatic system. This consists of
two similar magnetic needles mounted one above the other on
the same support, but with their poles reversed in direction.
Surrounding each needle is a coil of many turns, the two coils
being connected in series and with the direction of their fields
reversed. With this arrangement the turning effect of the
feeble current is doubled. Were the two needles identical as
to magnetic moment, the effect of the earth’s tield would be
exactly neutralized, and the system would stand indifferently
in any position. If, however, there is a slight outstanding
difference in the magnetic moments of the two needles, which
difference can be made as small as desirved, the controlling
force can be made very small.

For a sensitive galvanometer of this type it is necessary
that there should be a large number of turns of wire in the
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coils, that the turns should be close to the needle, that the
magnetic poles should be strong, that the fiber torsion should
be small, and that the control should be weak.

The tangent galvanometer takes its name from the law that
the current strength through the coils is proportional to the
tangent of the angle of deflection. This instrument will be
described further and its theory given in Chapter IV. The
five conditions for the Kelvin galvanometer may be assumed
to hold for this one also, except that the control is chiefly due
to the earth’s field alone.

22. Suspended-coil Galvanometers. D’Arsonval Type.
In the various forms of instrument of this type the torque is
due to the reaction of the field about the movable coil with the
field about the permanent magnet. The suspension is a metal
ribbon above and a coiled spring below, both serving to carry
current. Control is due to the torsion of the suspension.

Damping is most effectively brought about by induced
currents. These may arise either in the metal frame upon
which the coil is wound or in the wire turns of the coil itself.
In the latter case a tap key connected across the terminals
serves to short-circuit the coil through a low resistance. If
the coil is formed without a metal frame, a closed rectangle
of thick copper wire may be attached to the coil by spring
clips. As the coil rotates in the field, current is induced in
these moving metal parts, and the associated magnetic field
reacts with that of the tixed magnets. The forces thus called
into play tend to oppose the' motion of the system. The
suspended-coil galvanometer is practically free from disturb-
ances due to stray fields from power circuits or from electric
machinery.

By properly shaping the pole pieces of the magnets, and
adding a cylindrical soft-iron core, the magnetic field in the
narrow air gap in which the coil swings may be made uniform,
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as well as radial, as shown in Fig. 12,  In this case the de-
flections of the coil are direetly proportional to the current
strengths through a wide range of angular swing. This prin-
ciple has been developed and
applied in the direct-reading
ammeter and voltmeter.

Unless extreme care is taken
during the process of manu-
facture, there will be more or
less magnetic impurities in the coil, which will tend to give
an unsymmetric deflection on the two sides of the zero
point. Tn general, as the sensibility of the galvanometer is
increased, its zero-keeping quality decreases. Most metal
ribbon suspensions may be expected to show a slight shift
of the zero after a full-scale deflection. Differences in deflec-
tions on the two sides of the zero are due chiefly to a non-
uniform radial field, or to sowme slight displacement of the
coil from its symmetric position in the field.

23. Other Types. In addition to the galvanometers de-
scribed above, there are many others of special design for
special work. We shall mention only four of these.

Alternating-current galvanometers for commercial frequencies
are usually of the electrodynamometer type. (See Fig. 72.)
The action depends upon the reactions of magnetic fields in
fixed and movable coils.

The vibration galvanometer is an alternating-current instru-
ment which depends on resonance. It will be described in
Chapter IX, in connection with its applications.

High-frequency galvanometers are used for measuring alter-
nating currents where the frequency may vary from 100,000
to 2,000,000 cycles per second. Such instruments are in con-
stant use in wireless telegraph circuits, and they must be
capable of measuring a wide range of current values. These
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values may be as great as 200 or 300 amperes, and as small as
a few milliamperes or even a few microamperes.

The action of these instruments usually depends on the heat-
ing effect of the current, which may be measured (a) by
expansion, causing a stretch or sag in a tense wire; (b) by
thermoelectric effect, causing a deflection on a sensitive
potential galvanometer; or (¢) by a change in resistance,
measured by means of a Wheatstone bridge.

It must be understood, however, that measurements of the
various eleetric quantities of these high frequencies cannot
be carried out by the ordinary methods suitable for direct
currents. Satisfactory calibration of such instruments is only
possible in specially equipped laboratories.

The Einthoven string galvanometer consists essentially of a
fine conducting filament carrying current, stretched between
the poles of a powerful electromagnet. When current passes
through the filament, it is displaced transversely by the
reaction of the magnetic fields, and this displacement is
greatly magnified by means of a powerful microscope. This
type represents the highest sensibility, which may exceed
that of a good d’Arsonval by 3000 fold. (See §29.) A cur-
rent sensibility of 1073 amperes per scale division has been
obtained.

24. Galvanometer Specifications. The complete investi-
gation of any galvanomcter involves a study of the following
factors: (1) principles of its action, (2) diagrams and descrip-
tions of its parts, (3) resistance, (4) period, (5) damping,
(6) accuracy of its return to zero after deflection, (7) sensi-
tiveness, (8) calibration curves, (a) ballistic constant (Chap-
ter VII).

26. Laboratory Exercise I. A study of galvanometer types.
Examine carefully such galvanometers as may be available in
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the laboratory, especially the Kelvin and the d’Arsonval table
and wall patterns.
In all these instruments note :

(1) General type. (5) Method of suspersion.

(2) Name of maker and serial (6) Method of control.
number. (7) Method of damping.

(3) Exterior appearance. (8) Mcthod of reading, plane

(4) Interior appearance. or concave mirror,

In the report discuss the various instruments examined with reference
to the points above mentioned. Make sketches showing the working
features of the type forms.

Using the hypothesis of lines of force, make drawings to show how the
moving system is turned. State whether the instruments examined are
aperiodic, and discuss the conditions which affect the periodic time of the
suspended system. .

State the conditions which govern the sensitiveness of the different
types.
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Part III. Suunt CIirCUITS

"26. The Theory of Shunts. It frequently happens in
electrical testing that the galvanometer available for the work
in hand is too sensitive, in which case the current passing
would cause a deflection beyond the range of the scale, and
probably damage the instrument. A convenient and much-
used method for safeguarding the galvanometer is that of

providing a shunt or by-pass across the
——"I') terminals, the resistance of the shunt being
so adjusted as to permit more or less of the
total current to pass through it, thus leaving
T a >SB a safe and measurable fraction of the total
current to pass through the galvanometer.
Consider a galvanometer of resistance g,

provided with a shunt of resistance s
(Fig. 13). TLet I be the total current flow-
ing and ¢, and i, the currents through ¢ and s, respectively.
Let V be the potential difference between the galvanometer
terminals. The total resistance between a and ¢ is given by

(6) R= ""'g's'*’

Fia. 13.

which is seen to be a fraction, s/(g + s) of the resistance of the
galvanometer alone.
By Ohwn’s law the potential drop in either of the paths is

(7) V= igg = 'i‘S,
whence
® b2,

Y, g9

By the law of composition in proportion, (8) may be written
]

7,41, g+s.

® =

Remembering that i, + ¢, = I, (4) becomes
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(10) Yo ¥

I g¢g+s
Then

. $
(1) =T
and
(12) I=i9%s

The factor (g + s)/sis called the multiplying factor or multi-
plying power of the shunt, because it is the quantity by which
the galvanometer current is multiplied in order to give the
total current in the line.

It is apparent that the application of the shunt decreases
the resistance between a and b, and hence the total current I is
increased. Hence, the total current is not a constant for all
values of s. However, the relations given in (7) and in (12)
are perfectly general relations between the galvanometer cur-
rent and the then existing total current.

In order to study the effect of a shunt upon the total currenf,
it is important to examine the conditions upon wh* ‘“uff{’e Value
of the total current depends. This will be d(,rm or two ex-
treme cases: I. when ¢ is small compared to the ' total cireuit
resistance ; IL. when ¢ is large, or practically the only resist-
ance in the circuit.

Gasw I Vruen g O s compared to R.  Assame a circuit
as in Fig. 13. Let E represent the ¥. M. K. of the battery, b
its internal resistance, and R a variable control resistance.
Writing Ohm’s law for the entire circuit before s is conneeted,

E
13 L= =~ .
(13) "+ R+yg
Similarly, after s is connected
I= E

g T m——eem

(14) b4+ B4 -2
gy+s
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Dividing (13) by (14), we have

gs
(15) L ?_i_]?:_ﬁi

I, b+ R+yg
The condition for a constant total current is that the ratio
1,/ I, shall be equal to 1. 'The value of this ratio approaches
unity only when gs/(g + s) approaches g. This is only possible
when the factor s/(g + s) approaches unity, and writing this
factor in the form 1

?
1494
$

we see that the ratio approaches unity as g decreases. From
equation (15) it is seen that as ¢ approaches zero, the ratio
I,/ I, approaches unity, and it is then apparent that when g be-
comes negligibly small compared to the rest of the circuit re-
sistance, the influence of the applied shunt on the total current
is also negligible. This is equivalent to saying that in order
g ‘:‘11 t‘he total current constant, it is necessary to have I
very i mpd compared to g. This case arises when it is
desired to ppare values of the currents through the galva-
nometer, with' and without the shunt. For this case I must
not be appreciably changed by the application of the shunt.

From equation (12) it is seen that the ratio of total current
to galvanometer current is equal to the multiplying fartor of
the shunt. 1L the desired factor is n, then

w08
8
or
ns=g + 3,
whence
16 — g .
(16) §=

From equation (16) it is seen that if the desired multiplying
factor is n, the necessary shunt value is determined by dividing
the galvanometer resistance by n — 1.
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It is convenient to have the multiplying factor a decimal
multiple, 10, 100, or 1000. This is readily attainable if s be
given values 1/9, 1/99, 1/999, respectively, of the galvanome-
ter vesistance.  This requires a shunt box or set of shunt coils
especially adjusted for the galvanometer with which it is to be
used. In the Kelvin type, the resistance of the galvanometer
coils is constant, and a shunt box once adjusted is thereafter
trustworthy, due allowance being made for temperature
changes if necessary.

The use of such a shunt box is based upon the assumption
that the total current remains constant. This assumption may
be made rigidly true if series resistances are introduced into
the circuit, of such values as to compensate for the decrease
in resistance due to the application of the shunt. Such an
arrangement is called a constant-current shunt box. The com-
pensating-series resistance coils are automatically added to the
circuit as any desired shunt is applied to the galvanometer.

With suspended-coil galvanometers, however, the resistance
of the metal suspension is considerable, and, inasmuch as it is
difficult to replace a suspension without altering the galva-
nometer resistance, a satisfactory adjustment of a shunt box
is impossible. With moving-coil galvanometers, modern prac-
tice makes use of the universal shunt, which will be described
in § 27. Its use will be illustrated in the laboratory exercise
of § 70.

Case II.  When g s large compared to R. In this case we
may assume that 2+ b is negligible as compared to g (Fig.
13) 5 that is, g is the only resistance in the circuit. Returning
to equation (10) of Case 1, we may neglect R and b since they
are very small. We may then write
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whence we have

an L=1, ,‘l:;;_s.

From (7), however, it is seen that the total current is the gal-
vanometer current multiplied by (g + s)/s, whence

(18) L=i4%5,
8

It is obvious from a comparison of (17) and (18) that the cur-
rent ¢, through the shunted galvanometer is the same as the
original current I through the galvanometer before the shunt
was applied. The application of the shunt has left the gal-
vanometer current unchanged. This means that in this case
the application of the shunt has lowered the total resistance
of the circuit and thereby increased the total current to such
a degree that the fraction of it now passing through the gal-
vanometer is as great as the original line current. 1In this case
a shunt is useless.

To illustrate this case we may connect a high-resistance
voltmeter across a storage battery. A shunt of any value
placed across the terminals, although greatly increasing the
current drawn from the battery, has very little effect on the
current through the voltmeter, and hence its reading is prac-
tically unchanged.

The two cases considered above will be recognized as repre-
senting extreme conditions, and any actual case, with finite
values of ¢, s, and R, will fall somewhere within the limits
discussed. The actual effect on the total current for any
practical case can be ascertained by substituting the known
values in equation (15).

EXERCISE

Calculate the percentage deviation between I; and I for the condi-
tions b = 1.0, g = 100, s = 10, R = 10 and 10,000.



I, § 27] SHUNT CIRCUITS 37

27. The Ayrton Universal Shunt. A form which may be
used with any galvanometer, irrespective of its resistance, is
the so-called universal shunt

designed by Ayrton. The @

complete circuit is shown in

Fig. 15, and a simplified form . B R b .
for explanation is shown in p— g
Fig. 14. In Fig. 14, the gal- | |

vanometer of resistance ¢ is ¢ Fig. 14.

permanently shunted by a
high resistance of value R. The battery cirenit is connected
at @ and b, b being a mov-
.i |..| ..’ able contact corresponding
B to the rotating switch arm
E in Fig. 15. The resistance
between @ and b is denoted
r by 7, and that between b

and ¢, by ¢. Let I repre-
L a ?
(5 Q sent the total current flow-

ing from the battery, and
assume for the present
that it is constant in value,
irrespective of variations
in . Let i, represent the
current through the gal-
vanometer when b is at c,
Fic. 15. and i, 7, ete., the gal-
vanometer currents re-
spectively for different positions of . From equation (11)
we have

i=1I-3
(] g+8,

and this may be adapted to the circuit of Fig. 14 by replacing
s by rand g by (R —r+g). Then we have
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i=I -—— T
e+ @B—-r+9)
or

19 =T .
19) “w=Ig

Assume in the first place that b is at ¢, then (19) becomes

(20) i= Il—i!:f___ :

Next, assume that b is at some point such that »={; R.
Then (19) becomes

@1) fy=T I E

Dividing (21) by (20), we tind

whence
(22) ’l:z = Tlv ?:1.

Moreover, since galvanometer deflections are proportional to
currents, it follows that

23) ot 1

This shows that the ratio of ¢, to ¢, or that of the currents
through the galvanometer for the two cases considered, is in-
dependent of the resistance of the galvanometer. Ilence the
same ratio holds for any value of g. It is necessary here to
note that the assumption that I remains constant is by no
means always true, inasmuch as the effective resistance in
series with the battery is varied through wide limits by
changes in ». However, in the practical applications of the
shunt box, the shunted galvanometer is always in series with
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a high resistance, of the order of J; megohm or higher, in
which case any change in » would have very little effect on 1,

and for practical purposes
the error is negligible.
Applying the foregoing
discussion to Fig. 15, it is
seen that the total resist-
ance of 4000 ohms corre-
sponds to I, and the par-
ticular fraction, measured
from the zero end to the
switch contact, corresponds
to r. The line circuit is
connected at I and the
galvanometer at (7. The
five sections a, b, ¢, d, and
e have a total resistance
of 4000 ohms. The fol-

fo|

4

Oz

A\

o (

lowing table gives the ratios for the various positions.

SECTION RESISTANCE Swriren PosiTioN Rartio /T
a 0.4 ohm 10560 Tob00
b 3.6 ohms 1000 1050
¢ 36.0 ohmns 147 o
d 360.0 ohms 2 Y
e 3600.0 ohms 1 1

Sometimes it will be convenient to use the box for obtain-

ing a fraction of any available voltage.

If a certain voltage

is impressed across the terminals @, there will be available at
L the fractions of the original value given in the third column

of the table.
(See § 99.)

The apparatus may then be used as a volt box.
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28. Laboratory Exercise II. 7o study the effect of shunts on
galvanometer deflections.

Aprararus. Battery cell, reversing switch, adjustable re-
sistance, resistance box with low values for s, and a low-
resistance galvanometer.

ProcEDURE. (1) Set up the circuit as in Fig. 16, and ad-
just the galvanometer to a convenient zero.

(2) With K open, adjust R to a high value, making the de-
flection ten or more scale divisions. Read deflections on both
sides of the zero and take the mean. This gives a mean de-

~ flection d, which is proportional to the
L@Mk total current flowing.

£ (3) Keep R constant, close K, and
adjust s until the obiserved deflection
d' has been reduced by about one
tenth of that first read.

8

N (4) Continue reducing s by similar
steps, about ten in all, until s becomes
zero, when also the deflection should

le‘; . be zero. The connecting wires from s

to the galvanometer should be as short
as possible. Reverse each time, and record values of s,
together with the corresponding mean deflections.

(b) Tabulate the observed data, and also corresponding
values of d'/d and s/(s+g¢). State in the report what the
experiment teaches.

(6) Plot a curve with values of s as abscissas, and deflec-
tions as ordinates, and state what inferences may be drawn
from the form of the curve. Draw the asymptote to the
curve corresponding to the maximum deflection. Find the
value of the shunt such that any desired fraction of the total
current, say one fifth, flows through the galvanometer.
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Part IV. SgENSIBILITY OF THE CURRENT
(GALVANOMETER

29. Specification of Sensibility. For purposes of specifi-
cation it is necessary to state precisely the sensitiveness of a
galvanometer. Of the several ways in which this may be
done, the following are the most useful:

(1) The current sensibility is the current strength in am-
peres necessary to cause a deflection of one millimeter when
the scale is at & distance of one meter from the mirror. This
value of the current strength is called the figure of merit, and
galvanometers ordinarily in use have values ranging from 104
to 10~ Since for any galvanometer it is the current through
its coils, together with the associated magnetic field, which
causes the deflection, the figure of merit is the fundamental
definition of sensibility. Knowing the applied voltage and
the circuit resistances, the other methods of specifying sensi-
bility may be derived from this.

(2) The microampere sensibility is the number of milli-
meters’ deflection caused by a current of one microampere
when the scale is at a distance of one meter fromn the mirror.

(3) The megohm sensibility is the number of megohms
which must be placed in series with the galvanometer in order
that one volt shall cause o deflection of one millimeter when
the scale is at a distance of one meter from the mirror. If
the galvanometer resistance can be neglected as compared
to the high-series resistance, which is usually the case, it will
be seen that the megohm sensibility and the microampere
sensibility will have the same numerical value.

(4) The microvolt sensibility is the potential difference in
microvolts necessary to cause a deflection of one scale divi-
sion. This is chiefly used with low-resistance galvanometers
and those of a portable type provided with pointers.

(6) The voltage sensibility is the potential difference in
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volts necessary to cause a deflection of one millimeter. This
value will always be the product of the resistance of the gal-
vanometer and the figure of merit.

Since sensibility depends on the number of wire turns in
the coil or coils, which in turn is directly proportional to the
resistance, it follows that high-resistance galvanometers are
usually the most sensitive. DPortable galvanometers will
usually not have a sensibility greater than half a megohm.
Wall galvanometers will vary, according to their purpose,
from one to fifteen hundred megohms. The sensibility will
depend upon several factors such as position and strength of
control magnet, torsion of the suspending fiber, number of
wire turns in the coils, strength of the magnetic feld, and
distance from the mirror to the scale. Hence a value of
the sensibility of any instrument must be accompanied by
a precise statement of the conditions under which it is de-
termined.

30. Current Sensibility Formula. The formula for find-
ing the figure of merit, or the current sensibility of a galva-
nometer, is derived as follows. With a circuit arranged as in
Fig. 16, K being open, it is desired to find what current will
give one millimeter of deflection for some stated scale dis-
tance. Let the current value required for such unit deflection
be F amperes, let E denote the E. M. F. of the battery, and let
b denote the internal resistance of the battery. By Ohm’s
law, for any given deflection d, we may write

E

d=--
R4+b+g’
whence
) E
24 Fe— .
24) (B+b+g)d

In general, however, it will be necessary to use a shunt with
a sensitive galvanometer, which may be done by closing K
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and adjusting s to a proper value. The effective resistance
of the circuit, including shunt and galvanometer, will then be
sg/(s + ), aud the total resistance of the entire circuit will
be B+ b+ sg/(s+g)- Then, if the E.M.F. of the battery
is divided by this total resistance, the quotient is the total
current in amperes flowing through the circuit. Since the cur-
rent through the galvanometer is only a fraction of the total,
in order to determine the current effective in producing the
observed deflection d, the total current must be reduced in
the ratio s/(s +g), as in equation (11). For the shunted gal-
vanometer equation (24) becomes

(25) p=|—F L_s
1s+g

PN

s+g)

In case b is small, as it usually is, it may be neglected.

31, Laboratory Exercise III. 7o study the sensilility of a
current galvanometer.

Avrararus. The same as in § 28. Dry cells may be used
if a sufficiently high resistance is put in series with them.

Procepure. (1) Connect the circuit as in Fig. 16, and
adjust the galvanometer to zero on the scale. Note carefully
the distance of the mirror from the scale, as well as any other
conditions upon which the figure of merit may depend.

(2) Keep s constant and adjust R, which must be high, so
that a full scale deflection is read. Increase I so that the
deflection is reduced by about one fifth of the first value, read
both right and left deflections, and take the mean. Continue
increasing B for five or six values, making the last deflection
about two centimeters.

(3) Calculate the values of F for each mean deflection, and
tabulate values of R, right and left deflections, mean deflec-
tions, and F. Record also the values of b, g, and E. Reduce
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the deflections to millimeters. If the scale distance is not one
meter, the appropriate correction must be applied to the values
of . In case F is found to vary sensibly from a constant,
plot values of current, or reciprocals of total resistance against
deflections, and explain the significance of the curves. The
galvanometer resistance g may be found directly with the
Wheatstone bridge, or by the half-deflection method of § 55.
Notice that different procedure is necessary according to the
type of battery used, whether non-polarizing or dry cells. The
battery resistance may be found by the half-deflection method
of § 56. The E.M.I. may be read directly with an accurate
voltmeter, or it may be found by the methods described in
Chapter I1I.

(4) From the mean value of F' found, calculate the sensi-
bility of the galvanometer according to the detinitions (2), (3),
and (5) of § 29. Discuss the error introduced by neglecting
values of g and b.

32. Laboratory Exercise IV. To calibrate a galvanometer.
In many experiments in which galvanometers are used, it is
necessary to know whether the deflections throughout the
entire range of the scale are strictly proportional to the cur-
rents producing them. In some types, currents are propor-
tional to sines or tangents of the deflections, while in most of
the modern instruments the effort is made to secure strict
proportionality over the entire scale.

Arrange a circuit as in Fig. 16, and observe the deflections
for ten different values of R.

Plot a curve between values of the deflections and recip-
rocals of total circuit resistance. This will be the relative
calibration curve, and for some instruments will be a straight
line. If the actual values of current strength are plotted
against deflections, the absolute calibration curve will be
traced.
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PART V. PoOreNTIAL GALVANOMETERS. VOLTMETERS

33. The Potential Galvanometer. Deflections of a gal--
vanometer which are proportional to current strengths are
also proportional to the potential difterences impressed at the
galvanometer terminals, since the resistance of the instrument
is constant. Such galvanometers may then be used to meas-
ure potential differences, and they are called potential galva-
nometers, or voltmeters.

The potential galvanometer, or voltmneter, is always con-
nected in parallel with the points between which the voltage
or potential difference is to be measured. It is readily seen
that the application of the instrument to the circuit actually
lowers the voltage between the points across which it is applied.

— T AAAT—

O

Fia. 17.

Assume a circuit as in Fig. 17, where R is the resistance of a
portion of the circuit across which the potential galvanometer
of resistance g is connected.  Let V; be the potential difference
across the terminals of R, before the galvanometer is applied.
Let ¥, be the new potential difference after the galvanometer is
connected. Before the galvanometer is applied, we have

(26) Vi=LR;
and after the galvanometer is applied, we have
R
(21) Vs Ll
Dividing (26) by (27), we obtain the formula
h oL _E
V. L '_I_ig ’

Rig
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or
(28) Vi_hlB+yg,
V. L g

In order to insure trustworthy readings of the potential
galvanometer, the true potential difference between the termi-
nals of B must not be appreciably altered by the application
of the measuring instrument, and hence the ratio of V] to V,
should be equal to unity. In any actual case, however, it is
readily seen that the potential galvanometer applied as a shunt

Fic. 18,

across the terminals of R actually lowers the resistance between
these points and correspondingly increases the total current
flowing. In order to investigate the actual change in the value
of the total current we may write Ohm’s law for the entire cir-
cuit, both before and after applying the potential galvanometer.

Referring to Fig. 18, and letting E represent the E. M. F. of
the Lattery, of internal resistance b, we may write

B
29 L[=—
(29) =T
and, similarly,
(30) I,= —ER_
b+r+ -
R+g

Dividing (29) by (30), we have

Ry

b [~ A

I +T+R+9

(31) Lo _B+g
I, b4+7r+ R
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Substituting the value of the ratio I,/1, as given by equation
31) in equation (28), we obtain a formula for the ratio V;/V,
which does not involve 1, or I,:

Ry
b R
Vl_< +T+R+g)( +9)

% 18 (b+r+1L)g

_bR+rR+bg+ g+ Ry
bg + g + Ry

— bR+ Rr
by +rg + Ry
or

(33) Vi1 B,

From (33) it is seen that by making g large as compared to
R, V, may be made to differ from V; by as small an amount
as may be desired. A mnecessary condition for a potential gal-
vanometer is that its own resistance shall be high. The actual
value which ¢ must have in order to secure a required mini-
mum variation in V, as compared to V; is readily computed
from equation (33), if the other circuit resistances are
known.

In practical voltmeters the value of the internal resistance
is usually made not less than 100 ohms for each volt of scale
range.

34. The Voltmeter Multiplier. It is often desired from
the standpoint of economy or convenience to make a potential
galvanometer or voltmeter available over a range greater
than that of its own scale.
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Assume that the range of the voltmeter V,, (Fig. 19) is 3
volts for a full scale detlection, and that it is desired to measure
with it a value of 30 volts. Since the maximum deflection is
caused by a potential difference of 3 volts between its terminals

+ be, the voltmeter obviously
“ 3? cannot be connected di-
4 f rectly across ad, for the

4,  botential difference be-
tween these points is 30
<3 u volts. However, if a re-
C) sistance of value M is
BN placed in series with the
Fia. 19. .
voltmeter where M is so
chosen that the potential drop through it is 27 volts, then
the full scale (or 3-volt point) may be marked 30, and a ten-
fold increase in scale range will always be indicated so long
as this particular resistance is used in series with the instru-
ment.

Such a resistance is called a multiplier. It may be separately
mounted in a suitable case, or it may be inclosed within the
case of the voltmeter, its terminals being so arranged that it
can be put in series with the voltmeter when the larger range
is desired.

The value of M is readily derived as follows. When the
voltmeter of resistance g is connected as shown in Fig. 19, a
feeble current i flows through it. Then the potential drop in
it alone is given by

(34) V1 =ig = 3 volts.

The potential drop through the voltmeter and the multiplier
together is given by the equation '

(35) V,=1(y + M) = 30 volts.
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If the value of the current is the same in both cases, so that
the same deflection of the pointer is caused, we may divide
(34) by (35) and cancel i, whence

(36) 9 __Nh_3,

This reduces to

- - 30 — 3
(37) M:—.[V-Vl’.l]g:[ - ]g=9g.
l L®

Thus, if the resistance of the voltmeter is 300 ohms, M =
2700 ohms for a tenfold inerease in scale range.

In gencral, if it is desired to increase the scale range by
some factor n, the resistance of the multiplier will always be
the voltmeter resistance multiplied by (n —1). The student
should compare this case with that of the galvanometer or
ammeter shunt, in which case the galvanowmeter resistance is
divided by (n —1).

A desirable uniformity follows from the practice of making
the voltmeter resistance 100 ohms for each volt of scale range,
in which case multipliers are interchangeable.

35. Voltmeters Used to Measure Current. It has been
pointed out that a necessary condition for semsibility in galva-
nometers is that the movable system must be light. In the
suspended-coil type of instrument this means that only very
fine wire may be used, and the current-carrying capacity is
therefore very small.

On this account an ammeter seldom carries through its
movable coil the total current to be measured. However, it is
really designed as a potential galvanometer, to show the fall of
potential across an accurately known low resistance or shunt,
through which most of the current passes.

Since for a constant resistance the potential differences are

directly proportional to the current strengths, it follows that
B
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the scale of the instrument may be calibrated to read directly

in amperes.
The usual arrangement is shown in Fig. 20, where A4 is the
sensitive potential galvanometer. The deflections are propor-
tional to the potential differences between

a 3 .
7 A the ends of S, and the scale is graduated
l : ‘ to vead appropriate units of current
strength in the line.
F1a. 20.

A potential galvanometer may be pro-
vided with several low-resistance shunts of different values.
It is then available for reading current strength over any de-
sired range. These shunts may be contained within the case
of the instrument, or they may be separately mounted outside
the case, and provided with current and potential terminals.

It is not practicable to use interchangeable shunts with low-
resistance galvanometers. Counsider an ammeter of 0.01 ohm
resistance shunted with a resistance of equal amount. The
current through the ammeter is half the total current, hence
the scale range is doubled. However, if the shunt is remov-
able or interchangeable, the contact resistances are likely to be
too large to be neglected. The contact resistance of a number
16 wire clamped under a binding post with moderate pressure
will not be less than 0.0001 ohm, and may be as great as
0.001 ohm. In this case the contact resistance is at least one
per cent, and may be ten per cent, of the value of the shunt,
and the effective value of the shunt is too great by this
amount. Hence it is necessary to make the resistance of the
galvanometer high, and use it as a potential galvanometer. In
this case the small contact resistances are negligible.

36. Laboratory Exercise V. Some experiments on Ohm’s law.

ApraraTus. Voltmeter, ammeter, resistance box, dry cells,
single resistance, and tap key.

ProceEpURE. (1) Connect the voltmeter across the battery
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terminals, and rccord the reading. Insert in series with the
voltmeter and battery a resistance box, and adjust this until
the reading is reduced to exactly one half its former value.
Write Ohm’s law for each case, and solve for the voltmeter
resistance. '

(2) Calculate the value of the multiplier necessary to in-
crcase the scale range of the voltmeter tenfold. Check this
value by actual trial with the resistance box.

(3) Connect the battery in series with the ammeter, the
single resistance, and the tap key. Connect the voltmeter in
parallel with the resistance. Read and record several simul-
taneous values of current and voltage and compute the value
of the resistance.

(4) Conmnect the ammeter and voltmeter in series with the
battery, and record the reading of cach. FExplain the result.

Remember that the ammeter is a low-resistance, direct-
reading current galvanometer. The voltm.ter is a high-
resistance, direct-reading potential galvanometer.

Qurstions. Two ammeters are connected in series with a
battery. Will the readings be alike or different? Two volt-
meters are connected in series with a battery. Will they
read differently or the same: (a) if they have the same re-
sistance ? (b) if they have different resistances? What is
the effect of too great a resistance in an ammeter ? What is
the effect of too small a resistance in a voltmeter ?

EXERCISES

1. Assume a circuit like that in Fig. 18, and let B = 10, b =2, and
r = 10. It is desired that the voltmeter readings shall not be in error
by more than one half of one per cent. Find the value of the voltmeter
resistance.

2. How can a line voltage of 90 volts be measured with two voltmeters,
each of which has a range of 60 volts? The resistances of the voltmeters
are 4000 ohms and 6000 ohms respectively.
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3. Two voltmeters of 150 volts range and 15,000 ohms resistance are
placed in series across a 110-volt circuit. What will be the readings on
each of the two instruments ? Suppose that the resistances of the volt-
meters are 11,500 ohms and 16,000 ohms respectively, What current
flows through each instrument, and what is the voltage reading on each ?

4. How can a current strength of 90 amperes be measured with two
ammeters, each of which has a range of 0-50 amperes ? Find the current
through each, and the potential difference at the terminals of each, (a) if
the resistances are each equal to 0.056 ohm; (b) if the resistances are
0.045 and 0.055 respectively.

6. An ammeter and a voltmeter are to be used for measuring a re-
sistance by Ohm’s law. They may be connected as shown in either (A4)

(7m)
-/

'm

Fic. B.

or (B). Discuss the relative merits of these two arrangements, cspecially
when R has (a) a high value; (b) a low value.

6. A 4-volt battery has an internal resistance of 1 ohm. It is putin
serieg with a resistance I of 3 ohws, across which is connected a volt-
meter of 3000 ohms resistance. Find («) the total current; (b) and (¢)
the potential difference across B before and after the voltmeter is con-
nected; (d) the percentage error in the voltmeter reading.

7. In order to secure a multiplying power of ten, a galvanometer of
90 ohms resistance is shunted with 10 ohms. Assume an error of +}9,
in the shunt. What is the effect on the value of the multiplying power ?

8. A voltmeter of 3000 ohms resistance and an ammeter of 0.2 ohm
resistance are connected in series with a battery of 3 volts. Neglecting
the internal resistancée of the battery, find (@) the current which flows
in each instrument; (b) the potential drop in the voltmeter; (c¢) the
potential drop in the ammeter,



CHAPTER II
RESISTANCE AND ITS MEASUREMENT

Part I. GENERAL DEFINITIONS

87. Resistance and Ohm’s Law. The relations existing
in an electric circuit in which a steady current is flowing be-
tween electromotive force, current, and resistance were first
accurately studied by . 8. Ohm. He stated these relations in
a work which he published in 1827.!

The law of the electric circuit which expresses these rela-
tions is called Ohm’s law (§ 3). This law states the experi-
mental fact that the strength of current is always directly
proportional to the electromotive force, and inversely propor-
tional to the resistance. Tt may be written in the form

(1) I= %’)
where I is the strength of current, E is the electromotive force,
and R is a quantity called the resistance, which is character-
istic both of the material of which the circuit is made and of
the form (length and cross-section) in which this material is
disposed. It is found that the resistance is not dependent
upon the strength of current flowing nor upon the electro-
motive force. It depends only upon («) the nature of the
material, (b) the form, size, and physical state of the material,
(c) the temperature. If the electromotive force is doubled,
the character of the circuit remaining otherwise unchanged,
the current is found to be doubled ; in other words, the ratio

1 Die Galvanische Kette, Mathematisch Bearbeitet.
53
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E/I is constant and equal to B. The fact that this ratio
remains constant shows that R corresponds to a definite phys-
ical property of the matevial. The resistance may then be
defined as that characteristic constant of the circuit which is
the constant ratio of £ to L

The basic idea underlying the use of resistance in electric
circuits is that of opposition to the dlow of curvent. If the
resistance is altered, the current strength is altered in an in-
verse ratio. This opposition to the flow of current is analo-
gous to friction in mechanies, and it is always accompanied
by the production of heat. 1f an unvarying current is main-
tained through a metallic conductor by a constant potential
difference, the clectrical cnergy is entirely transformed into
heat, the amount of which is proportional to the resistance.
The rate of transformation of cnergy is given by Joule’s law
(Chapter IV, § 111):

_ag,

where 7 is the current strength, R is the resistance, H is the
heat produced, and ¢ is the time.

It follows that resistance may be measured by means of the
heat generated, as well as by the ratio of simultancous values
of E and I. This ratio, and hence the value of the resistance,
remains constant only so long as the rate of dissipation of the
heat produced is equal to the supply rate of the clectrical
energy, so that the temperature of the conductor does not
change.

In applying Ohm’s law to any portion of « ecircuit, which
does not contain an electromotive force, the current is given
by the ratio of the potential difference impressed on the ter-
minals of the resistance to the resistance itself. If the law is
applied to the entire circuit, the total resistance of the circuit
must be used, inc¢luding the internal resistance of the generator,
or of all the generators if there are several. Likewise, the
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resultant or net value of all the electromotive forces must be
used. If the generators are in series, this resultant value is
found by taking the algebraic sum of all the electromotive
forces present in the entive cireuit.

In the case of some substances, such as electrolytes, in
which polarization phenomena appear, there are in general, in
addition to the potential difference impressed at the elec-
trodes, internal potential differences which must be taken into
account before applying Ohm’s law. These internal potential
differences, which are opposed to the impressed potential dif-
ference, will virtually have the effect of o resistance, and care
must be taken that the actuul resistance found has been freed
from these cffeets.

It has been found that the ratio of potential difference to
current is nof cxactly constant for many non-metallic sub-
stances. This is true for gases, and also for such substances
as rubber, paraflin, and shellac. The same departure from a
constant ratio, especially for high voltages, is found for many
high-resistance liquids, such as certain oils, benzine, and ether.
In these instances it is probable that polarization phenomena
arc present, as in electrolytes. Itis also probable that actual
changes in the value of the resistance are caused by the appli-
cation of the eleetromotive foree.

With the corrections indicated above, Ohm’s law has been
verified after most careful investigation for currents passing
through metals and electrolytes, and with a precision of one
part in one hundred thousand. Hence this law is a general
principle of fundamental importance for electrical measur,
ments.
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ized experimentally, nor is it of convenient size. A multiple
of 10° is chosen, which is practically represented by the resist-
ance of a mercury column at 0° (!, 106.300 cm. long, of mass
14.4521 grams, and of coustant cross-section. T'his practical
unit is the infernational ohm (§ 5).

For purposes of convenience, resistances are grouped in
three ranges, according as their values are medium, high, or
low. Medium resistances are ordinarily measured in olans,
and include values from about 1 ohm to 100,000 ohms.
Values beyond this range arve called high; they are most con-
veniently expressed in megohms (§ 12). Fractions of an ohm,
especially swmall fractions, are called low, and are most con-
veniently expressed in microhms (§ 12).

39. Resistivity, or Specific Resistance. Fxperiment has
shown that the resistance of a conductor whose ecross-section
is uniform, and whose substance is homogeneous, is dircctly
proportional to its length, inversely proportional to the area
of its cross-section, and is also proportional dircetly to some
constant which has different values for different materials.
If R is the resistance of a piece of wire of cross-section a and
length I, then we may write

@) R=%k.,

where k is a constant depending on the material. Solving
this equation for k, we find

. Ra

3 k==

@) ;

It follbws that for a conductor of unit length and unit cross-
sectlon, k is equal to B; hence k may be defined as the resist-
ance’ betweer: wpposite faces of a unit cube of the substance.
This va}ue k is 'balled the resistivity or the specific resistance
of the material, Smee the resistance of a sample unit cube
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is always small, it is'usually expressed in terms of microhms
per unit cube. Instead of giving resistivity in terms of re-
sistance, unit length, and unit cross-section, it may be ex-
pressed also in terms of the resistance in ohms per foot of
wire one mil (0.001 inch) in diameter, or the resistance in
ohms per meter of wire one millimeter in diameter.
Another group of units of resistivity is based upon the mass
of the sample instead of the volume; for example, the resist-
ance of a piece of uniform wire which has a length of one
meter and a mass of one gram, or the resistance of a piece of
wire which has a length of one mile and a mass of one
pound. The units of resistivity may be summarized as

follows:
microhm per centimeter?,
Volume units {ohm per mil-foot,
L ohm per milliineter-meter.

{ ohm per meter-gram,

Mass units | ohm per mile-pound.

In practice, the muss units of resistivity are preferable to the
volume units for the following reasons: (a) the measurement
of the cross-section is frequently difficult or inaccurate, (b) for
many shapes this measurement is impossible, (¢) copper is
ordinarily sold by mass rather than by volume and hence the
data of greatest value are given more directly.

The mass units of resistivity may be readily converted into
volume units if the density of the sample is known. Tor
standard annealed copper at 20° C., the density is 8.89. A
wire of this material one meter long and one square millimeter
in cross-section has a resistance of 0.1724 ohm. If the wire
is one meter long and one gram in mass, its resistance is 0.15328
ohm.! The figures will vary slightly for different samples. A

1 Much data of value will be found in Copper Wire Tables, U.S. BUREAU
OF STANDARDS, (fircular No. 31.



58 RESISTANCE AND ITS' MEASUREMENT [1I, § 39

certain sample of copper has the following values for its re-
sistivity when expressed in the various units:

900.77 pounds per mile-ohm,
0.1577 ohm per meter-gram,
1.7726 microhms per centimeter?,

10.663 ohws per mil-foot.

40. Conductivity. The reciprocal of the resistivity is
called conductivity and its unit is the mho, or reciprocal ohm,
per centimeter cube. For many reasons, especially in engineer-
ing practice, conductivity is specified instead of resistivity.
Apparatus of the bridge type has been arranged for measur-
ing directly in terms of arbitrary standards the conductivity
of such materials as copper rods and wires, and steel rails.
The samples used must be short for reasons of economy, and
the methods of measurement follow closcly those given below
for low resistances.

41, Temperature Coefficient of Resistance. The electrical
resistance of all substances is found to change more or less
with changes in the temperature. All pure metals and most
alloys have their resistance increased with rising temperature,
while carbon and many electrolytes show a decrease in resist-
ance with increasing temperature.

Experiment has shown that the resistance of any conductor

at a temperature ¢° C. is given by the formula

Q) R,= R, + Bt + RSt*+ -+,

where R, is the resistance of the sample at zero, a is the
change in 1 ohm when the temperature changes from 0° to
1° C.,,and B is a measure of the variation per degree in .
The factor « is called the temperature coefficient. The value
of B is very small; for copper it is 0.0000012; hence it
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may be neglected in all but the most precise work. The
simplitied formula for metallic conductors will then read

) R,= RB,(1 + ).

The temperature cocfficient is a function of many factors,
such as the process of purifying the mectal, the degree of its
purity, and the methods of drawing and annealing during
manufacture. All pure metals have nearly the same value of
the temperature coefficient, approximately 0.4 of one per cent
per degree C. If values of resistance are plotted against
corresponding temperatures on the absolute scale, the curves
approach straight lines, with a general trend toward the origin,
indicating that at the absolute zero the conducting metals lose
their resistance. It has recently been shown by Onnes, in
experiments with conductors surrounded by helium boiling
under diminished pressure, that at a temperature of three or
four degrees above the absolute zero the resistance does prac-
tically disappear. In this state Ohm’s law no longer holds,
and when current flows through the conductor at this temper-
ature, there is neither a generation of heat nor a fall of
potential.

42. The Formula for Temperature Coefficient. If the
values of resistances of a conductor at two temperatures other
than zero are known, the value of & may be derived in the
following way. Tct ¢and t' be two temperatures for which
the corresponding values of resistances are R, and R,. Then,
from equation (5), we may write

©) R,= Ryl + at),
™ R, = R(1+ at').
Dividing (6) by (7), we find,

®) B 1+

R" —1 + (Zt’
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Clearing of fractions and solving for «, we have

_ Ry — R,
© R

43. Current Control by Means of Resistance. One of the
most frequent needs in the electrical laboratory is the control
of current strength, and this is readily accomplished by means
of resistances, either fixed or variable in value, included in the
circuit. The variable resistances are grouped under two
heads, resistance boxes and rheostats. A third group includes
standard coils of fixed values. The common resistance ma-
terials and the various controlling devices above mentioned
will be taken up in order.

44, Resistance Materials. For standard coils and resist-
ance boxes it is important that the material used should have
the following qualities :

(a) Permanence, so that a coil once adjusted to a given value
may be relied on for a long period of time;

() Small temperature coefficient, so that changes in tempera-
ture may affect the resistance in a small degree;

(¢) Large resistivity, so that a high resistance may be assem-
bled without too great bulk; ‘

(d) Small thermoelectric effect against copper or brass, so
that variations in temperature between different parts of the
circuit may not cause troublesome thermal currents.

Laboratory standards of precision are sometimes made of
mercury in glass, but these are not readily portable, and
they are exceedingly fragile, requiring the highest technical
skill in their assembly and use.!

Early materials for resistance coils were german-silver
and platinum-silver alloys, but these had a high-temperature
coefficient. IHence, other alloys were sought which would

1See U.S. BUREAU OF STANDARDS, Bulletin, vol. 12, p. 375.
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more nearly meet all the conditions mentioned above. A large
number of copper-nickel alloys have been produced which are
useful because they have high resistivity, and in general, low-
temperature coeficients; but they are not available for pre-
cision work because of their high thermoelectrie effects. In
the alloy called manganin, however, this objection is almost
entirely overcome, as the thermoelectromotive foree between
manganin and copper does not excced 1.5 microvolts per
degree C. The table herewith given shows the composition of
some of the most-used resistance materials, together with the
resistivity and temperature coeflicient.

PROPERTIES OF RESISTANCE MATERIALS!

: Resistivi Temperat
Substance Composition rnicr«euh]:l;‘—lt(:,m*. (“}22%‘;:;:::9
Aluminam . . . . . 3.2 0.0039
Copper (annealed) . . . 1.7 0.0042
Iron (pure) ., . . . . 9.96 0.0062
. 20° C. 0.0052
e 10.0-15.0 |/
wire 1 800° C. 0.016
Steel soft-hard . . . . 15.9-46.0 0.0042-0.0016
transformer plate . 11.1
silicon-steel . . . 51.0 0.004-0.006
Mercury . . . . . . 95.8 0.00088
lala . . . . . . . {g‘:: } 50.0 0.00001
Cu 84% R
Manganin. . . . . . |{Ni 12%} 42-47 ;(2)0+g'ggg;2
Mn 4% -
Cu 60%
German silver . . . Zn 30% 30.0 0.0033
Ni 20% |
Arc lamp carbon . . . 40006000 — 0.0003

1Complete tables of data on these properties will be found in the various
electrical handbooks; also in LANDoLT-BORNSTEIN, Physikalisch-Chemische
Tabellen.

-
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45. Resistance Boxes. Resistance boxes are groups of
coils of wire arranged cowmpactly, so that single coils, or any
series combination of them, may be introduced into the circuit
by manipulation of switches or plugs. These coils may range
in value from a few tenths or hundredths of an ohm up to a
tenth of a megohm. They are usually non-inductively wound
with fine wire of small current-carrying capacity. They are
used only with feeble currents, usually small fractions of one
ampere.

What constitutes a safe current for any particular box can
only be determined by some knowledge of the way the box is
made, and the size of the wire used in its coils. Usually the
maker selects the wire so that the rate of transformation of
electric energy into heat is practically constant for all the
coils, and the carrying capacity is usually rated in terms of
the watts dissipated, without overheating.

The watt load on any coil is readily found from the formula
E?/R, where E is the voltage across the coil and R is its re-
sistance. The current, impressed voltage, and total circuit re-
sistance must be so adjusted that the safe minimum for the
box in hand shall not be exceeded. In general, this will be
about one watt, although some resistance hoxes on the market
will dissipate four watts without overheating. The common
type of wood spool boxes would have the paraffin coating soft-
ened at two watts; complete safety requires that the tempera-
ture shall not rise more than a few degrees above that of the
room.

In any event, especially if a storage battery or dynamo is
the source of power, some estimate should be made of the
electromotive force across the coils, and of the probable resist-
ances in circuit, and the current should be so controlled that
the power supply does not exceed one watt, unless the reasons
for allowing larger values are approved by those in charge of
the laboratory.
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The accuracy of adjustment of the coils in resistance boxes
varies greatly with the kind of box selected. For most pur-
poses one fifth to one tenth of one per cent is sufficient. If
greater precision is desired, the coils are wound on metal
spools and the whole inclosed in a metal case with perforated
sides, to permit the use of an oil bath whose temperature may
be controlled accurately.

In order to vary the number of coils which are at any time
included in a circuit, some form of rotary dial switch, or sim-
ple plug switch will be used. The latter
is illustrated in Fig. 21. When the plug
P is withdrawn, current ean pass through
vhe coil », which is connected to the brass
blocks a and b. With the plug inserted
the coil is short circuited by a path of
practically zero resistance.

The use of plugs is legitimate only when
they fit accurately into their sockets, and
when the contact surfaces are clean. The contact surface of
the plugs should not be touched with the hand, nor should the
plugs be laid carelessly on the work table. Idle sockets are
sometimes provided to receive the plugs when not in use;

otherwise they should be laid on a sheet of clean paper, or
placed in a clean box kept for that purpose. A thin film
due to oxidation tends to prevent perfect metallic contact,
and a slight twisting motion is desirable as the plug is
inserted.

Plugs should not be rubbed with abrasives, but may be
cleaned by the use of a cloth moistened with a dilute solution
of oxalic acid. The resistance-box tops are usually made of
hard rubber, and should be protected from dust, moisture, and
prolonged exposure to sunlight.

The resistance of a clean and well-fitting plug contact is
under 0.0001 ohm. With all the plugs in place, the resistance
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across the top of an average resistance box will be between
0.001 and 0.002 ohin.

Resistance-box coils should be free from inductance and
capacity as mnearly as possible. The former may be largely
eliminated by winding the wire double, so that the magnetic
fields of the two wires may annul each other. Capacity may
be effectively reduced by reversing the direction of winding
in alternate layers.

46. Rheostats. The name rheostat is applied to a device
of smaller range than a resistance box, but with a larger cur-
rent-carrying capacity. It may be adjustable continuously or
by steps, and it is usually not important to know the actual
resistance values which correspond to the various settings. 1t
is rated, as is a resistance box, in terms of the watts dissi-
pated without overheating, and the safe maximum current is
readily inferred from the temperature of the coils, which
should not be hot to the touch. Rheostats are commonly
wound with manganin, advance, or german silver; and they
may be wound even with iron wire if variations in resistance
with temperature are not important. Another usetul form is
made with carbonized cloth in disks, or with carbon blocks
pressed together by means of a screw, operated by a hand
wheel. This arrangement affords a continuously variable re-
sistance of extreme tincness of adjustment. Tanks of liquid,
such as water solutions of copper sulphate or common salt,
when provided with suitable electrodes, make useful continu-
ous rheostats.

47. Standard Resistance Coils. Standard coils of a single
fixed value are used for precision work, and are usually made
in the form shown in Fig. 22. A unit of this type consists of
a coil of manganin wire, wound non-inductively on a brass
tube, carefully insulated from it and covered with a coating
of a protective varnish. The euds are attached to curved ter-
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minals arranged to dip into mercury cups, or more frequently
they are provided with separate current and potential binding
posts. For work of commercial accuracy these coils may be
used in air; but for work of great precision they are im-
mersed in a suitable oil bath, and are provided with devices

Fia. 22.

for controlling the temperature. Such standard coils of any
desired degree of precision up to one or two parts in a hun-
dred thousand may be purchased; their range extends from
100,000 ohms to 0.0001 ohm, or even to 0.00001 ohm. These
standards vary greatly in current-carrying capacity, depend-
ing on the purpose for which they are made. Some knowl-
edge of this capacity should be obtained from the maker in
order to avoid overheating.
F



66 RESISTANCE AND ITS MEASUREMENT [II, § 48

48. Measurement of Resistance. Aside from the direct
measurement of resistance by means of an ammeter, a volt-
meter, and Ohm’s law, two fundamental methods may be em-
ployed. Methods of the first kind are called comparison
methods; in these, the resistance to be measured is compared
with some previously determined standard.

Methods of the second kind are called absolute methods.
In these, the resistance is determined in absolute measure
without reference to any existing standards.

The first method is the one commonly used; absolute
methods will not be considered in the present chapter. The
reference standards used will be carefully calibrated resist-
ance boxes, or single-valued coils,
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PaArT II. MEASUREMENT OF RESISTANCES OF
MEeDIUM VALUES

" 49. The Wheatstone Bridge. Of the comparison methods
for measuring resistance, the Wheatstone bridge is more used
than any other, especially for
values of medium range. The
method depends upon the fact
that in a branched circuit (Fig.
23) the potential drop from a to
d must be the same over both
branches. Tt then follows that | | 1
for any point & chosen on the Fxc];. Z
upper branch abd, there must be
a corresponding point ¢ on the lower branch acd, at which the
potential is the same. There is, then, no difference of potential
between these points, and
a galvanometer connected
between these points will
indicate no deflection.
The circuit may take
the form shown in Fig.
24, where three of the
resistances are known
and one of them, R, is
to be determined. The
current strength in each
of the arms is represented
by iy, 7y, %5, and ¢, respect-
ively. An adjustment

[2

K .
Fio o of the resistance values

may be made such that
the galvanometer shows no deflection. When this has been
done, the potential drop along ab is the same as that along

&l
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ac, and also the potential drop along bd is the same as that
along cd. These relations may be written in the form

(10) ilRl = i.'le'
(11) iRy =i.R,.

Dividing (10) by (11), we find

iR _ iRy -
LR, iR,

Since no current is passing through the galvanometer, ¢, = i:
and ¢, =7, Then (12) becomes

12)

B _R,
(13) _Rz Rz )
or
_Rr B
(14) E,= R

The pairs of junction points, ad and be (Fig. 24), are called
the conjugate points of the bridge circuit. In general, the posi-
tions of battery and galvanometer are interchangeable. How-
ever, if the resistance of the galvanometer is greater than that
of the battery, which is usually the case, the galvanometer
should be connected between the junction points of the high-
est two and the lowest two resistances.

650. The Meter Bridge. In one common form of the
Wheatstone bridge the arms R, and R, are replaced by a
straight hLomogeneous wire of uniform cross-section. This
form is called the slide-wire bridge, or meter bridge. Such
a bridge is represented in Fig. 25. It consists essentially of
a wire DH, one meter long, stretched over a graduated scale,
and with its ends soldered to massive brass straps 88’. With
a known resistance at R; and the resistance to be measured
at R, a galvanometer across BE, and a battery across AC, we
have essentially the arrangement shown in the simple diamond
form, Fig. 24. A point can now be found on the wire, E, at
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which, if contact is made, no current flows through the gal-
vanometer. We may then write

B, _E,
(15) 55

Since for a uniform wire resistances are proportional to
lengths, the ratio of the resistances of the two parts of the

L&

D R, E R, 7

Fia. 5.

wire to the right and left of E is the same as the ratio of their
lengths. The actual values of R, and R, are not then neces-
sary and (15) may be written

R, L
1 oz T2
(16) R, L’
or
L
17 = R. =22,
aamn R, R“L,

Were the apparatus and method free from error, equation
(17) would at once give the value of the resistance required.
Certain errors are inevitable, however. The most important
of these are the following:

(1) The tapping edge which makes contact at the point E,
Fig. 25, may not be exactly in line with the pointer by means
of which the position is read on the scale.
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(2) In order to form the Wheatstone bridge proportion R,
ought to include, besides the resistance of the coil itself, that
of the connecting wires and brass plates from 4 to B, and also
the extra resistances introduced at the points where connec-
tions are made. Similarly £, ought to include the correspond-
ing resistances from B to C'; R, those from A4 to E, and R,
those fromn C to E. These extra resistances are usually very
small in the case of Ry and R, but for R, and R, they fre-
quently are not negligible, because the bridge wire may not
have been soldered to the plates exactly at the ends of the
scale.

‘We will consider a method for avoiding or minimizing these
errors. Suppose that the tapping edge at E touches the wire
at a point which is d cm. nearer II than the scale indicates,
and suppose that a length e, ¢m. of the bridge wire would have
to be added to the length of I, in order to correct for extra
resistances from .1 to D and at D. Further suppose that a
length ¢, em. of the bridge wire would have to be added to the
length of L, in order to correct for the extra resistances at
that end of the bridge. Then, by the law of the bridge

R .L- —_ d + €9

18 e S Bt 2

( ) ]eg Ll + d + €
This equation contains four unknown quantities, and it is prob-
able that some of them can be eliminated if another equation
can be written. This can be done if we interchange R; and R,
and obtain another balance at some point E', probably very
close to E. Let DE' be called L', and E'H be called L'5
Then the law of the Lridge gives

A R, L)i+d+e

19 E 1T PR,
19) R, Ly—d+e

Krom the law of composition in proportion it is known that if
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then

Applying this law to (18) and (19), we have

(20) R, _Li—d+e+Li+d+e_ILi+Li+e+e
1{3 Ll+(l+el+14'2—(l+62 IJI+L’2+31+(’«2

It is seen that the quantity d no longer appears in the equa-
tion. Hence by taking two readings with I, and R; inter-
changed, the so-called tapping error has been eliminated. A
further simplification of the formula may be made by writing
100 — L, for L,, and 100 — I/, for L',, Equation (20) then
becomes

(1) B, 100—L,+I'\Fei+e,  100— (I, —L')+e+e

Ry Li+100—L' +e4e, 1004 (Li—I/) +e+e,
The quantities e, and e, will be small as compared to 100 em.
if the bridge has been carefully made, and from (21) it is seen
that when (L; — L'y) is small, the presence of the term (e; + ¢,)
makes very little difference in the ratio R,/R, In this case
e; +e¢, may be neglected without sensible error, and (21)
becomes

2 R, _100 —(L, — 1)

R, 100 +(L; — L")
In order to make (L, — L')) small, it is only necessary to
choose B, near R, in value, so that the contact point £ is near
the middle of the scale.

61. Laboratory Exercise VI. 7o measure a resistance with
the meter bridge.

ArraraTus. Meter bridge, portable or other sensitive gal-
vanometer, tap key, one or two dry cells, adjustable resistance
box, and the samples to be measured.

Procepurr. (1) Arrange the circuit as in Fig. 25. Select
some value of R; which you judge to be of the same order of
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magnitude as the resistance to be measured. Tap the sliding
contact lightly at opposite ends of the wire and note whether
there is a reversal of the galvanometer deflection. If no
reversal occurs, there is some fault in the circuit which must
be sought for and corrvected. Tf a reversal does occur, note
the scale reading and calculate roughly the value ot R, to the
nearest ohm. Set R, at this value, and again seek the point
at which reversal occurs. This should now be near the middle
of the wire.

(2) Having found this position E, let the notebook sketch
show the relative positions of R,, R, L,, and L, and record
the values of R, and Z,. Without altering the value of R,
interchange R; and R, and again locate the balance point.
Record the new value of L'.. Also note and record the dis-
tance through which the slider can be moved from the balance
point before the least observable deflection occurs on the gal-
vanometer, and state the probable precision of the settings.

Repeat each reading several times, making independent
settings each time. The balance point should be located with
the attention on the galvanometer and not on the scale, in
order to avoid being influenced by the previous setting.

(3) To obtain the value of R, substitute in equation (22).

It may be observed that the galvanomecter deflects when the tapping
contact is pressed, even though the battery key is open. This means
that thermal electromotive forces are acting at some of the contacts.
The average of readings taken with the terminals of the battery reversed
will be free from errors due to this cause. The battery key should in-
variably be pressed before the key in the galvanometer circuit, in order
to insure the current rising to its full value before the galvanometer is
connected. Otherwise there may be a slight deflection due to induction
in some part of the circuit. The keys should be kept closed only as long

as may be necessary to take readings, in order to prevent any heating
effects.

62. The Box Bridge. Another common form of the Wheat-
stone bridge is the box bridge, or post-office bridge, so-called
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because it was used dt an early date by the British Post and
Telegraph Office. A top view of the circuit of one form
of this bridge is
shown in Fig. 26. | o

The resistance to | p

be measured is |[© # B \/\/_L
connected at Ry; R,
R, and R, are I

called the ratio T
arms, and R, is
called the rheostat ¢

arm. A little ? — —
study of the cir-
cuit will show that
when the ratio of R, to R,is unity, the bridge will be balanced
when R, is cqual to R, In any case, when the resistances
have been adjusted so that there is no galvanometer deflec-
tion, we have

Fie. 26.

B _R
23 B _ R,
(23) R, R,

If R, = R,, obviously R,= R,. However, if R, equals 1/10,
or 1/100, or 1/1000, of R,, then R, must be respectively 10,
100, or 1000 times R, in order that a balance may exist. With
the highest value in R, equal to 11,110 ohms, and the ratio
R,/R, equal to 1/1000, a resistance in R, as high as 11,110,000
ohms can be measured. In case the ratio arms can be reversed,
the bridge equation becomes

B,_ R,
R, R/

and if R, is 1000 and R, is 10, then for a balance R; will be
100 times R,. The smallest value in R, which is usually one
ohm, is then equivalent to 0.01 ohn in R;. If the highest ratio
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of R, to R, is 1000 to 1, the smallest fraction measurable in
R, with one ohm as the least step in R, is 0.001 ohm.

Box Dbridges commonly have ratio arms with a ratio of 1000
to 1, and rheostat arms with a range from 1 to 1000, or higher.
This gives a very large theoretical range, but practically the
method is limited, and its greatest value is in the middle range
from one ohm to perhaps a megohm. For higher values than
this an increased potential difference is necessary, and insu-
lation troubles appear. Moreover, a high degree of precision
is required in the ratio coils. TFor high resistances, however,
advantage may be taken of the law of parallel circuits, and a
known resistance may be connected in parallel with the un-
known high resistance, the combined value of the pair being
thus made low cnough to fall well within the precision limits
of the bridge.

For low values of less than one ohm, the method gives less
accurate results because of the errors due to contact resistance.

Detailed descriptions of the great variety of box bridges now
in use are not practicable in a textbook. When confronted
with an unfamiliar type, the student should first make a
sketch of the simple diamond form of the bridge circuit, and
then one of the actual connections of the box bridge in hand.
In this way it is easy to identify the ratio arms, rheostat arm,
and the unknown resistance, together with the proper points
of connection for the battery and the galvanometer.

53. Laboratory Exercise VII. 7o measure a resistance with
the box bridge.

Arraratus. Box bridge, portable or other sensitive galva-
nometer, one or two dry cells, and the samples to be measured.

Procepure. (1) Connect the resistance to be measured to
the line terminals, and the battery and galvanometer to their
respective terminals. Make the ratio arms equal. With the
rheostat arm equal to zero, press the battery key firmly, then
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cautiously and lightly tap the galvanometer key and note
the direction of the galvanometer deflection. Then make the
rheostat arm as large as possible, or withdraw the iufinity
plug if there is one, and again tap the keys as before end note
the direction of the deflection. If the circuit has been cor-
rectly set up, the two deflections will be in opposite directions.
If this is not the case, the fault must be found and remedied,
as it is useless to attempt to secure a balance unless the de-
flection reverses in the above test.

It is not necessary to wait for the galvanometer to come to
rest except during the final adjustment. The galvanometer
key should be tapped with a quick motion, so that a lack of
balance is indicated without the risk of a too violent fling of
the suspended systemn.

(2) Having found the approximate resistance with an even
ratio, step at once to the highest ratio which the box will allow,
or which the measurement requires, and find the value of the
rheostat arm necessary for a balance. Find the value of the
unknown resistance and confirm this by scveral repetitions, also
with different settings of the ratio arms.

Questions. (1) What will be the effect of using more or
less battery cells ?

(2) What governs the choice of values in the ratio arms ?

(3) How would you adjust the ratio arms in order to meas-
ure (a) a resistance higher than the range of the rheostat arm ?
(b) aresistance lower than the smallest step in the rheostat arm ?

64. Laboratory Exercise VIII. 7o werify the laws of series
and parallel resistance combinations.

Aprararus. Three or more samples to be measured and
box bridge with accessories.

Procepurr. (1) Measure in the prescribed way the value of
the resistances singly and then in various series and parallel
groups.
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(2) Calculate the equivalent resistance for each of these
groups, and compare the result with the value found from
measurement. Express the percentage deviation of the single
values and show the effect of these deviations on the computed
results.

(3) Tabulate all data and results. Prove in full the formu-
las used.

66. Galvanometer Resistance. A precise determination of
the resistance of a galvanoweter is best made by means of the
box bridge. Connect the galvanometer to the line terminals
of the bridge, taking care that the suspended system is
arrested, or supported in such a manner that it will not be
deflected by the current which passes through it.

Frequently, however, an approximate value will suffice, in
which case some modification of the half-deflection method is

R convenient. Two methods of pro-

cedure will be described.
s Case I. For finding the approxi-
I—'\/\/\z—l mate resistance of a galvauometer
1 l - I which has a straight-line calibration
BFm. o curve, connect as in Fig. 27, using a

gravity battery because of its freedom
from polarization. TFix R at some value IR;, such that the
galvanometer gives a full-scale deflection, the battery being
shunted, if necessary, with a low resistance. Ohm’s law for
the entire circuit may be written in the form

—~——_E .
Rl"'.‘]'i‘%

(24) Il=Fd1=

If the resistance R is now increased to some value R, such
that the galvanometer deflection d, is equal to one half of d,,
then
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25) L= %‘:R LA
2+ ¢ ){-B-{-S
Dividing (25) by (26), we find
BS
R
. 2+J+B+S
= BS
Vi3
1+¢7+ B1S
or
BS
26 =R, —-2R — ——.
(26) 9 2 "B+ 8

If B is small as compared to g, it may be neglected. More-
over, if § is low enough so that R, may be made equal to
zero, then, by (26), g = R,.

Case 1I. When the battery to be used is one that polarizes
rapidly, the foregoing method is useless, as the low resistance
shunt would permit the cell to run
down. In this case arrange a
circuit as in Tig. 28, in which the
battery is in series with a high
resistance AC, and let the poten-
tial difference between A4 and P
be that used in the galvanometer
circuit. TLet V represent the
potential difference between A
and P, and let r be the resistance of this portion of the circuit.
The position of P may be so chosen that a full-scale deflection
results with R =0. The current through the galvanometer is
then given by the formula

V .
r+g
If R is now increased to some value R,, such that the galva-
nometer deflection is reduced to one half its former value, we
have

1)) I = Fd, =
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(28) ]:2=1‘——=——__ .

Dividing (27) by (28), and assuming that ¥ remains constant,’

9 Tt+9+ I
r4g9
or
(29) g=1

66. Battery Resistance. The internal resistance of a bat-
tery will be more fully discussed in Chapter II1. Often for
a battery of fairly high resistance and constant clectromotive
force, such as the gravity battery, a method similar to that
described in the preceding article will be convenient. Connect
as in Fig. 27, but with the shunt across the galvanometer
instead of across the battery. Make R some value, say R,
such that the deflection d, is about the full scale. Increase I
to some value R,, such that the corresponding deflection d, is
just one half of d,. Then, by reasoning similar to that used
in deriving equation (26) it can be proved that

(30) B=R2— 92 1{]_,,'?&.

s+9
If the galvanometer is not shunted, and if R, can be made
zero, we have

31) B=nRy—g.

In case g is shunted with a very low value so that sg/(s + g) is
negligible, and if R, = 0, we have

(32) B=R,

1 Changes in R will change the value of V. The student should work out
this relation carefully for any particular case in which the method is used.
In general, the method will be used only when approximate results for g will
suffice.
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Pagrr 11I. MEerHops ¥or MEASURING Low
RESISTANCES

57. Inadequacy of the Wheatstone Bridge. Although the
various forms of the Wheatstone bridge are capable of great
precision when applied to the measurement of resistances of
medium values, they are not suited for small resistances of
the order of fractions of an ohm because of contact errors.
Henee other methods are required which are free from these
errors, and which will enable a resistance of the order of 0.001
ohm to be measured with the same precision as that attained
with a Wheatstone bridge on a 1000-ohm coil. By far the
most widely used method for measuring low resistances is the
one devised by Lord Kelvin, and known as the Thomson or
Kelvin bridge. Its development may be traced through four
stages, and will be considered in the four articles that follow.

68. The Kirchhoff Bridge. The circuit shown in Fig. 29
represents a device which is not now in use, but which con-
tains  the funda-
mental idea from jlé__
which  present-day [ |
methods havearisen.

N 8 N X 2 X
It depends upon the NN
use of a differential L l_,\/vw\,
galvanometer, which B £ 4
Fia. 29.

is simply a double
instrument, symmetrically arranged, so that equal currents
through the two coils will leave the equilibrium of the sus-
pended system unchanged. If such a galvanometer has its
respective pairs of terminals connected across the standard
resistance s and the unknown resistance «, and if a constant
current is maintained through s and x in series by the battery

B, there will be no deflection when the two resistances are
equal.
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69. A Direct-deflection Method. In this method the two
resistances may be compared by means of any scusitive galva-
nometer, arranged as in Fig. 30. This galvanometer is con-
nected to the middle points of a double-pole, double-throw
switch D, and can
be successively con-
nected across the
terminals of s or a.
The corresponding
deflections will be
shown to be propor-
tional to the resist-
ances respectively.

Let V, and V, be the potential differences respectively be-
tween the terminals NN of the standard resistance s, and the
terminals XX of the unknown resistance @, when a suitable

current is maintained through them in series by the battery
B. When the switch connects the galvanometer across the
terminals of s, the current through the galvanometer is given
by the equation
(33) iy =Y.

g
Similarly, when the switch connects the galvanometer across
the terminals of =,

. _V,
34 Vo= —F
(34) =
Dividing (33) by (34), we have

AV,
(35) n_r
But
36 il— = Q! H
(36) a-d

hence it follows that
(37) V. 4.
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If the currents through s and  are represented by i, and i,
then, by Ohm’s law, we have

=Y
(38) ="
and
(39) i, =Le.
&

If the galvanometer resistance is relatively high, so that an
inappreciable current is diverted from the main circuit when
it is placed in parallel with s or =z, then i, may be considered
equal to 7, Hence, equating (38) and (39), we find

.Y
s z’
or
V, s
40 LA
(40) VvV, =
Combining (40) and (37), we have
s
= 7
X d2
whence
(41) o3
d

The unknown resistance is then readily calculated when s
is a standard of known value. A high value of the galvanom-
eter resistance becomes of less importance as the values of s
and « become more nearly equal. When they are equal, the
same current is diverted through the galvanometer in each
case, and ¢, is then rigorously equal to .. It is important,
then, to select a standard of as nearly as possible the same
value as the sample to be measured. In such measurements
large errors may enter, unless changes in resistance with tem-

perature are taken into account.
G
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60. A Zero Method. The arrangement shown in Fig. 31
may be used to compare an unknown low resistance with
a standard. This method assumes a continuously adjustable

AT EL A X
R
- 'I M A
B
Fia. 31.

standard resistance, which is difficult to realize in practice.
1t depends upon the equalization of the potential drops on the
two sides of the galvanometer, in which cuse the deflection is
7ero.

61. The Double Bridge. As a divect development of the
method described in § 60, four resistances are added to the
circuit, as shown in Fig. 32, and in this form it is usually
known as the Kelvin bridge or the Thomson bridge.

Fia. 32.

Let s represent a known standard resistance, and x the
resistance of the sample to be measured. The resistance coils
A, B, a, and b are fixed in value so that

(42

1N

'—-(—L'
b
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[t will be proved below that when the various resistances are
wdjusted so that the galvanometer shows no deflection, we
have the relation

When the resistances in the bridge have been so arranged
that no current passes through the galvanometer, the current
i in A equals that in B. Similarly, the current ¢, in a equals
that in b, and the current 45 in ¢ equals that in 2. Then,

(43) sis + a'l:2 = Ail.
(44) i + bi, = Bi.

Dividing both equations by their right-hand members, we have

45 Sly | aly =1.

. 0) A’Ll + Azl

(46) iy Uy _q,
Bi,  Bi,

From (42) a/A=0b/B; hence a/4 may be substituted in (46)
for b/B. Then, subtracting (46) from (45), we find

4 L
4n Ay, Bi,
Jr
s_=
A B
whence
48 s_4
( ) @ B,

which is the relation desired. The values of 4 and B may be
made very large, and in comparison with them the resistances
of the lead wires and contacts may be neglected.

The Kelvin bridge may be built up from resistance boxes
available in the laboratory. However, the usefulness of the
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method has led to the development of a convenient and self-
contained box of coils, designed to yield results with a mini-
mum of time and labor. Such a set is shown in Fig. 33 and

25

r00

o) oo [©)o

includes in a single case all those parts of the circuit in
Fig. 32 which are above NN and XX, exclusive of the
galvanometer.

In the group of coils under switch z 100, there are twenty
coils of 100 ohms each, ten in each semicircle. In the group
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marked 2 10, there are eighteen coils of 10 ohms each, nine in
each semicircle. In the group marked z 1 there are eighteen
1-ohm coils, and in the group marked « 0.1 there are eighteen
0.1-ohm coils. In each case there are the same number of
coils in the upper as in the lower semicircles. The contact
brushes of the rotating switches over the semicircles in each
group are insulated from one another. Tt is readily seen
that as any switch is rotated, the resistance effective in the
upper and lower semicircles of any dial group is always the
same.

In measuring a resistance with this apparatus, a working
battery WB, Fig. 32, is put in series with a properly chosen
standard resistance s, and the resistance to be measured x. A
control rheostat should be included in this cirenit. The termi-
nals of the standard resistance are connected to the binding
posts NN, and those of the resistance to be measured to XX.

The effective resistance of all four of the upper semicircles
taken in series corresponds to B of Fig. 32, while that of the
four lower semicircles corresponds to h. The group of three
plug controlled resistances at the left in Fig. 33 corresponds
to A, and that near the middle of the diagram corresponds to
a. The rotation of any one of the four dial switches to the
right or to the left will increase or decrease, respectively, the
values of B and b by equal amounts. Since 4 and a will
always be equal, it is seen that the ratio 4/B will always be
equal to a/b, which is the fundamental condition upon which
the operation of the bridge is based. Inasmuch as this is a
zero method, its operation is not affected by fluctuations in
the working-battery current.

The method is widely used in the comparison of low resist-
ances. It is available also for calibrating standard coils, for
measuring the variation of resistance with changes in tempera-
ture, and for finding the conductivity of bars and wires in the
form of short samples.
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62. Laboratory Exercise IX. 7o measure a low resistance
ith the Helvin bridge, and to find the temperature coefficient of
esistance for a sample of wire.

ApraraTus. Standard resistance of low value, samples to
e measured, oil bath with heater, Kelvin bridge, galvanometer,

few cells of storage battery, tap key, and connecting
ires.

Procepure. (1) Connect in series with the battery and a
mtrol rheostat the standard resistance s, and the sample to
3> measured . Connect the terminals of s to the points
arked NN on the bridge and the terminals of x to the points
‘X. Include a tap key k in series with the galvanometer,
hich is connected at G, Iig. 33.

(2) Introduce equal resistances at A and «, and with all the
al switches on zero, tap & and note the direction of the throw.
it the switch 2100 on 10 and again tap . If the galvanom-
er does not deflect in the opposite direction, it is necessary

interchange the wires at either VN or XX. If reversal
icurs, a setting of the four dials may be found such that there
no deflection when % is closed.

(3) Using the notation of § 61, the upper halves of all the
als will read the value of B, and the lower halves of the
als will read the value of b, which values in this apparatus
il always be the same. Calculate the value of « from equa-
m (48).

(4) With the sample immersed in oil or water, make sev-
al measurements at carefully determined temperatures, and
lculate the value of the temperature coeflicient from equation
), § 42. The bath must be stirred so that the temperature
uniform throughout.

63. Laboratory Exercise X. 7o meusure a low resistance
the full of potential, direct-deflection method, and to find the
sistivity of a sumple of wire.
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ArraRATUs. One or two low-resistance standards, samples
to be measured, double-pole double-throw switch, reversing
switch, galvanometer, one or two constant battery cells, resist-
ance box, and clamps,

Procepure. (1) Fasten the clamps to the edge of the table
and secure the ends of a sample of wire 15 to 30 cm. long in
the clamps, stretching it tight. Arrange the circuit as in
Fig. 30, and include a reversing switch between the galvanom-
eter and the switch D.

Connect current and potential wires to the double binding
posts on the clamps, and adjust R until suitable deflections
arc observed. Connections should be so made that galvanom-
eter deflections are on the same side of the scale when the
switch D is thrown over.

(2) Take reversed galvanometer deflections across « and s,
repeating several times for each sample.

(3) Caleulate from equation (41) the value of the resistance
of the sample. '

(4) Mcasure the length and diameter of the wire used and
calculate the resistivity in mierohms per centimeter cube, for
each sample furnished, using equation (3), § 39.

Note the resistance of the galvanometer used. Is it high enough to
avoid sensible error ?

Discuss the effect on the results obtained if the galvanometer resistance
were increased or decreased. State the probable precision attained in
the apparatus used.

For many commercial purposes a moderate degree of precision suffices

and a millivoltmeter may be used instead of the galvanometer. The ratio
of the readings will give the ratio of the resistances.

64. Measurement of Low Resistances by Ohm’s Law. A
simpler method than the foregoing, and one which is suffi-
ciently accurate for a great deal of routine testing, depends
on Ohm’s law, and upon the direct measurement of current
and potential difference with ammeter and millivoltmeter.
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Consider a cirenit arranged as in Fig. 34, in which z is the
resistance to be measured. Let I and V represent the read-
ings of the ammeter and

@ millivoltmeter, respectively,
X and let r be the resistance of
a b the millivoltmeter. Writing

e Ohimn’s law for the portion of

R
— I——-’\/\/\/\/ the circuit between o and b,

Fia. 34. we have

x4r

from which the value of 2 is found to be

(49) r=—

r

If r is relatively large, the term ¥/r may be neglected, and
a direct application of Ohm’s law gives the value of the un-
known resistance .

66. Laboratory Exercise XI. 7o measure a low resistunce
with ammeter and millivoltmeter.

ApraraTus. Ammeter, millivoltmeter, one or two storage
cells, control rheostat, and samples to be measured.

Procepurr. (1) Arrange the circuit as in Fig. 34, with the
contact points a and b at the terminals of the sample to be
tested. Adjust I so that the current and potential difference
are easily readable on the instruments.

(2) Compute the value of x for several pairs of values of T
and ¥, from equation (49), both with and without the factor
V/r, and show the percentage accuracy attained.
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PART IV. MEASUREMENT OF HIGH RESISTANCE

66. High-resistance Methods. It has been pointed out
in § 52 that the Wheatstone bridge is not available for the
measurement of high resistance. The procedure most com-
monly employed for such measurements involves the direct
observation of deflections. Hence it is not a zero method.
Moreover, since the high resistances measured are usually
those of insulation, great precision is not sought.

67. A Direct-deflection Method. The following is a rapid
and fairly accurate method for finding the value of a high re-
sistance. It requires a galvanom-
eter of known figure of merit or
a sensitive millinmmeter, a volt-
meter, a sufliciently high electro-

X

motive force, and the samnple to be
tested. The circuit is arranged as
in Fig. 35. The galvanometer be-
comes an ammeter when its figure
of merit is known and may then Fic. 35.
be used to measure the current

passing through the circuit. By Ohm’s law, we have

. | 4
50 t=Fd =
(50) o
where F is the figure of merit of the galvanometer, g is its
resistance, V is the terminal potential difference of the bat-
tery, and « is the resistance to be measured. From (50) we
find

,
T

If g is small compared with «, it may be dropped for approxi-
mate results.
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68. A Voltmeter Method. A high resistance can be meas-
ured also by means of a circuit arranged as shown in Fig. 36.
A Dbattery of 100 volts or up-

z B : . .
f { I = A wards is connected in series
' with the high resistance =.
' .
———@-———»----___:._J The voltmeter is first con-
F1c. 36. neeted across the battery ter-

minals Cd, and its reading V°
is observed. The contact point is then changed from A to
B, and aguain the reading of the voltmeter ¥ is observed.
Writing Ohm’s law for the two cases, we have :

(52) & = Fd, =§,
and
63) == g faz’

where F is the figure of merit of the galvanometer, g is its
resistance, and E is the clectromotive force of the battery.
The internal resistance of the battery is negligible in compari-
son with the high resistance in series with it. Dividing (52)
by (53), we find
5 di_g+t2

(54) P

Since deflections on the voltmeter are proportional to poten-
tial differences, we have

55 4Q_Vi_g+e
( ) d2 V'2 g b
or

”
56 == 1_11.
(56) z "[n ]

This method will not yield results of high precision, but it
is convenient and requires only simple equipment. It is much
used in practice for rapid and approximate determinations
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It is applied, for example, in the case of finding the insulation
resistance of a wiring circuit, as shown in Fig. 37. The dis-
tributed resistances be-

tween the two sides of
the line and the ground

G are represented by
2, and ®,, respeetively.
With the instruments as

=@
shown, the value of =, 7
may be found. In order Fra. 37,
to find @, the point a

must be changed to the other side of the line.

69. The Method of Substitution. As a general method of
good precision for measuring the insulation resistance of wires
and cables, or other high resistances, the following method is

frequently used. With a

/| i | () circuit arranged as in Fig.

gy l p=d 38, let R, be some known

3 resistance of one tenth

w megohm or higher, and let

i 'TO_——— R, be the unknown. The

R, galvanometer must be one

Frg. 38. of high current sensibility,

and the battery should be

capable of supplying a constant potential difference of from

one hundred to five hundred volts. With the switch K raised

to the point «, the current through the galvanometer is given
by the equation

(67) b= Flj= — 2

where E and b are the electromotive force and resistance of
the battery, respectively. With the switch K on [, the galva-
nometer current is given by the equation
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. 14
58 To= Fdy= —— .
©8) ? ? By, +b+g

Dividing (57) by (h8), and neglecting the resistance of the
battery as small, we have
i, Ry+yg
9 .(—.l = .______2 ..
(89) dy RBi+g
If ¢ is negligible as compared to the other resistances, we may
write

(60) R,=R —%.

Frequently, however, the available standard R, is so small
compared with R, that the two deflections are not readily
comparable. For example, if the value of R, is one tenth
megohm, while that of R, is 100

) megohms, then d; is one thousand

DI TS > times as great. as d,. For such a
d a 4’\’ ¢ case the deflections would not be of
<" | the same order of accuracy. In
T B, order to avoid difficulties of this
oy | kind, and to keep the values of the

B deflections ncarly the same, the

Fia. 39. galvanometer is shunted. The fore-

going method as nsed with the
Ayrton shunt is illustrated in Fig. 39, and the formula will
now be developed. Suppose that for some position a of the
adjustable contact arm, the value of » is R/a. Similarly, for
some position b, the value of the resistance to the left of b
is B/b. Calling I, and I, the currents in the main circuit for
the'upper and lower positions of the switch, respectively, and
using equation (11), § 26, we may write expressions for the
corresponding currents through the galvanometer in the form

L _ R/a o 7 [ £/a
(61) i, = Fd, = 1, +R/a+(R—-R/a)]—I‘[9+R],
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and

. R/b R/b
! = = I .- = I. — e
(62) ¥, = It 2[g+ W)= R

Since R, and R, will always be large, the currents through
them will not be affected appreciably by a change in the value
of the shunt ratio. Therefore the effective potential difference
of the battery is essentially unchanged. We may then write
equations (61) and (62) in the form

. g L[ R/a
(63) i = Py = Rl[y A r],
and

. : E[ R/b

' — Fd, = .

(64) i =Fd, R2[g+ T]
Dividing (63) by (64), we have

4_b R

dy a Rl’
whence

d

65 = a O,
(65) R, Rl[b dz]

The quantities « and b here represent the fractional parts of
R corresponding to the positions of the contact arm. It must
be kept in mind that these fractions do not represent the ratio
of the galvanometer current to the total line current, but the
ratio of the two galvanometer currents corresponding to the
positions @ or b and ¢. The ratio of currents through the gal-
vanometer for positions « or b and ¢ is a constant, and is inde-
pendent of the galvanometer resistance.

In all these high resistance measurements we are dealing
essentially with materials other than metals. Nevertheless, it
is assumed that Ohm’s law holds. This is approximately true
for ordinary insulating materials or for surface leakage.
However, if there is electrostatic capacity present, as in con-
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densers or long cables, special care must be given to the inter-
pretation of the results.

Moreover, in the case of insulating substances it is often
found that the deflection which occurs when the electromotive
force is first impressed across the high resistance does not
remain constant, but falls off at first rapidly, then more slowly,
the variation becoming inappreciable only after a long inter-
val, frequently several hours. This phenomenon is called
electrification, and is due to certain changes which take place
within the body of the substance. The etfect is less marked
as the temperature rises.

In order that measurements of high resistance may have
definite significance, they mnust be accompanied by statements
of the experimental conditions, including impressed voltage,
time of electrification, and temperature. A representative
specification for cables is as follows:

Each conductor shall show, after twenty-four hours’ immersion in water,
an insulation resistance of not less than 300 egohms per mile, with not

less than 100 volts applied for one minute, at a temperature of 756°
Fahrenheit.

For further details on cable testing sce § 165, Chapter VI1L

70. Laboratory Exercise XII. 70 measure a high resistance
byj the substitution method.
Arpararus. A standard resistance of one tenth megohm

~\ or more, sensitive galvanometer,

Y Ayrton shunt, well-insulated switch,

j__‘ _I'B%L____:z. "l and an E. M. F. of 100 volts or more.
] pam— e b ¢ Procepure. (1) Arrange the cir-
A ‘ cuit as in Fig. 39, with a high-
T 'y insulation switech in the battery

MK_LO_, circuit. In case the E M. F. is
b taken from a dynamo, it is well to

Fia. 39 (repeated). include a carbon filament lamp in
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the circuit in order to prevent an excess of current in case of
an accidental short-circuit. The resistance of this lamp may
be known and allowed for, or it may be neglected if the
resistance to be measured is high enough. It is always pref-
erable to use a well-insulated battery for the E. M. F.

(2) The maximum current will pass through the galvanome-
ter when the switch is on poiut 1, Fig. 15, § 27, and the first
position to try is then on the other side, beginning on the zero
point, and setting successively on b, ¢, d, cte., until a readable
deflection occurs.

In using the Ayrton shunt it must be kept in mind that the ratios given
hold only when the deflections for the respective positions of the switch
are compared with the deflection which would occur with the switch on
point 1. The multiplying factors for the other positions are then 10, 100,
1000, ete. This differs from the ordinary shunt practice, where the mul-
tiplying factor gives the ratio between total current and galvanometer
current. In the Ayrton shunt the galvanometer is always in parallel
with the combined resistances of all the steps.

(3) Read and record the deflections for the standard resist-
ance and for the samples furnished.

(4) Calculate the values of the unknowns by substituting
the proper values in equation (65). If insulation resistance of
wire or cable is being found, express the result in megohms
per mile.

All parts of the circuit must be well insulated, and since the E. M. F.
used will, in general, be high, the utmost precaution must be exercised to
avoid a dangerous short-circuit. In case porcelain or glass insulators are
being tested, the resistance of one of them may be too high to be measured
conveniently. * A group of ten or a hundred are then connected in paral-
lel, the resistance of a single one being inferred from the result.

71. The Loss of Charge or Leakage Method. For some
kinds of testing where the resistance of cables, dielectric resist-
ance of condensers, ete., is to be measured, the loss of charge
method is preferred. This method involves the use of the
ballistic galvanometer, and it will be described after this
instrument has been studied. See Chapter VIII, § 165.
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PART V. THE MEASUREMENT OF LIQUID RESISTANCE

72. Resistance of Electrolytes. With respect to electrical
resistance, liquids may be divided into two classes :

I. Good conductors.

I1. Poor conductors, commonly called non-conductors.

Under the first class two groups are recognized : () mercury
and other fused metals; (b) electrolytes, which are, in general,
water solutions of salts and acids.

Of the liquids classed as good conductors, those in group (a)
offer no difficulty so far as the measurement of their resistance
is concerned. The Wheatstone bridge or any fall of potential
method yields aceurate results.

Under group (b), however, special difficulties are encountered.
An electrolyte conducts by virtue of the decomposition of the

a
F1c. 40.

solution and the migration of the ions, and there is, in gen-
eral, a double procession of ions in opposite directions, the
ions finally being deposited on the electrodes. This sets up
a counter electromotive force of polarization which affects
measurements as though an extra resistance had been added.
Hence, determinations based on Ohm’s law are inaccurate.

The Wheatstone bridge may be used, however, by putting
the sample of the electrolyte to be measured in a suitable tube
or vessel provided with platinum electrodes (Fig. 40), connect-
ing this as the unknown arm of the bridge, and impressing an
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alternating instead of a steady E.M. . A sensitive telephone
receiver will replace the galvanometer, and will give a mini-
mum sound when the bridge is balanced. If the alternating
current is supplied from the secondary of a small induction
coil from which the condenser has been removed, the polariza-
tion during one half of the cycle will be annulled by the
E. M. I, of opposite sign during the following half eycle, and a
balance may be obtained from which the true resistance of the
sample is found.

The electrodes should be coated with a deposit of platinum
black, which greatly increases the effective arca, thus reducing
the surface density of such residual charges as ave present.
The size and style of the containing tubes will depend upon
the conductivity of the solution to be measured. A poorly
conducting electrolyte should be measured, in general, in a
short tube with a large electrode area.

The tube selected is first calibrated by measuring in it the
resistance of a sample of a standard solution of known con-
ductivity, such as a normal solution of potassium chloride.
After carefully cleansing the tube, the sample of the electrolyte
of unknown conductivity is measured in the same way.

The resistivity of any substance is given by the equation
3) of §39. TIf the length of the column of electrolyte is
denoted by L, the resistivities in the two cases are given by
the equations

(66) k=R, ;{‘,
(67) ky = R.,%,

where k, is the resistivity of the standard solution, %, is that
of the unknown, R, and R, are the measured resistances respec-
tively, and a/L is the ratio of the area of cross-section to the
length of the column of electrolyte. :

Since this ratio is a constant for the given containing cell,
H
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the unknown resistivity is found by dividing (66) by (67) and
solving for k,; this gives

(68) ey = &, %
The conductivity is the reciprocal of resistivity and is ex-
pressed in terms of the reciprocal ohm or the mho (§40). A
table of conductivities for potassium chloride at different tem-
peratures is given in the appendix.

If polarization effects are avoided, Ohm'’s law holds through-
out a wide range of values for electrolytes, from highly con-
ducting salt solution to poorly conducting water. The con-
ductivity of pure water has been measured in a vacuum and
found to be 0.4 X 10-® mhos per centimeter cube. Water in
contact with the atmosphere has a conductivity about twice as
great, and this cannot be reduced because of the tendency to
dissolve carbonic acid and aminonia from the air, as well as
certain substances from the glass vessel in which it is usually
kept. While the amount of these impuvities is very minute,
the effect on the conductivity of the water is comparatively
very large.

Precise measurements require that the applied alternating
wave of E. M. T, shall have the form of a sine curve, with
equal positive and negative amplitudes, and that the bridge
arms shall be free from capacity and inductance.

Except for the highest accuracy, the above method, due to
Kohlrausch, is satisfactory. Such measurements are of par-
ticular interest in physical chemistry, in affording informa-
tion as to the degree to which any dissolved substance has
been dissociated.

73. Laboratory Exercise XIII. 70 find the conductivity of
an electrolyte.

AprparaTUs. Wheatstone bridge, sensitive telephone re-
ceiver, small induction coil, resistance box, one or two dry
cells, containing cell, and thermometer.



II, § 73] MEASUREMENT OF LIQUID RESISTANCE 99

A convenient form of - Wheatstone bridge, known as the Kohlrausch
bridge, is shown in Fig. 41. A uniform manganin wire ncarly five meters
long is wound in ten turns on a marble cylinder. This is covered with a
protecting hood which revolves on a vertical spindle, threaded with a

Fia. 41.

pitch exactly equal to that of the winding of the wire. A spring brush
fastened to the inside of the hood is always in contact with the wire,
and is connected through the spindle to the binding post on the front of
the base. The two ends of the wire are attached to the two binding
posts at the back. Total turns are read on the glass scale, and fractions
of a turn are read on the graduated circle against a vertical line etched
on the glass plate. Ratios of lengths on either side of the contact point,
and hence also ratios of the resistances of wire segments, are readily
determined.

Procepure. (1) Draw the usual diamond diagram of the
‘Wheatstone bridge, properly label the arms, and write the
corresponding formula.

The entire arrangement of the circuit, with the Kohlrausch
bridge inserted, is shown in Fig. 42, p. 100,
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(2) Connect the containing cell E in series with the known
resistance and with the bridge wire, as in Fig. 42.  Attach the
telephone and the secondary of the induction coil to the proper
terminals. Usually it is preferable to connect the telephone
receiver between A and B, although either of the conjugate

] e
%}

Fic. 42.

arrangements may be used. Compare this circuit with the
diagram previously drawn, and write the formula required for
this actual arrangement.

(3) Measure a sample of the standard solution, adjusting R
and the position of the contact on the bridge wire until the
minimumn sound is found near the middle of the wire. Take
the temperature of the sample.

(4) Rinse out the cell and refill it with the electrolyte of
unknown conductivity. Measure its resistance as above and
take its temperature. :

(5) Calculate the resistivity from equation (68) and find the
conductivity of the samples at the observed temperature.

(6) If the balance point is not sharply defined, the electrode
surfaces probably need replatinizing. These surfuces may be
rinsed with clear water after using, but they should not be
touched with the fingers nor wiped with a towel.

An increase in sensitiveness may be effected by putting a short-circuit-
ing key across the telephone terminals and repeatedly making and break-
ing the circuit for any particular setting of the movable contact. The
ear is more sensitive to sudden changes than to gradual ones.



CHAPTER III

ELECTROMOTIVE FORCE AND POTENTIAL
DIFFERENCE

Part I. Sources oF ELeEcTROMOTIVE FORCE

74. There are three well-known classes of apparatus for
transforming energy of other kinds into electrical energy. Of
these, the thermoelectric generator is of use only for relatively
feeble currents. Its phenomena and some of its applications
will be discussed in Art. 81. The dynamo generator depends
upon principles which will be discussed in Chapter VI.

In the following articles some of the more common types
of battery cells will be desecribed, as these are especially im-
portant in connection with electrical measurements. The
function of a battery cell is to transform chemical energy into
electrical energy. Two classes of cells will be considered,
primary batteries, which are renewed by the addition of fresh
chemicals, and secondary batteries, or accumulators, which are
renewed or charged by means of a current which is applied in a
direction opposite to that yielded by the cell when in service,
and which produces in the cell the necessary chemical changes.

76. The Gravity Cell. The gravity cell has for its negative
electrode a zine plate, suspended near the top of the contain-
ing jar, and for its positive electrode a plate of copper at the
bottom of the jar. This plate is covered with a layer of copper
sulphate crystals, and over it for a few inches is a water solu-
tion of the same salt. Above this, and surrounding the zine
plate, is a solution of zinc sulphate. A sharp line of separa-

101
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tion should appear between the two solutions. Due to its
greater density the copper sulphate solution tends at first to
remain below the zine sulphate. However, diffusion will oceur
unless the battery is supplying current. This type yields the
most constant electromotive force of any of the ordinary
primary cells. Owing to its freedom from polarization, it
is useful for closed circuit work. Its E.M.F. is 1.08 volts,
and its internal resistance may vary from half an ohm to
several ohms.

To set up a gravity cell for experimental purposes, first fill
the jar half full of water and stir in about 50 grams of ZnSO,.
Place the copper in position at the bottom of the cell and hang
the zinc at the top. By means of a funnel tube introduce a
saturated solution of CuSQ, at the bottom of the cell, taking
every precaution against mi'xing the two solutions. The blue
should appear at the bottom, and gradually rise, carrying the
white ZnSO, solution above it. Continue introducing CuSO,
solution until the zinc plate is well covered by the ZnSO,. In
case the fluids mix they must be emptied out and a fresh trial
made. When through using a gravity cell, if it is desired to
keep it set up, close its circuit through a resistance of a few
hundred ohms, in order to prevent diffusion of the solution.
If it is not to be kept set up, pour out the solution into the
waste jar, rinse the parts in clean water, and wipe them dry
with a towel. These battery solutions should not be emptied
into the ordinary laboratory sinks.

76. The Leclanché Cell. The Leclanché cell has a voltage
of 1.4, a low internal resistance, and rapid polarization. It is
useful chiefly for open-circuit work. The elements are zinc
and carbon in a solution of salammoniac. The chemical action
is complex, a double chloride of zinc and ammonium being
formed, with liberation of hydrogen and ammonia gas at the
carbon plate. To diminish polarization effects, a paste con-
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taining black oxide of manganese is used, sometimes packed
in a porous jar about the carbon electrode, and sometimes
formed into solid bars, which are held close to the carbon plate
by rubber bands. Recovery from polarization is rapid when
thus treated.

77. The Dry Cell. The so-called dry cell is a modification
of the Leclanché cell, in which the solutions are absorbed in
the materials of the cell, thus rendering it portable in any
position, with no liquids to be spilled. The E.M.F. is 1.5-1.6
volts, and when fresh, its internal resistance is low, so that
with an external resistance of 0.01 ohm, a current of 25 or 30
amperes can be drawn from it.

The anode is a sheet of zinc in cylindrical form, which is
the outer casing or container for the cell. This zine shell is
lined with several layers of porous paper heavily impregnated
with ammonium chloride solution. Within this paper is a
granular mixture of carbon, manganese dioxide, and ammonium
chloride saturated with zine chloride and ammonium chloride
solutions. Packed securely within this mixture and at the
center of the cell is a fluted carbon rod, and the whole is sealed
air tight with pitch or hard wax.

Polarization is rapid when large currents are drawn from it,
but the manganese dioxide is a strong oxidizing agent, and the
return to nearly normal voltage is rapid after use.

The internal resistance of this type of cell increases rapidly
with use and age, partly due to the drying out of the contained
moisture and partly due to the reduction of the manganese
dioxide. There is also a deposit on the zine of non-soluble
impurities and products of secondary reactions. Particularly
in the dry cell, the so-called internal resistance is a compound
quantity, which is dependent upon many factors, and which
varies with the current output, the age, and the temperature.
Ordinary tests, such as those described in §§ 85-86, are of little
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significance with dry cells. They should be subjected to serv-
ice tests, based on the actual conditions of use.!

Where galvanometer deflections are to be observed, constant
potential cells are necessary.  Forzero methods, however, other
types will often answer. Dry cells in series witha high resistance
may be regarded as constant potential cells for many purposes.

78. The Edison-Lalande Cell. Modifications of the origi-
nal Lalande cell, usually sold under the name Edison-Lalande,
have an BE.M.F. of 0.8-0.9 volt, and a low internal resist-
ance of only a few hundredths of an ohm. The negative elcc-
trode is amalgamated zine, and the positive electrode consists
of a plate of compressed copper oxide, the surface of which
has been reduced to the metallic state. These plates are im-
mersed in a twenty per cent solution of sodimn hydroxide. A
thin layer of heavy mineral oil is poured over the top to pre-
. ventevaporation and creeping. After the cell has been in opera-
tion for a short time the E. M. F. becomes practically constant.

79. Standard Cells. Tt is convenient to have at hand cer-
tain voltaic or electrochemical standards of E.M.¥. Two
such standards, the Clark cell and the Weston cell, can be pre-
pared with a high degree of constaney and trustworthiness.

The Clark cell has zinc or zine amalgam for its negative,
and mercury for its positive electrode, the zine being sur-
rounded by a saturated solution of ZnSO,, while a paste of
mercurous sulphate is above the mercury. The E. M. F. of a
cell of this sort is 1.434 volts at 15° C. Between 10° and 25°
its variation is about 0.00115 volt per degree, the E.M.F.
decreasing with a rise in temperature.

The E. M. F. of thesc cells will vary with the concentration
of the solutions and with the circumstances of manufacture.
Hence a certificate should accompany each cell when purchased.

1For standard methods of testing dry cells sec TRANS. AM. ELECTRO-
CHEMICAL SOCIETY, vol. 21, 1912, p. 275.
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This cell, as originally prepared, was not sufficiently por-
table. Moreover, its L. M. I'. did not follow accurately the
changes in temperature. An improved form was devised by
Carhart. 1In this form the zine sulphate solution is saturated
at 0° C,, and its temperature coeflicient is somewhat less than
in the earlier forms. The value of its K. M. IY,
for any temperature ¢°is found from the formula

(1)  E,=1.440 — 0.00056(; — 15) volts.

The interior arrangement of a Carhart-Clark
cell' is shown in Fig. 43.

The Weston cell, or cadmium cell, takes its
name from the use of cadmium instead of zine
as in the Clark cell. It was first suggested by g
Weston in 1891. It is preferably made in the
H form, as shown in Fig. 44. Platinum wires
are sealed into the tubes and make contact with
mercury on the positive side and with a cad-
mium-mercury amalgam on the negative side. Above t},.qe
mercury is a layer of a thick paste, made by intimately mf'ix-
ing metallic mercury, mercurous sulphate, and a saturejted

Wax

—{ ZnS0y

Paste

solution of cadmium sulplfiate.
" Above the cadmium amalgain on
the negative side is a la,}/er of
cadmium sulphate crystal ;4 and
over all, filling both side § of the
tube, is a saturated or nc .liu'ly sat-

, urated solution of cadrfyjum sul-
7_rg phate. The open enyls of the
+ tube are closed with ,* sorks and
gsealed with wax. “ hen these

cells are made according to precise speciﬁcationsl ,'f they can be

Fra. 4.

1 Specifications for setting up these cells are given in t ”"e U. 8. BUREAU
OF STANDARDS BULLETIN, vol. 4, p. 1, 1907.
2U. S. BUREAU OF STANDARDS BULLETIN, vol. 4, p. 1, -6‘907.
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reproduced with a variation of only a few parts in 100,000.
Temperature changes have but slight influence on this type of
cell, a change of ten degrees C. either way causing a change
in E. M. F. of less than five parts in 10,000.! For this reason
the cadmium cell has practically displaced all other types. It
is portable and may be sent through the mails or otherwise
transported without ill effects.

Formerly the international volt was defined as a stated frac-
tion of the E. M. F. of a cell of the Clark type, but its evalua-
tion depended upon the use of a known resistance and a
known current. The London Conference (1908), although de-
fining the international volt in terms of the ampere and the
ohm, recommended the adoption of the Weston cell as a sub-
standard of voltage ; its value is now taken as

1.0183 volts at 20° C.

Standard cells are not intended to supply current, and they
jnust always be used in such a way that there is no danger of
polarization taking place. They should be used only in series
with a high resistance (10,000 ohms), or for zero methods
where the potential difference is compensated.

\ EXERCISE

wi.l a standard cell show its rated voltage when connected to a com-
mercial voltmeter ? Explain. What would be the effect on the cell of

this experiment ?

80. Secondary Batteries. When a direct current is passed
through an electrolytic cell, decomposition products are de-
posited ont the cathode. In general, if the source of current
is removed and the circuit is again completed, there will be a
flow of current in the reverse direction, due to the polariza-

1 The precisé formula from which the E.M.F. of a Weston cell is calcu-
lated for any terperature ¢° is

Ey = Ea— 0.0000406( — 20) — 0.00000095(¢ — 20)2 -+ 0.00000001 (£ — 20)2,

See U. S. BUREAU OF STANDARDS, Circular No. 29.
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tion of the electrodes. In this way an exhausted battery can
have its active material renewed by electrolytic deposition.
In a class of batteries called storage cells, or accumulators, this
is an efficient process.

A common type of accumulator consists of lead plates per-
forated with many apertures, into which the active material
is compressed. This is usually a paste made by mixing cer-
tain lead salts (red lead, PbyO,, and litharge, PbO) with sul-
phuric acid. If plates thus prepared are immersed in a
twenty per cent solution of sulphuric acid, and a current is
sent through the cell, hydrogen passes to the cathode and
reduces the paste to spongy metallic lead. The SO, ions pass
to the anode, and a higher oxide of lead, P’bO,, is formed.
The rapid evolution of hydrogen at the cathode is evidence of
complete transformation of the material, and the cell is then
said to be charged. If the charging current is now cut off and
the cell connected to a circuit, current will be found to flow
from the cell in a direction opposite to that during the process
of being charged. Such cells have a discharge voltage of
about 2.2, and a low internal resistance of the order of a few
hundredths of an ohm. Moreover, their behavior when in
good condition is very constant, and they are indispensable
for many kinds of electric testing. The disadvantages of
this type of cell are its great weight and its requirement of
regular and systematic attention during charging and use.

In the Edison storage cell, the positive plate consists of
nickel oxide packed in perforated steel tubes, several of which
are mounted side by side in a steel frame. The negative plate
consists of iron oxide held in a somewhat similar way. These
plates are immersed in a twenty per cent solution of caustic
potash, and are sealed into a container of welded sheet steel.
These cells have an average voltage of 1.2, which is a disad-
vantage as compared with the lead type of cell. However,
they are rugged, constant in their behavior, and but slightly
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affected by extreme temperatures. Because of their smaller
weight, they are preferred for many purposes to other
types.

The storage cell does not store electricity, but by means of
the current supplied to it chemical changes are set up which
renew the active material necessary for the continued operation
of the cell.

81. Thermoelectricity. In 1826 Seebeck discovered that a
current of electricity flows in a circuit consisting of two ditfer-
ent metals, when a differcnce of temperature is maintained at
the two points of contact, or junctions. This is commonly
explained by saying that at the junction thermal energy is
transformed into clectrical energy, and this point is regarded
as the seat of an L. M. F.

In the following table some common metals are so arranged
that when any two are chosen for the circuit, current flows
across the hot junction from any metal to one standing lower
in the list.

Bismuth Lead
Nickel Silver
Platinum Iron
Copper Antimony

Of the pure metals the bismuth-antimony pair yields the
greatest thermoelectromotive force, that is, these elements
have the greatest thermoelectric power. However, certain
alloys such as german silver, advance, and platinum with irid-
imm or rhodium, are frequently used for one of the materials.
Expressed in microvolts per degree of temperature difference,
the thermoelectromotive force of a pair of iron-german silver
junctions is about 25, that of an iron-advance pair is about as
great, and that of a copper-advance pair is about 40. The
purity and the physical state of these materials is an impor-
tant factor in the measured values. '
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The thermoelement is made by soldering two pieces of the
hosen metals together, with their ends soldered respectively
o pieces of copper wire. The junctions (1A, Fig. 45, ave kept
t some constant temperature, usually that of melting ice, and
he junection B is

4 Iron Advance

wated. The gal- y 4

‘anometer will

hen indicate the Copper Copper
)\

assage of a cur- Y

ent. Knowing Fia. 45.

he sensibility of the galvanometer and the resistance of the
ircuit, the effectiveness of the arrangement in microvolts per
legree can be caleulated. The presence at the junction of an
ntermediate metal or alloy like solder will not atfect the value
f the E. M. F., because whatever effect is developed at one
yoint of contact is annulled at the other.

Many and varied forms of thermoelements find application
n the measurement of temperatures where mercury-in-glass
hermometers would be too massive to respond quickly to
anall temperature changes, or where it would be impossible
r inconvenient to introduce them. The chief advantage of
hermoelements is found in their small mass and their quick
‘esponse to changes of temperature. The range over which
hey may be used is limited only by the temperature at which
he metals oxidize, or for some metals, the temperature at
vhich the effect changes sign. For example, in the iron-copper
:lement the effect changes sign at about 270° C. For a range
Tom liquid air temperatures, — 190° C. to 200° or 300° C.,
opper-advance or iron-german silver is used. For higher
emperatures, upwards of 1700° C., a thermocouple of platinum
wd a platinum-rhodium alloy is used. The E.M.F. may be
neasured by means of a potential galvanometer! or by a po-

18ince the resistance of the thermocouple and its circuit is usually low,
he galvanometer should also be of low resistance.
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tentiometer method. Any thermoelement may be calibrated
with a galvanometer so that temperatures can be read directly.

82. Laboratory Exercise XIV. 7o calibrate a galvanometer
used with a copper-advance thermoelement.

Arraratus. Galvanometer, thermocouples with hot and
cold Laths and thermometers, one accumulator cell, voltmeter,
o two resistance boxes, and a tap
key.

Procepurr. (1) Arrange the

circuit as shown in Fig. 46, keep-

ing the junction B at the tem-
A p  perature of melting ice. Heat
Fig. 46. the junction A by means of a
flame under the oil bath, and take simultaneous readings of
temperatures and galvanometer deflections. A multiplier of
required amount to keep the deflection on the scale for the
highest temperature used (about 200° C.) should be put in
series with the galvanometer. Take eight or ten readings over
approximately equal intervals of
temperature change, from room |
temperature to 200° C.

(2) Plot deflections as ordinates
and temperature readings as ab-
scissas on a sheet of cross-section
paper.

(3) To calibrate the galvanom-
eter in microvolts per scale di-
vision, connect the apparatus as in Fig. 47. A storage cell 8
is put in series with a resistance of 1000 ohms. Traveling
contacts at aa’ will enable a potential difference one thousandth
of that of § to be applied to the galvanometer in series with
the variable resistance R. The voltage of the cell may be
taken with a voltmeter, Take deflectious, five or more in

Tw

|
1

Fia. 47.
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number, over the full-scale range. Calculate the potential
difference at the galvanometer terminals in microvolts.

(4) Use the same sheet as in (2) above, and lay off a scale
of microvolts along the axis of abscissas. Plot deflections
against microvolts. Froin the two curves thus plotted, calcu-
late the potential differences developed at the various temper-
atures, and plot a third curve showing the relation besween
potential difference and temperature.

83. Electromotive Force and Terminal Potential Dif-
ference. In general, whenever two plates of different metals
are dipped in an electrolyte, a difference of potential is found
to exist between them. If dilute sulphurie acid is used as the
liquid, the potential relations of a few familiar substances are
given in the following table. Seclecting any two of the sub-
gtances, current is observed to flow through a wire connecting
them outside of the battery, from any one, to one which stands
lower in the table.

T Carbon As battery poles, these
Mercury are positive down-
Copper ward.
. Iron
As substances, these are [ Cadmium
electropositive upward. | Zinc L

The terms positive and negative as applied to the poles
of a battery must not be confused with electropositive and
electronegative as applied to the substances.

The seat of the E. M. F. is at the surface of  z,a low
contact between the electropositive substance -5+
(zinc) and the liquid, and the negative pole v( )
is the exposed part of the electropositive plate.

In a simple voltaic cell (Fig. 48) charges of
opposite sign are found at the poles. If the Fia. 48.
poles are connected by a conductor, these charges are removed.
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However, the action of the cell restores them and the potential
difference is maintained. There is, then, some process going
on within the cell which tends to maintain this transfer of
charge from the negative pole to the positive pole within the
cell, and from positive to negative outside. This is called the
electromotive force, or K. M. IV, of the cell.

In the external conductor, as well as in the liquid of the
cell, there will be a fall of potential in the direction of the
current flow, and at the interface between the zine plate and
the liquid there will be a rise in potential, due to a transfor-

I/

e [ !

g e
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a z al

Liquid

Fia. 49.

mation of chemical encrgy. The potential-resistance relations
thronghout the entire circuit are illustrated in Fig. 49.1 At
the zinc-liquid surface there is a sudden rise in potential ah.
Through the liquid resistance b there is a fall of potential fe.
Also, there is a fall of potential ed at the liquid-copper surface,
and a further drop de through the external resistance K. In
this figure, vertical distances represent potential differences,
and horizontal distances represent resistances; hence, it is
clear that the slope of the lines he and da' is measured by the
ratio of potential difference to resistance respectively. This
slope is then equal to the current flowing, and since the cur-

1 Figure 49 represents a special case where the line g«’, parallel to he, inter-
cepts the line ah at the point ¢, so that gh = fe. In general this line will not
cut ak at g, but at some point which may be called g’. The student should

draw other similar figures with B much larger and much smaller than the
battery resistance.
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rent is constant in all parts of the circuit, the angles 6 and 6’
are equal. The maximum effective potential difference E, or
the total E. M. F., is given by the equation

@) ah — ed = cd + ef,
while the potential difference cffective in the external part of

the circuit, or E’, is represented by cd.
From similar triangles it then follows that

or, by composition,
cd+ef ac+cd _aa’

cd ca’ ca’’
whence
. E R+
3) R L
v
or
R
4 E =K —*"_.

The quantity E’ is called the terminal potential difference and
it is seen that B’ will approach E as b diminishes in value, or
as R becomes so great that in comparison with it b may be
disregarded.

When a potential galvanometer is connected across the
terminals of a cell which is not delivering current, the ob-
served reading E is the L. M. F. of the cell, or
the open-circuit potential difference. If, with-
out removing the galvanometer, o resistance
R, Fig. 50, is connected across the blattery
terminals, a current will flow, and the gal-
vanometer reading £’ will be less than before.
This decrease will go on as the value of R is
made less, until when R = 0, that is, when the
cell is short-circuited, the galvanometer will show no deflection
#¥hatever. The potential galvanometer shows, for any value

I

Fia. 50.
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of R, the then existing potential difference at the cell terminals, and
this may vary from the value of the K. M. F. of the cell to zero.
For any value of R the current flowing is given by Ohm’s law
in the form

, E
® g
or '
(6) E=ib+ IR

The term 2R is equal to K’, whence

) E' = E —1b.

Solving equation (7) for b, the internal resistance of the cell,
we find

) y_E—E

. )
[

and since ¢ = %, equation (8) may be written in the form
E—F
(©)] b —l:- 5 -:IR

Since galvanometer deflections are proportional to potential
differences, equation (9) may be written in the form

(10) b= [ﬂ:_‘k] R.
dy

The preceding equations hold not only for the voltaic cell, but
also for any other formn of generator. The battery resistance
will not be constant for all values of current, and in stating
the value of the internal resistance, the current output must
be specified.

The E,M.F. may be expressed in terms of the work done
in conveying a unit charge once around the entire circuit.
Referring to Fig. 49, the work done by the cell at the inter-
face between the zinc plate and the liquid is proportional to
line ah. On the same scale, fe represents the work done by
the current against the ohmic resistance of the electrolyte.
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The current does work proportional to ed at the liquid-copper
surface, and a further amount of work proportional to de is
done in the external resistance R. TFor one such cycle the
battery must supply an amount of energy proportional to the
difference between ah and ed, or ¢d + ef. The work available
for the external circuil is only that which is proportional to
cd.

The entire cirenit, including the battery resistance, may be
regarded as divided into small portions. Then across the ter-
minals of each portion there will be a certain potential differ-
ence, or potential drop, which will vary for any given portion
with the value of the current flowing. The algebraic sum of all
these differences of potential over the entire circuit will give
the value of the K. M. I,

In order to avoid confusion, it is customary to use the term
potential difference, or potential drop, with reference to certain
limited portions of the circuit, and to reserve the expression
electromotive force for that maximum value of the terminal
potential difference which the generator yields when measured
with no current lowing. Invariably when a current is lowing,
some part of the T. M. F. is required to overcome the effective
internal resistance of the generator, and the available potential
difference of the terminals is always less than the E. M. F. by
this amount.

84. Battery Resistance. It is important to note that the
quantity b, which has been called the internal resistance of
the battery, is not a constant, but varies more or less with the
current drawn from the cell. Some batteries (e.g. the gravity
type) show a decreasing resistance with an increase in current.
Some have a high polarization (e.g. the dry cells), which tends
to increase with the current output. The back E.M.F. of
polarization opposes the E. M. F. of the cell, and the resultant
or effective potential difference is decreased. The effect is
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the same as that of an increased internal resistance, and the
values of b calculated from equation (8) are apparently
increased.

The temperature coefficient of the internal resistance is
large, and the total ampere-hour output of the cell also affects
its value. The quantity b is an important one, and it is treated
as a resistance ; properly it should be called the effective resist-
ance of the cell. A complete study of a battery cell involves
the determination of several factors which will be considered
again in § 89.

86. Laboratory Exercise XV. 70 study the variation in the
potential difference at the battery terminals, and to find the internal
resistance of the battery cell by the galvanometer method.

ArraraTus, Potential galvanometer with shunt and high-
series resistance, reversing switch, resistance box, tap key, and
one gravity cell.

Procepurr (1). Arrange the circuit as in Fig. 51. Adjust
the galvanometer to zero and choose such values for the shunt

S and the series resistance R’ that the

| @ | deflection d, will be about full scale
L/\/S\/\J with I open. The series resistance
r’ should be at least a thousand ohms.
(2) Make R =200 ohms, close the
ONO

key K, and read the deflection d,
x  Make I smaller, decreasing by ten
‘ 1t 2 I steps until zero is reached, choosing
the steps so that the deflections de-
crease by approximately equal inter-
vals, and read the deflection for each step. The connecting
wires from R to the battery should be as short as possible.
Why ? )
(3) Tabulate values of R, right and left galvanometer deflec-
tions, and mean deflections. The deflection d, is proportional
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to the E. M. F. of the cell. The other deflections are proportional
to the respective values of the terminal potential difference.

(4) Plot a curve with values of R as abscissas, and deflec.
tions as ordinates, d, being the maximum value of the series.
State what inference may be drawn from this curve. Locate
on the y-axis a point at d,/2. Project this point on the curve
and read the corresponding value of R. Show that this is ap-
proximately the battery resistance.

(5) Calculate from equation (10) the value of the battery
resistance, choosing several different values of d, If this is
not a constant, account for its variation.

86. Laboratory Exercise XVI. 70 measure the internal re-
sistance of a battery by the voltmeter-anmmeter method.

Arprararus.  Voltmeter, ammeter, battery to be tested, con-
trol resistance, and tap key.

Procepure. (1) Arrange the circuit as in Fig. 52. Ris a
control rheostat, the resistance of which need not be known.
With K open, read E on the voltmeter,
which gives the E. M. F. of the cell. Close
K, having adjusted R so that the range
of the ammeter is not exceeded, and again l '

take the voltmeter reading L', simulta-
neously reading the current i.

(2) Take several sets of K and ¢ values, @ R
and calculate the value of b from equation
(8). In case the battery consists of more
than one cell, for example, a storage battery, the value of b
determined above is the sum of the internal resistances of
the several cells. The mean value for one cell is, however,
readily calculated.

(3) If storage batteries are under test, £ may be the poten-
tial difference measured while the battery is being charged,
the charging current ¢ being read at the same time. Then,

KFi1a. 52.
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with the charging current cut off, £’ is the terminal potenti
difference. The internal resistance is then given by equation (&
The difference between the two voltages is that required to se1
the current ¢ through the internal resistance of the battery.

87. Laboratory Exercise XVII. 7o compare electromoti
Jorces by the condenser method.
Arrararus.  Ballistic galvanometer, standard condense
three-way discharge key, standard cell, and battery to |
tested. The theory of the ballist
@ galvanometer and condenser will |
l{l

given in subsequent chapters.

e Procepurk. (1) Arrange the ci

1 O K . . . .
— ~p 0 cuit as in Fig. 53, with a standa
|2 I
[

cell at B. Charge the condenser 1

pressing the key to f, then discharg

L - il by raising the key to «a, and ree
Fia. b3. .
the deflection. d,.
(2) Replace the standard cell by the cell to be tested m
repeat (1), reading the deflection d,.
(3) When the condenser is charged, the quantity is give

by the equations

(11) Qx = Gd, = CVu
and
(12) Q= GD,= CV,,

where @, and @, are the quantities stored in the condens
when charging potentials ¥, and V, arc impressed. The co
responding deflections are d; and d, respectively, and G is tl
constant of the galvanometer. Then, from (11) and (12), we hax

Vv d, .
13 21 %
= V. d

(4) Calculate the value of the unknown E.M.F. fro:
equation (13).
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88. Laboratory Exercise XVIII. 70 measure the internal
resistance of a battery by the condenser method.

Arrararus.  Asin Laboratory Exercise XVIL § 87, together
with a resistance box and a tap key.

Procepurk. (1) Arrsnge the circuit as in Fig. 51, With
k open, press I\ to b for an instant and then raise it to a.
Read the deflection on the gal-

vanometer d,. (x )

(2) With E closed, set R at N
some low value, and repeat the ——0—, N ag
procedure of (1), reading the — T
deflection d,. Repeat for sev- B
eral different values of R. T

(3) Calculate the value of b | /\R/v\,._lk

from equation (10). Each de- ¥ia. b1,

flection used in the formula

should be the mean of several observations. Tabulate all data
and results.

This method is most relinble when the battery is one which
does not polarize rapidly, and which has a high internal re-
sistance. If a standard condenser of low value is used, the
charge flowing into it will not appreciably polarize the cell.

89. Test of a Primary Cell. The two chief characteristics
of a battery cell are its E. M. F. and its internal resistance.
In general, that cell is most useful in which the E.M.TF. is
high and the internal resistance low. There are three differ-
ent tests to which a battery must be subjected in order to
investigate systematically and completely its quality and use-
fulness.! These are: (1) the time test, (2) the life test, and
(3) the efficiency test.

The time test shows: (a) the decrease in E.M.F. due to
polarization, together with the rate of this decrease when the

! For standard methods of testing dry cells, sre PRoc. Am. ELECTRO-
CHEMICAL S0C1ETY, vol. 21, p. 275, 1912.
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cell is kept for a given period on closed circuit through a
specified resistance; () the rate and extent of recovery from
polarization; (c) the terminal potential difference when the
cell is closed through a fixed resistance.

The life test is quite the same as the foregoing, except that
the polarization is allowed to continue until the E. M. I, has
been reduced to at least half of its initial value, after which
the recovery is observed for a similar period.

The efficiency test shows: (a) the ratio of the quantity of
electricity obtained from the cell by the consumption of a
given mass of zine to the quantity necessary to deposit the
same mass in an electrolytic cell ; (b) the ratio of the energy
available in the external circuit to that dissipated within the
cell itself as heat. If these last two tests are carried out,
they will work the cell to exhaustion. If the first of them
is carried over a period of perhaps an hour, it will give an
accurate indication of the intrinsic worth of the cell. Hence
it is the more common, and is frequently the only test made.

90. Laboratory Exercise XIX. 70 make a time test of a
battery cell.
ArraraTus. As in Laboratory Exercise XVIII, § 88, to-
@ getlier with a watch.

Procepure. (1) Arrange the

c |, circuit as in Fig. 55. If a Le-

:—C 0 K clanché cell is used, make R about

| B five ohms; if a dry cell is used,

| t make R about half an ohm. With

]—_R_\ k open, charge and discharge the
EE—— VAV Vi Ve V2

condenser by successively throw-
ing K to b and a. The observed
deflection will be proportional to the E. M. F. of the cell.

(2) The E.M.F. of the cell may be expressed in volts by
means of a calibration curve for the galvanometer, which is

F1a. 55.
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prepared as follows. Before beginning the test on the battery
B, put in its place a standard cell, and note the galvanometer
deflection d, using the same value of the capacity as that
which will be used throughout the test. On a sheet of cross-
section paper, scale off one axis in volts and the other in de-
flections, and locate the point corresponding to d and the
E.M.F. of the standard cell. This will be one point on the
calibration curve. If the detlections are strictly proportional
to quantities of electricity, and hence to charging potentials,
the curve will be a straight line passing through the origin.
From this curve any value of the deflection may be read directly
in volts. The scales should be so chosen that at least hun-
dredths of a volt can be read.

(3) Observing the exact time, close & and immediately
charge and discharge C as before, observing the deflection ds.
The terminal potential difference can then be taken from the
calibration eurve. Keeping % closed, again read d, after an
interval of two minutes. After four minutes, open k for a
very short time, just long enough to manipulate the key XA
and observe another value of d;, which gives the open circuit
voltage at that time. After six minutes take a reading of d,
as before, and after eight minutes with & open for an instant,
take another rcading for d,.

Continue in this way for one hour, taking readings of the
open-circuit voltage every four minutes, in order to get the
decrease due to polarization. Alternate with these, also at four
minute intervals, readings for the terminal potential difference.
The key &k will be left firinly closed except at the appropriate
four-minute intervals, when it is opened for a second or two in
order to secure the open-circuit readings. A convenient form
for k is a spring tap key, making contact on the upper points.

(4) At the end of the hour, open % and continue the read-
ings as before, in order to determine the rate and the extent
of the recovery from polarization. For the first quarter of an
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hour of recovery readings should be taken every two or three
minutes. For the rest of the period, or until the recovery curve
seases to rise, longer intervals will suffice. Avoid closing the
circuit containing the battery under test until quite ready to
begin counting time.

(5) Calculate from equation (10) the internal resistance of
the cell for ten or morve sets of values of £ and E'.  Also cal-
culate the same number of values of the current strength by
dividing the respective values of the terminal potential ditfer-
ence by the external resistance R.

(6) Tabulate in full the values of time, d,, d,, open-circuit
voltage, terminal potential difference, internal resistance, and
current.

Tabulate, also, values of time, deflections, and voltages dur-
ing the recovery period.

(7) On a sheet of squared paper choose a suitable time scale
along the z-axis, and along the y-axis arrange three secales of
suitable range for voltage, resistance, and current. TPlot five
curves: (1) open-circuit L. M.T., (2) recovery, (3) terminal
potential difference, (4) internal resistance, (5) current. It
is customary to start the recovery curve at the last reading of
the polarization curve, running it toward the left, above the
polarization curve.

Discuss the curves and state what inferences may be drawn
as to the excellence of the cell.
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PArT 1I. POTENTIOMETERS

91. General Principles and Simple Circuit. Perhaps no
single instrumnent is capable of more general application in the
electrical laboratory than the potentiometer, which is, as its
name implies, a device for measuring potential differences.
A simple form of potentiometer circuit is shown in Kig. 56.

W.B.

2i1 271

Fr1a. 56.

A uniform, homogeneous wire PP', usually a meter or more
in length, is stretched over a graduated scale, and connected
in scries with a constant battery B, called the working
battery. An adjustable resistance R is introduced for the
purpose of controlling the potential difference between P and
P'. This resistance, as well as the wire, must be so chosen as
to carry the necessary current without sensible heating. A
double-pole, double-throw switch U enables either a standard
cell 8 or the test cell E to be connected to the points V'V

Let us suppose (1) that the potential difference between P
and P’ is greater than that of the cell 8, and (2) that the
circuit is so arranged that the poles of the working battery
and & are opposed. Then, if the switch U is on the points 1,
1, it will be possible to tind two points ¥V and ¥, on PP/, such
that the fall of potential between them is just equal to the
potential difference at the terminals of 8. In this case no
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current will flow through the galvanometer g, and the circuit
is said to be compensated or balanced.

If the current flowing through the wire is constant, the
potential difference between ¥ and V; is proportional to the
resistance of the wire included between these points, and if
the wire is uniform and homogeneous, the resistance is propor-
tional to the length. Hence, the distance d, between ¥ and
Vi, read on the scale under the wire, may be assumed to be
proportional to the value of the potential difference at the
terminals of the standard cell 8.

If the switch U is thrown across the points 2, 2, any other
potential difference, such as E, may be balanced against the

|| WB.
\ '
———AAANANANY
bz
LY Yi_lps
A
U
21 721
E 8

F1a. b6 (repeated).

fall of potential along some other length of the wire d,, Then
we have the relation

E_dy
14 S a4’
whence the value of E is found to be
d.
E =822,
(15) & a

The method may be simplified and the apparatus made to
read directly by the following procedure. Fix V at the point
P, and graduate the scale into 1500 parts, with the zero at P
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and the 1500 mark at P’. Assume that we are using a Clark
cell, for which the voltage, corrected for temperature, is 1.432.
Set the point V] at the scale division 1432, taking care that
the conditions 1 and 2, as given above, are fulfilled. Adjust
R until the galvanometer shows no deflection. Then the
potential drop along the wire, which is direcetly proportional to
the distance from P as read on the scale, is just equal to the
known voltage of the standard cell. Assuming the constancy
of this adjustment, values of potential difference may be read
directly from the scale.

The great utility of the potentiometer lies in the fact that
it may be used to measure current strength and resistance, as
well as potential difterence. The strength of a current is
determined by finding the potential drop between the ter-
minals of a standard resistance while the current is flowing
through it. A resistance is measured by comparing the poten-
tial difference across the unknown resistance with that across
a known resistance, both carrying the same unvarying current.

It is thus seen that all of these measurements are really
referred to the E. M. F. of a standard cell and a standard re-
sistance. These two quantities have been so thoroughly studied
that the greatest confidence is felt in their correctness and
permanence, provided that temperature corrections are prop-
erly applied.

A distinet advantage of the method is that the standard cell
is so used that at the moment of balance no current whatever
is Leing drawn from it. Hence precise results uninfluenced by
polarization can be obtained. Furthermore, at the instant of
balance, the lead wires do not carry any current, so that errors
due to potential drop or contact resistance do not occur.

92. A Resistance-box Potentiometer. The long wire of the
simple potentiometer may be replaced by a pair of resistance
boxes, in which casea greater degree of precision may be attained.
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The circuit of Fig. 57 shows such an arrangement. The
working battery WB is placed in series with two resistance
boxes R; and R,, each of 10,000 ohms or more. The sum of B,
and R, must be kept constant. A standard cell S with its
poles opposed to the working battery is connected in series

with a galvanometer across the terminals of R,. If the E. M. F.
of the standard cell is less than the potential drop along PP/,
some value of R, can be found for which the potential drop
measured by iR, is just equal to the E.M.F. of S. For this
value of I, there will be no current through the galvanometer.
For every change made in R, an equal compensating change
must be made in R,.

It is convenient to use two boxes with the same range for R,
and R,, and also to start with all the plugs out of R, and with
R, = 0, increasing R, until a balance is found. A high re-
sistance of 10,000 ohms should be placed in series with S,
and the key K should be tapped cautiously, until it is seen
that the deflection is not going to exceed the range of the scale.
When a balance is nearly reached, the high resistance may be
removed.

‘With suitably chosen resistance boxes, a high degree of pre-
cision is possible. The double adjustment is tedious, however,
and more convenient arrangements are found in the commer-
cial types, which are described in §§ 94 and 96.

93. Laboratory Exercise XX. 7o measure electromotive
Jorce with the simple potentiometer and with the resistance-box
potentiometer.
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Arrararus. Storage battery and control rheostat, long
wire on baseboard with scale, standard cell, cell to be tested,
three resistance boxes, galvanometer, connecting wire, and tap
key.

Proorpure. (1) Arrange the circuit as in Fig. 56, with the
standard cell in series with the galvanometer. Tap the con-
tact key at extreme ends of the wire and note whether the
galvanometer reverses. If no reversal occurs, interchange the
terminals of the standard cell, or increase the voltage at PP
Find the point on the wire for which no deflection occurs, and
read this position on the scale. Replace the standard cell by
the cell to be measured and again read the position of the
contact for no deflection. The ratio of these two readings
will give the ratio of the electromotive forces of the two cells.

(2) Make the potentiometer direct reading as explained in
§ 91, and again measure the E. M. F. of the test cell.

(3) Note carefully by how much the position of the contact
point can be shifted without disturbing the balance, and state
the probable precision of the settings. Kach determination
should be the mnean of several readings.

(4) In place of the long wire, connect two similar resistance
boxes (Fig. 57), and remove all the plugs from one box, say R;.
With the galvanometer and standard cell connected across &2, tap
the key and note the deflection. Make R, low and 2, high, again
tap the key, and note whether the galvanometer reverses its de-
flection. If arcversal does not oceur, the circuit is not properly
arranged. Adjust B;and R, until the deflection is zero when the
key is tapped, and read R,. Replace the standard cell by the test
cell and repeat the procedure. The ratio of the values of R,
will give the ratio of the electromotive forces of the two cells.

() Asin (3) above, note how much R, must be changed in
order to cause the least observable deflection on the galvanom-
eter. After calculating the unknown E.M.F.. discuss the
precision of the results by the various methods.
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94. The Wolff Potentiometer. The circuit of the Wolff
botentiometer is shown in Fig. 58, and a conventionalized dia-
gram of it is shown in FKig. 59. In order to understand this
circuit, refer again to Fig. 56, and fix clearly in mind the fol-
lowing points:

Standard Cell

® z O
000
A

® ),

)]

V] LI O

ofo1e %

o-X "B

(1) The potential drop between P and P’ must be greater
than the potential difference to be measured.

(2) The terminals of the same sign must he connected to
the same side of the circuit.

(3) However the contact points V'V, are moved, or wher-
ever 