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instrument had 144 turns on each of ifs fixed coils and 288 turns on
eaEh of its moving coils, the total resistance being 17-5 ohms at
20° C.

Campbell and Butterworth-Tinsley Mutual Inductometers. Both of
these instruments are, essentially, variable mutual inductances,
such instruments having the advantage that their inductance can
be reduced fo zero or given negative values, while a variable self-
inductance can only be reduced to some minimum value depending
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Fig. 146. ConstrRUcTION OF CAMPBELL MUTUAL INDUCTOMETER
MANUFACTURED BY THE CAMBRIDGE INsTrRUMENT CoO.

upon the self-inductance of the coils and by the mutual-inductance
between them.

The Campbell instrument, devised by A. Campbell (Ref. (10))
and manufactured by the Cambridge Instrument Co., has an arrange-
ment of coils as shown in Fig. 146. PP are two equal coaxial fixed
coils forming the primary winding. These are connected in series.
The two coils S, connected in series, form together one of the fixed
secondary windings. S, is another secondary coil, also fixed, while
S, is a movable secondary coil. The three secondary windings are
connected in series. A link is provided for the purpose of reversing
the connections to the moving coil S,. Coils § and S, are each
divided into ten sections of equal mutual inductance with the
primary, and connecfions are taken from these sections to two dial
switches. The mutual inductance of each of the sections of 8, is,
in one form of the instrument, 100 microhenries, and of coil S
1,000 microhenries, giving a total for the two coils of 11,000 micro-
henries. Fine adjustment is obtained by rotation of the secondary
moving coil Sy, which is mounted midway between, and parallel to,
the fixed coils as shown. An index mark on the handle arm serves
the purpose of a pointer, readings being observed on a scale fixed
under this arm on the lid of the instrument.

The coils are wound with stranded wire, and marble is used in
the best instruments for the coil bobbins, and as the framework to.
which the coils are attached. These instruments have the advantage
of high accuracy and simplicity, but possess considerable capa-
citance, which introduces errors at the higher frequencies.
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Butterworth’s mutual inductometer (Ref. (7) ), manufactured by
Messrs. H. Tinsley & Co., is designed so as to eliminate the defect
of the Campbell and similar instruments, due to inter-capacitance
between the windings. The makers claim that with this type of
instrument a correction of only 0-07 per cent is necessary in the case
of an instrument calibrated at 50 cycles and used at 1,000 cycles.

This instrument has a fixed primary coil and two sets of three
secondary coils, also fixed. There is also a moving secondary coil
for fine adjustment. Each set of fixed secondary coils consists of
three coils having mutual inductances with the primary in the ratio
of 6 : 3 : 1. Connections are made from each set to a commutator
which is manipulated as a dial switch. The two dials are marked
1 to 10, the various inductances being obtained by connecting
various combinations of the three coils, through the commutator,
in series. In some cases one of the coils is reversed to give the |
required inductance. For example, 8 is obtained by the commutator
connecting the 6 and 3 coils in series so that their magnetic effects
are cumulative, and the 1 coil is reversed, thus giving the value
8§=6+3-1

In a common form of the instrument one dial gives 10 millihenries
in steps of 1, while the other dial has a total to 1 millihenry in steps
of 0-1, the moving coil giving from —0:01 to 4 0:11 millihenry.
The readings in the latter case are observed on a scale placed nunder
the handle arm, as in the Campbell instrument. In this case the
total range of the instrument is 11-11 millihenries. '

In the Sullivan-Griffiths variable standard of self or mutual
inductance the formers of both rotor and stator are constructed to
have temperature compensation and so to give a high degree of
stability to the windings. There are two ranges of self inductance
and one range of mutual inductance, all three direct-reading in
inductance, from a single calibration in terms of self inductance.
Accuracies as high as 0-02 per cent are possible up to frequencies of
a few ke/s but the instrument may be used at frequencies up to
50 ke/s by applying corrections reaching a maximum of 0-3 per cent
at this frequency.

The Sullivan-Griffiths decade standards have a number of temper-
ature-compensated standards, each having ten tappings taken to a
rotary switch and thus providing a decade of inductance. The coils

_ are all arranged geometrically at mutually zero magnetic coupling.

In the standard having a maximum inductance of 1 henry, the finest
subdivision on a sixth (continuously variable) dial is 0:056 pH. The
decades are adjusted to be direct-reading to an accuracy of 0-03 per
cent throughout their entire range and are provided with a calibra-
tion of 0-01 per cent.

Variable Capacitors. Variable capacitors may take the form of a
subdivided fixed capacitor, various fractions of which can. be
obtained by movement of either a dial switch or by plugs. If
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This may also be written

82
L= 109 (approx.)

where § = the total length of wire on the coil = 2#Nr.

These formulae must be regarded as approximate only, since the
expression of the magnetic intensity is only true for an infinitely
long solenoid. In practice, the whole of the flux produced does not
link with all the turns, and this reduces the inductance of the sole-
noid. Nagaoka (Ref. (7)) has given the values of a factor by which
the above expression may be multiplied in order to take into account
the dispersion of the lines of force. This factor varies according to
the ratio of length to diameter of the coil.

Equation (128) may be written

ﬂﬁﬁ]’ﬁdﬁ
k= 10%
d being the diameter of the coil. Introducing Nagaoka'’s factor K,
we have &
w2 N*d?
b="Tor

which is considerably more exact than the previous equation (128).

If the wire on the solenoid is closely wound, so that adjacent
turns are touching, this expression gives results which are sufficiently
accurate for most purposes. A correction is necessary if the turns
are widely spaced. Fig. 101 gives the values of the factor K for
different ratios of length to diameter of coil. The curve refers to a
single layer coil or to a coil whose depth of winding is small compared
with its diameter.

Coursey (Ref. (8) ) has given values of a second factor K,, for use
when the depth of winding on a coil is appreciable. This factor

m;?gﬁﬁ:;?d;fngﬂﬂ and also with the ratio

K. . . . . .(@2)

varies with the ratio

length of coil
depth of winding
becomes

. The inductance formula, when K; is used,

2 242
%henﬁ%. .. (130)

A full table of Nagaoka’s factors is given by Nottage (Ref. 5),
where other tables for the calculation of the inductance of special
coils are also given. For Coursey’s curves and further tables for
such calculations, see Refs. (5), (6), (8), (9), (10).

Fig. 102 gives values of Coursey’s factor (K — K,) for various
ratios of depth of winding to mean diameter of coil, and of length
of coil to depth of winding.

L= (K-K)
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Scale f‘l’:_w Curve IT Length
7.0 o 20 ¢ &0 5.0 &0 70 a0 90
'-a'--.._______---‘--
0-r ---"'"'"""'--....__
-'--_-_-_
08— ——
8 \ |
0-?-& \\
06t =
05 "‘% \
0-4}8% >
k I--l-l-_--_--'""-----__
02 .
o071
0 o7 02 03 04 Q-SM ﬂg ] g-? P [:?-Sf 08
Scale for Curve I .. Mean Diameter of Coi
Sy e
Fia. 101. Counves or Nacaoxa Facromrs
4+
10 » -
09 p——> L
T G -
43 g, — =
.}g" 4 L [
l.l\ ﬁ.ﬁ ’_____--:— py——
Bl
304 D
S /
w03 2] |
bF __,..-—*f
e
o7
02 03 04 05 o9 70

o7

06 07- o8
. Depth of Winding _b
" MEan Diameter of Cotl  d

Fig. 102, Curves or CoumsEy FAcTomrs

Katio



186 ELECTRICAL MEASUREMENTS

Equations (129) and (130) are especially suited to long, circular
coils whose depth of winding is small compared with their mean
diameter. The assumption is made, in these formulae, that the
distribution of the current over the cross-section is uniform.

Based on formulae derived by Rajyleigh and Niven, Lyle, and
Spielrein, Grover (Ref. 9) gives the formula

N2dP - :
L = 3 % 10° henries . . , . (131)

d being the mean diameter of the coil. P is a factor depending upon
the ratios of the .various dimensions of the coil and the values of
P for different coil dimension ratios are given by Grover (loc. cit.).

This formula is more suifed to the calculation of the inductances
of short circular coils of rectangular cross-section whose depth of
winding is comparatively large compared with their mean diameter,
although it can be used also for the calculation of inductance in the
same cases as Equation (130) with very little error.

Example. Calculate the inductance of a circular coil, of 500 turns, having
a rectangular cross-section of winding. Given—

Axigl length of coil 10 em.
Mean diameter of coil = 65 cm.
Depth of winding of coil = 1 em.

(i) Using the Coursey curve (Fig. 102) in conjunction with equation (130),

o - ool 1
RutmE:Iﬂ. hRatmE—B-ﬂ-E.

From the curve (K — K,) = 0-701
070172 X 500% x 5%

b 10° X 10

4,325
10¢
(ii) Using Equation (131),
b b

;=01 -=02

From (@rover's f:ﬂblﬁ, the value of P corresponding to tha.;aa ratios is 6-92,
Hence

henries or 4,325 microhenries,

500 x b x 6-92
= 2 x 10°
4,325
100

Correction for Thickness of Insulation. As mentioned above, the formulae
given take no acecount of the insulation between turns on the coil. . For accu-
rate calculations a correction for this insulation must be applied, although it
is usually quite small. ) . 6288 ; :

This correction is made by subtracting the quantity Tow dN(A+-B) henries

L

henries, or 4,325 microhenries, as before

INDUCTANCE 187

(Ref. (5) ) irom the calculated inductance, where d and N are as above, and 4
and B are constants depending upon the relative thickness of insulation and
number of turns on the coil respectively. Values of these constants are given
by Nottage (lot. cit.).

(7) Seli-inductance of Flat Coils. By “flat” coils are meant
those whose axial length is small compared with their mean diameter
and depth of winding.

Spielrein gave the formula for such flat or *““dise” coils of circular
form as :

N2dQ : |
L= W henries i ¥ ¥ . . (1 32}

where N = No. of turns on the coil
d = mean diameter of the coil

and '@ is a factor which can be calculated from the expression

3
( 1 g) [6-9695‘? — B* 30-3008 lugm’-lg + 9-08008 ]

E} a
(3)
where b = depth of winding
inner radius of coil
outer radius of coil

A table of values of the factor @ are given by Grover (Ref. (9))

for different values of g If the axial length of the coil is appreciable

Equation (131) (previous paragraph) applies.

+ 1-48044°% |- 0-3304587 - 0-124945% . . .

f = the ratio

To Correct for Insulation Thickness, In the case of a flat spiral wound with
metal strip or ribbon of rectangular cross-section, the quantity

% Nr(4,; 4+ B,) henries (Ref. Grover, loc. ¢it.)
is added to the ecaleculated inductance.
NN = No. of turns on coil
r = mean radius of coil in centimetres

y 41
v+ T

N-1 N-2 N-3 1
Bl=-2|:—N ﬁn'l'—“*"N Oys + 77 ﬁM'|‘--~.ﬁ51ﬂ:|

4, = log,

. P= ;‘—; where w = axial length of strip
D = distance between adjacent turns

e %_'wham ¢t = thickness of strip
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The factors d,,, d;4 etc., are given in tabular form by Grover for different
values of 7 and ». '

8. Self-inductance in Other Cases. (a) Coils Wound on Poly-
gonal Formers. Grover (Ref. (10)), in a Bureau of Standards
paper on this subject, gives a
method of calculating the in-
ductance of coils of this general
form by obtaining, in each case,
the “‘equivalent radius™ of the
coil, and then treating it as a
circular coil having this radius.
The formulae for calculation of
the equivalent radii are some-
what complex, and reference
should be made to the original
paper for information on the
subject.

(b) Toroidal Coils. These are
coils whose axis and cross-section
are either both circular or the
former circular and the latter rectangular.

(i) Axis circular, cross-section circular (torus) (Fig. 103 (a) ).

Russell (dlternating Currents, Vol. I, p. 50) shows that the flux
.inside such a coil, of N turns, when a current of I amp. flows in it,
is '

Fig. 103. SELF-INDUCTANCE OF
Toromnar Coms

¢=%NI(R—VW

where K — mean radius of axis of coil in centimetres
r = radius of the cross-section of the coil in centimetres.

Thus, the inductance is given by

drr —
L= 108 N?*R - v/ R? - ¢?) henries (133)

(ii) Axis eircular, cross-section rectangular (Fig. 103 (b)).

Again, from Russell’s expression for the flux within such a coil,
we have

d
onpr. Bt
T W
10 ]
B3

where b = the breadth of the coil
d = radial depth of the coil, both in centimetres
R = mean radius of axis of coil
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d
e, Et3
Thus, L=—:log,——
109 R id_ o
2
2bN? B, X
= gl = - ' 134
~or L 109 log, %, henries (134)

where R, and R, are the outer and inner radii of the ring respectively.
Design of Inductance Coils for Maximum Time-constant. The
inductance

resistance
It is usually desirable, in designing inductance coils, to make this
ratio as great as possible. This means that the dimensions must be
such that the greatest possible inductance is obtained with a given
length of wire. Since the resistance of coils increases considerably
at high frequencies, compared with the continuous current, or low-
frequency, resistance, it is difficult to give rules for the most econ-
omical design of coil to suit different frequencies when these are high.

Referring to low-frequency conditions, the maximum inductance
for a given length of wire, using a coil of rectangular cross-section,
is obtained when the cross-section is square, i.e. when the axial
length of the coil is equal to the depth of winding on the coil.

Maxwell showed, also, that with a square section coil the induc-
tance is maximum when the mean diameter of the coil is made 37
times the axial length of the coil, but, as already pointed out on

age 92, later work by Shawcross and Wells (Ref. (26) ) has shown
that 2:95 (or more conveniently 3) is a better value than 3-7 for the
ratio of mean diameter to axial length.

The maximum inductance for a given length of wire, if the coil
is not limited as to shape, is obtained by making the coil of circular
radius of circular axis of coil

radius of cross-section of the coil

ratio for any coil is spoken of as its *“Time-constant.”

cross-section, with a ratio of
= 2:575. (Ref. (25) ).

Experimental work on the most efficient shape of coil has been
carried out also by Brooks and Turner (Ref. (11) ) and a valuable
paper by H. B. Brooks on the design of inductance coils is men-
tioned in Ref. (27) ).

Iron-cored Inductances. The formulae for inductance so far
considered have all been for coils with air, or non-magnetic, cores.
The inductance of iron-cored coils cannot be calculated easily with
great accuracy owing to the fact that the permeability of the iron
core is not constant, but varies with the magnetizing force producing
the flux. If an expression is to be given for the permeability under
these conditions it must be some mean value of the different permea.-
bilities occurring at different times throughout the current cycle.
The question is further complicated by the fact that the value of the
magnetizing force is not the same for all parts of the iron core, even
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for a given value of current in the coil. Thus the effective value to
be assigned to the permeability of the core of such a coil is largely a
matter for experimental determination under a given set of conditions.

The foregoing remarks apply especially to coils with open iron
cores—say in the form of a straight bar. If the core is nearly closed,
having a comparatively narrow air gap, the calculation of inductance
can be carried out approximately as follows—

Let §; = reluctance of iron path
S, = reluctance of air gap
N = No. of turns on the coil
I = r.m.s. value of the current in the coil
¢ = r.m.s. value of the flux produced

47
Then, T0° NI
lﬁ o -S:' + -Sr:l
Now, obviously the value of the flux per ampere, i.e. :i} , would be

constant if S; 4 S, were constant. But, although the reluctance of
the air gap S, is constant whatever the value of the magnetizing
force, the iron path reluctance S; varies with varying current as
pointed out above. If, however, the reluctance S, is made large
compared with S;, the variation in the latter is negligible, since S;
may then be entirely neglected with very little error.

__¢N
L= 1108
47xN®* 47N%A ;
= 1095, = 107 benries ; ; . (138)

sinuaﬁ'ﬂ:i-x %and,u=1forai.r

Under these circumstances, the iron core provides a low reluctance
path for the flux, thus increasing the latter for a given magnetizing
force, and hence increasing the inductance of the coil.

Example. A coil of 500 turns is wound on a cylindrical former 10 cm, long
and 1-5 cm. radius. This former is placed on a rectangular iron core of effective
cross-section 2s8q.cm., and whose length of magnetic path is 30 cm. The
core contains an air-gap 0:5 em. long. A current of 0'l amp. r.m.s. flows

through the coil. Given that the mean permeability of the iron of the core
under these conditions = 1,000, calculate the inductance of the coil.

Reluctance of air gap

S, = i 026
2
Reluctance of iron path
Sy oD 5o e 001

2 * 1,000
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4
10 x 600 x 0-1

Flux = 55 = 0:25 + 0-015 = 226 lines

¢ X N _ 226 x 500

Tadustanes = 5 108 — 0oL I0°

= 0-0113 henry

Obviously, if the reluctance of the iron path had been entirely neglected,
the calculated inductance would have been some 6 per cent larger than the
above value. Thus, uncertainty as to the correct value of the permeability
of the iron under working conditions causes a negligible error if the air gap is
made comparatively large.

To illustrate the effect of the iron core in increasing the inductance, we will
calculate the inductance of the same coil with an air core,

From the approximate equation (128) this inductance is u

4n? X 6500* x 1-52

10° x 10

Skin Effect. It was pointed out earlier in the chapter that there
is internal flux inside a straight.cylindrical conductor which is
carrying current. Considering the conductor to be made up of an
infinite number of small filaments, parallel to its axis, each carrying
a small fraction of the total current, I amp., of the conductor, and
assuming the current density to be uniform over the conductor
cross-section (an assumption which is really justified only with
unidirectional or low-frequency current), we have for the flux
density at a radius » within the conductor

= (-0022 henry (approx.)

2I, "
B, = ﬁwhara I = I_F'I
R being the radius of the conductor itself.
. B 2r2 1 2rl

r= 10rR:  10R?

Thus, B, oc r. In Fig. 104 B, is shown plotted against radius r.
The total flux surrounding the filaments of the conductor (including
the flux external to the entire conductor), when plotted against
radius r, gives the dotted curve of Fig. 104. From this curve it can
be seen that the flux surrounding the filaments near the centre of
the conductor is greater than that surrounding the filaments near
its surface. Thus the centre filaments have greater inductance than
the surface filaments. |

If P is the resistance of one filament and L its inductance, then

its impedance is v/ P2 + w®L? where w = 27 X frequency. At low
frequencies the term w?L? is small compared with P, so that if a

__voltage V is applied to the two ends of the conductor the current

. : vV V
ua.rne.nd_i .hy any one filament is Vo 7 =P (very nearly), and
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the current density within the conductor is uniform over its cross-
section. At high frequencies P? is small compared with w?L? and

the current carried by a filament = w—-I; (very nearly). Under these

conditions, then, the difference in inductance between central and
surface filaments becomes very important. The central filaments
carry only a very small current, due to their greater inductance, and
the current in the conductor is almost entirely carried by the surface
filaments, i.e. by the outer “skin” of the conductor. Hence the
name “‘skin effect” given to this phenomenon.

Conaluctor

R earrying
£ amps.

o)

Curve of Total
P Flux.

-

1
i
I
i

Fia. 104. DISTRIBUTION OF INTERNAL Frux v A CYLINDRICAL
CoxpucTor

The effective cross-section of the conductor at high frequencies is
therefore only the area of an outer skin, and the resistance of the
conductor is increased accordingly. Thus the “‘high-frequency-
resistance™ of a conductor is higher than its d.c. or low-frequency
resistance, the difference depending upon the cross-section of the
conductor, the frequency, and upon the permeability and resis-
tivity of the material of the conductor. Since the material used

for such conductors is usually non-magnetic, the permeability is
almost always unity.

The high-frequency resistance of a conductor is given by
1 1 -
R,_R[1+EA=_1—BEA‘+...] ... ase

where R is the steady-current resistance and
4 ?:}r{lg _ 2nflu _ 2715:2_)';;
100 X% I X p 10%.p

rre
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where f = frequency
I = length of conductor in centimetres
r = radius of conductor in centimetres
p = resistivity of conductor material in ohms per cm. cube

u = permeability of the material of the conductor.

The inductance of the entire conductor is slightly reduced by the
gkin effect, since there is less internal flux.
The high frequency inductance is given by

1 T SR | S .

M is a constant which depends upon the position of the return
conductor of the circuit. The above two equations are due to
Maxwell.

Reduction of Skin Effect. From Equation (136) it is obvious that
the smaller the term A is made, the less the increase of resistance of
the conductor with increasing frequency.

A can be kept small by making the radius 7 of the conductor as
small as is consistent with current-carrying requirements and by
using non-magnetic material (so that u = 1). If high-resistance
material can be used, so that the resistivity p is large, this again will
reduce 4.

Other means which are adopted to reduce the effect are the
employment of tubular conductors, or conductors consisting of two
parallel dises with a number-of parallel high-resistance rods, set at
equal distances apart round their circumferences, joining them
together, the whole forming a cage or barrel-shaped arrangement.
In these cases the internal flux of the conductor is small and the
conductors may be thought of as consisting merely of ““skins” with
hollow interiors.

Stranded conductors are used; these consist of a large number
of fine strands, insulated from one another, and woven so that each
strand lies as much at the centre of the conductor, and as much at the
surface, as every other strand. Insuch conductors all thestrands have
the same surrounding flux and therefore have equal inductances.*

Skin Effect in Coils. Consider a cylindrical coil. The flux within
such a coil is, of course, axial, and is distributed over the cross-
section right up to the outer surface of the winding. Thus, in addi-
tion to the internal flux distribution previously considered, as

* For a number of curves relating to the high frequency resistance of straight
conductors, the reader should consult Morecroft’s Principles of Radio Com-
munication, Chap. IL
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affecting the inductance of the imaginary component filaments of
the conductors, we have now a greater inductance of the radially
outermost filaments of the coil, as compared with the filaments on
the inner surface of the winding. This is due to the fact that they
enclose the whole of the coil-flux, while the latter only enclose the
flux within the winding (ie. the flux in the core of the coil). A
variation of the inductance between the various filaments is also
caused by the proximity of other conductors.

Morecroft (Ref. (11)) has carried out a full investigation of the
effect in various types of coils, and this work should be consulted
for further information on the subject. The effect is usually neg-
ligibly small in coils when used at low frequencies for alternating-
current measurement purposes,

In addition to the “skin effect” upon the actual self inductance
of a coil, there is the effect of this current re-distribution upon the
temperature coefficient of inductance. The extent of the re-distri-
bution within a conductor (assuming unity permeability) depends
upon its resistivity as well as upon the frequency. Therefore, as the
resistivity changes with temperature, the inductance of a coil wound
with that conductor varies with temperature to an extent which
depends upon frequency. W. H. F. Griffiths* shows how to deter-
mine the more or less narrow band of frequencies in which this
augmentation of temperature coefficient becomes appreciable.

Skin Effect in Iron Plates. In iron plates which are carrying '

alternating magnetic flux, the skin effect is of a different nature
from that considered above. It is, in this case, the flux which is
forced outwards so as to be carried almost entirely by the outer
“gkin”of the plate instead of being distributed uniformly over the
cross-section.

The effect is due to the demagnetizing effect of “eddy currents”
induced in the iron plates by the alternating flux. The plate itself
acts as the short-circuited secondary winding of a transformer, and
““eddy currents” flow in paths lying in a plane perpendicular to the
axis of the plate, as shown in Fig. 105 (a), the currents being induced
by the alternating flux.

The effect will be referred to later in Chapter XIV on “Eddy
Currents.”

Obviously the magnitude of the effect depends upon the thickness
of the plate and upon the frequency, and it is for this reason that,
in order to obtain uniform flux distribution—and hence economical
utilization—of the iron cores of alternating current apparatus, it
is necessary to limit the thickness of the laminations to be used,
according to the supply frequency.

Fig. 105 (b) illustrates the diminution of flux density at the centre

of an iron plate due to this demagnetizing effect. The figure re:gqm s

* The Wireless Engineer, Vol, XIX, No. 221, pp. 56-63.

¥
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to a fairly thick plate when used with a comparatively high fre-
quency. In practice, with plates of the normal thickness (about

pX>

Alternating
Magnetic Flux

|

Kelative
Flux
Density

Centre of Plate

fe— mﬂtﬁt‘%ﬁ Plate —

Fig. 105, Frox DISTRIBUTION IN IRON PraTxs

0-014 in.) and commercial frequencies, the variation in flux density
over the cross-section is very much less than that shown.
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CHAPTER VI
MEASUREMENT OF INDUCTANCE AND CAPACITANCE

Self-inductance. Several approximate methods of measuring self-
inductance are worthy of mention before the more precise methods
—most of which are alternating current bridge methods—eare
described.

AMMETER AND VorTMETER METHOD. Inductances of about 50
to 500 millihenries can be measured by this method. It is suitable
for iron-cored coils, since the full normal current to be carried by
the coil can be passed through it durin ‘fg the measurement.

A suitable current, of normal frequency, is passed through the
coil, and this is measured by an a.c. ammeter while the voltage
drop across the coil is measured by a high resistance voltmeter.
The d.c. resistance R of the coil—which will be the same as the a.c.
resistance, to a close approximation, if the frequency f is low—must
also be measured. ‘Then the inductance L of the coil is given by

vV Z:i- R? ;
L = ———— henries
2mf
where Z = voltmoter reading the impedance of the coil

ammeter reading

-

Application of the A.C. Polentiometer to the Method. An improve-
ment upon this simple method is the introduection of an alternating
current potentiometer (see Chapter VIII) for the more precise
measurement of the current and voltage drop.

A non-inductive resistance is then connected in series with the
coil under test and the voltage drop across this, as well as that
across the coil, is measured. The phase of the voltage drop across
the coil, as well as its magnitude, is measured.

Iet R = the value of the non-inductive resistance

= the phase angle between the current and the voltage
drop across the coil

V' = the voltage drop across the coil
I = the current (of frequency f)

Then V' =1 V7 + (2afL)?

_.wherer and L are the resistance and inductance of the coil under test.

VN Al e
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where V = the voltage drop across the non-inductive resistance.

V= % Ve - (2mfL)?

r

or, VvV + @afLl? =
V.f
Non-inductive Coil
Resistance - ré - Twl
—> " WWWW——-55500— WWAT—
L4 R E yi r lt
e ——¥— /9 7
> - —
Ir IR=V
Fic. 106. VeEcTor DIAGRAM FOR AMMETER AND VOLTMETER METHOD
® ®
V=I/r2+w?[?
Coil Nor-inductive : 17
- A RKesistance Tl
— AW — ST —
r L K
- el e e
W) -- Ir R, 1

Frﬂ.llﬂ‘?. VEcror DiAgrAM FoR THREE-VOLTMETER METHOD

From the vector diagram of Fig. 106,
I X 2afL = V'sin 0 = I Vr* + (2nfL)? sin 6

V'R
‘. L= ——F— =i ' : 5 . . (138
L sznfsmﬂ )
Similarly, '-i,—t = cos 0
from which r= E;TR cos 0 . ; : : . (139)

No measurement of the d.c. resistance is necessary, but the
frequency and phase angle 0 must be observed.

THREE-VOLTMETER METHOD. The connections of this method are
shown in Fig. 107. A suitable current is passed through the coil,
in series with a non-inductive resistance R, and the voltage drops

across both parts of the circuit and across the whole circuit are

measured as shown.
From the vector diagram in the figure

V2= V2 + V,? + 2V,V,cos 0
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VR TR-T

2
V2 4 (2nfL)?

where r and L are the resistance and inductance of the coil.

But cos @ =

_ 2rV,V,
Thus V72 4 (2nfL)E = V2 V2 Vi
1 42V 2V ,2
or L= ot A/(Fz— V= Ve —~ 72 ; . (140)

The resistance r is measured on direct current.

THREE-AMMETER MrrHOD. The diagram of connections and
vector diagram for this method are as shown in Fig. 108. In this
case the non-inductive resistance R, together with an ammeter, is
connected in parallel with the coil whose inductance is to be
measured.

The theory of the method is exactly similar to that of the three-
vn!itn;ater method, but with currents I, I,, and I replacing V,, V,,
and V. o

1 4re] 21,2 3
Thus L= waQ/{IE—If—If]“qf : . . (141)

ALTERNATING CURRENT BriDGE MeTHODS. The best, and most
usual methods for the precise measurement of self- and mutual-induc-
tance and capacity are those employing a bridge network with an
alternating current supply. The supply may be of commercial
frequency—when a vibration galvanometer is used as the detector
—or it may be of higher frequency (say 500 to 2,000 ~ per second),
when telephones or thermionic detectors (see Ref. (1) ) are employed.

These networks are all, in general, modifications of the original
Wheatstone bridge network and their operation is also similar.

In the Wheafstone bridge method of measuring resistance with
direct current, the bridge is balanced (i.e. zero galvanometer deflec-
tion is obtained) when the voltage drops across the two arms
connecting one of the supply terminals to the two ends of the
galvanometer branch of the network are equal in magnitude. With
a.c. bridge networks these volt drops must also be alike in phase as
well as in magnitude, and for this reason the introduction of induc-
tances or capacitances in other arms of the network is necessary
Wwhen (say) an inductance to be measured is connected in one of the

. The bridge network to be chosen for the measurement of a given

self-inductance depends upon the magnitude of that inductance
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and upon its *“‘time-constant—i.e. the ratio of inductance to resis-
tance. In the following the magnitudes of the inductances to the
measurement of which the various methods are best suited will be
stated.

Maxwell's Method. In this method the unknown inductance is

Coil
Non-inducte? | Z Z
17 4
“ ﬁes.fgtgnca
g
Low Freguency | e
Supply
IFra. 108. TEHREE-AMMETER METHOD
% [
S
U
- ; ~ - e
ishz=i Ry L, R=1Ry gty 1gi3
(&

Fra. 109, MaiaxwerLyl's METHOD FOR THE MEASUREMENT OF
SELF-INDUCTANCE

compared with a known self-inductance. - The connections for a.c.
working, together with the vector diagram, are given in Fig. 109.

L, = unknown self-inductance of resistor R,

L, = known self-inductance of resistor R,
Ry and E; = non-inductive resistors

D = detector

The resistances R,, R,, etc., include, of course, the resistances of
the leads and contact resistances in the various arms. It is most
convenient to use for the known inductance L,, a variable self-
inductance of constant resistance, its inductance being of the same
order as that of L,.

INDUCTANCE AND CAPACITANCE 201

The bridge is balanced by varying L, and one of the resistors
R, or R,. Alternatively, Iy and R, can be kept constant, and the
resistance of one of the other two arms can be varied by connecting
in the arm an additional resistor.

Theory. At balance the voltage drop v, across branch I = voltage drop
acrosa branch I, and the current ¢, in branch I = eurrent ¢; in branch III.
Similarly, volt drop v, across branch ITI = volt drop across branch IV, and
1, = 1,, the volt drops being equal both in magnitude and phase.

Then, using the symbolic notation,

(By + goLy)i;, (B + jwl,)i,

Ryt B R,
or RIR'I + jCU‘LIRI — RERE- + ijgRa
Equating real and imaginary quantities, we have
RIR,‘ - RERﬂ
B, _ B
> R, R,
L, R
and also 2=
: Ly &y
R, L
Thus i L R : : . . (142
RE ‘Rl Lﬂ ( ]

The inductances L, and L, should be placed at a distance from
one another and the leads used in the arms should be carefully
twisted together to avoid loops. It should be remembered in this
connection that a loop having an enclosed agea of 1 sq. ft. has an
inductance of roughly 1 microhenry.

The vector diagram of Fig. 109 (b) is for balance conditions, and
shows ¢, and g in phase with 7, and 7,. This is obviously brought
about by adjusting the impedances of the various branches so that
these currents lag by the same phase angle behind the applied
voltage V.

This method is very suitable for the measurement of inductances
of medium magnitudes and can be arranged to give results of
considerable precision.

Anderson Bridge. This method requires a standard capacitor
in terms of which the self-inductance is expressed. It is actually a
modification of Maxwell’s method of comparing an inductance with
a capacitance. The method is applicable to the precise measurement
of inductances over a wide range of values, and is one of the com-
monest and best bridge methods.

Fig. 110 gives the diagram of connections and the vector diagram
for balanced conditions.

L = self inductance to be measured
C = standard capacitor
R, = resistance of arm 1 (including the resistance of the
gelf inductance)
r, R, By, B, — known non-inductive resistances
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In the original method a baltery and key were used instead of
an alternating current supply. B, Hs, and R, were adjusted to give
a balance for steady currents, with the battery key closed. The
resistance 7 was then adjusted (without altering the original resis-
tance settings) to give a balance when the battery key was opened
or closed, the two balances being quite independent of one another.

When used with alternating currents, it is still convenient to
obtain a preliminary balance for steady currents, using an ordinary
galvanometer as detector, the alternating-current balance being then

A
&
Ay
¥

oE-
i

- -
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Fra. 110. AwpeErsoN BRIDGE FOR THE MEASTUREMENT OF
SELF-INDUCTANCE

obtained by varying r. Either telephones or a vibration galvano-
meter—according to the supply frequency—must be used for the
detector when alternating currents are used.

When the bridge is finally balanced the self-inductance is given

by
p=Chum )+ RED - 08)

Theory. Assume the capacitor C' to be loss-free and the resistances com-
pletely non-inductive.

Referring to the simplified network diagram of Fig. 111, where the branch
impedances are represented by Z,, Z,, etc., and the mesh currents by 4, ¥V,
X,and X + ¥, so that the detector current is ¥, we have the mesh equations
Mesh I.

Z(X+ V) + Z(Y + X-X)+ 2 X + Y-V) + Z(X + Y-A)=0

or X(Zy + Za + Zo) + Y2y + Za+ Zs + 24) - V2 - 42,= 0

e

Mesh 11. .« e D Ca i

s

Z,X + Z(X-V)+ ZX-X-F)=0
or I{Z, + z-}} =~ zgr - ZQF =0
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Mesh III.
ZA(V-X)+ Z(V~-A)+ Z(V-X-Y)=0

— X+ Z)-FZy+ VBt Bo+ Z,)~AZ; =0

Solving algebraically for ¥ i N -
at balancs), ;g:e have 5 and equating ¥ to zero (which is the condition

Ly

Z Z = (Zg + 2)
(I'I" I+z}} z:l—'zl_l_zr

— > z-l{zl + z‘] “i"' zﬂ]z'r

{Z'.I' + ZB] [{z‘ _I_ EI + z"}_ El}ézﬁni:i'?z?} .
a Iy

0=2, +

!

Fra. 111. SimPriviEp ANDERSON BRIDGE NETWOREK

From which, :
0 = 2,242 + 2,242 + 23232y + 242 Zs— 2,2, 2, y
Expressing the impedances symbolically, we have

[Z,] = By + jwL [Z2]=R,

[Z,] = R, - [Z¢] = r

(2] = R ==L
2 3 [Z,] o0

Substituting in the impedance equation gives,
= - - j ] = :
0 = RRE + Rifir~Boly 2 + BaRyr - (B, + joD)R, ()
Equating real and imaginary quantities,
0 = R.,R\R, + R,Ryr + RyRir - R, o

K wl
gt -‘w G
B O RNINE Ny caven,, CR.
=i . ".r' ‘TL' —_Tf {RER‘ + er + .R,‘f)
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iRy JR\R,

et oC ~ o

or RyRy = B\R,

which is the balance condition for steady currents.
Thus, the effective resistance of the self-inductance under test is

ﬂRﬁRﬂ. .. ... (149)

If the capacitor is not perfect, but has dielectric loss, the self-
inductance value given by the above expression is unaltered, but
the value of R, is affected.

If the self-inductance of the leads to the coil under test is appre-
ciable, this may be measured by short-circuiting the coil and obtain-
ing a second balance. The actual inductance of the coil may then
be obtained by subtraction.

Theory at Balance. The above theory may be simplified by conaidering
the case under balance conditions only.

Referring to Fig. 110 and taking ¢, = i¢;—1, (in symbolic notation), we

have the equations
0By + JoL) = 3By + i.r
= 1 JiwC
ier + fjoC = (i3 i) R,
Eliminating the currents i,, 4,, and ¢, gives
R, R,
The balance conditions, as obtained above, are then determined by equating
real and imaginary terms.

The method can also be used to measure the capacitance of the
capacitor €' if a calibrated self-inductance is available.

Butterworth’'s Method. This method is especially suitable for the
measurement of small inductances (e.g. a few microhenries).
F]The diagram of connections and the vector diagram are given in

ig. 112.

L = the self-inductance (of resistance R,) to be measured
R, = a slide wire
C = fixed standard capacitor

E,, B,, r = non-inductive resistances.

The resistance balance, or the balance for steady current, can be
obtained independently of the inductance balance by adjusting the
resistances R, and R,, while the inductance balance is obtained by
adjustment of r and the slide wire setting.

At balance

P RN Y 7 1775

R, + joL-37.wC.
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and L =—= (B

(Ref. (6) ). These conditions may be obtained from the mesh equa-
tions by a ‘similar method to that used when considering the Anderson

bridge.
ﬂ\ e

1) (R, + Byr + By(By + )10 . . (146)
4

o

#
Ly Ve

ff4_I:? i-r 7 1;4 f-r Usﬂﬁ
-:,,ﬁ'a
—L4R4
F1g. 112. BUTTERWORTH'S METHOD FOR THE MEASUREMENT OF AMALL
SELF-INDUCTANCES

To obtain maximum sensitivity, Butterworth has shown that the
following relationships should be fulfilled—

R, +8
R,+ D
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where S is the resistance of the alternator branch (including r) and
D is the resistance of the detector branch. The resistance r, also,
should be small,

Hay’s Bridge. This method of measurement is particularly suited
to the measurement of large inductances having a comparatively
low resistance (i.e. having a large time-constant). The diagram of
connections and the vector diagram are given in Fig. 113.

L is the inductance to be measured. R, is its resistance, C is a
variable standard capacitor and R, B, and R, non-inductive resis-
tances. Balance may be obtained by variation of C, R,, and R,.

Firac. 113. Hav’'s BRIDGE FOR THE MEASUREMENT OF LARGE
SELF-INDUCTANCES

At balance, volt drop across arm I = volt drop across arm II, and
volt drop across arm IIT = volt drop across arm IV.

Thus (B, + joLy, = Ry,
Ryt = (R4 - ﬂ%)?ﬁ,
From which L= i fﬁu%izﬂoﬂ ; : . (147)
and the effective resistance R, of the coil is
R, = fﬁfﬁzg . e ey

Since the expressions for L and R, involve (= 2xf), the frequency :

must be accurately measured.

i —— g T T e

i o Pt S e e e i
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Measurement with Superposed D.C. and A.C. It has been shown
by Landon and by Hartshorn (see Ref. 1, Fourth Edition, p. 391)
that Hay’s bridge may be used for the measurement of self-induct-
ance in the case of iron-cored coils, in which both direct and alter-
nating currents are flowing. The arrangement of the bridge for
such a measurement is as shown in Fig. 114.

The direct current, which may be adjusted to the required value
by r,, passes through R,, L, and R, only, the capacitors preventing
its passage through the other branches. The magnitude of the
alternating current passing through the coil L (under test) is regu-
lated by C, and 7,. This current is obtained from the reading, when

~ the bridge is balanced, of an electrostatic voltmeter connected

&
G I (A)y—=
: lj‘—'W\v‘—I D.C.Supply
0
Fia. 114

across -R,. This reading gives the potential difference across RE,L.
The voltmeter is removed before final balance of the bridge is made.
To obtain the requisite sensitivity, the detector D consists of a
vibration galvanometer supplied through a step-up transformer,
the capacitor C'y being adjusted to resonate this transformer.

C, is a large capacitor through which one corner of the bridge is
earthed. Its use avoids direct earthing of ome side of the d.c.
supply. The bridge is balanced in the usual way after the direct
and alternating currents have been adjusted to the requisite values.

Heaviside-Campbell Bridge. This method employs a standard
variable mutual-inductance, and can be used for the measurement
of self-inductance over a very wide range. It is one of the best
methods for general laboratory use. Fig. 115 shows the diagram
of connections of Heaviside’s bridge. ;

The primary of the mutual inductometer is in the supply circuit,
and the secondary of self-inductance L, and resistance R, form

" arm IT of the bridge. The inductance to be measured, of self-indue-

tance L, and resistance R, is placed in arm I of the bridge. R; and
R, are non-inductive resistances.

Sy

o wilfdt S sk gl B s
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Balance may be obtained by varying the mutual-inductance and
resistances, I?; and E,. At balance,

t3(B; + jwL,) + joMi = (B; -+ joLy)
and . toly = i Ry
Since 1 =1 + ig
iy [Ry + joo(Ly + M) = iy [By + joo(Ly — M)]

Fig. 115. HeavisipE Bripae
R, + jo(Ly + M) Ry 4 jw(L;— M)
‘RI - Rﬁ
or Ry [By + jo(Ly + M)] = By [Ry + jo(Ly— M)]

Equating real and imaginary quantities
R.R, = R,R, . g ; . . (149)

Thus

and By(L, + M) = Ry(L,— M). . (150)
If the resistances R; and R, are equal,
Li+M=L,-M
or Ly~ L,=2M

In Campbell’s Modification of the bridge (Refs. (10) and (11)),
the resistances R; and R, are made equal. A ‘“balancing coil” of
self-inductance equal to the self-inductance L, of the mutual-induc-
tance secondary coil and of slightly greater resistance than the
latter is introduced in arm I, in series with the inductance to be
measured. A non-inductive resistance box and a ““constant-induc-
tance rheostat” are also introduced in arm II. These additions are

shown in Fig. 116.
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Balance is now obtained, by variation of the mutual inductometer
and the variable resistance r, with the coil L;, R,, whose inductance
and resistance are to be measured, in circuit. Suppose the readings
of the mutual-inductance and resistance r are M; and r;. The coil

' L R, is now removed, or short-circuited across its terminals, and

balance is again obtained, giving, say, readings M, and r,.

Then Ly = 2(M, - M,)
and Ri=r—1g

Fig. 116. CanFreerLr’'s MoODIFICATION OF THE HEAVISIDE
Bripge

By this method of operation the self-inductance and resistance of
the leads is eliminated and the inductance and resistance of the coil
are obtained directly,

The use of a balancing coil in the above arrangement reduces the
gengitivity of the bridge. Fig. 117 shows a better arrangement,
which improves the sensitivity and eliminates the balancing coil.
For this arrangement the secondary fixed coil of the inductometer
must be made up of two equal coils LI, the primary coil reacting
with both of them as shown. I, is the coil whose self-inductance is
to be measured. The resistances R, and R, are equal (B; = R, = R).
When so arranged the bridge is known-as the Heaviside-Campbell
Equal Ratio Bridge.

At balance—obtained by varying the constant-inductance rheo-
stat r, and the mutual-inductance M; + M,—we have the relation-
ships -

: Rl = 'Rﬂ
and Ly = 2(M, + M,)

where R, and R, are the total resistances of arms I and II and
M, + M, is the reading of the inductometer. With equal ratio
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arms R, and R, it is obvious that the magnitude of the self-inductance : --"-.g;'-}
L, which can be measured is limited to twice the inductometer range.

(where L, = inductance of inductometer secondary coil) the balance
conditions are

Tf L, is greater than this value, unequal ratio arms are used with Ry, 5
: | 3
i and Li=@®m+1)M

When used as described above, the bridge can be used for the
measurement of inductances varying from very low values to
medium values. D. W. Dye (Ref. (9) ) has modified the arrangement
in order to make it suitable also for the measurement of large

Impedance under Test
R+ jwl

VT

Fig. 119. Kvurivama METHOD OF IMPEDANCE
MEASUREMENT

inductances, and, when so modified, the method is a very good one
for this purpose. :

Kuriyama Method. B. Hague (Ref. (1), 4th Edition, p. 433) has
described an interesting method, due to M. Kuriyama, of measuring
the value of an impedance which is carrying a large current at high
voltages. Instrument transformers are used to isolate the bridge
from the high-voltage circuit. The connections of the method are
given in Fig. 119 in which C.T'. and V.T'. are the current and voltage
transformers whose ratios and phase angles (see Chapter XIX) are
K, and § (for C.7".) and K, and y (for V.T.).

If the impedance of the primary of the current transformer is

Fig. 118. HeavisipE-CAMPBELL BRIDGE WITH Barawomwag CoIn

a balancing coil [, the connections then being as shown (Fig. 118).
Let the ratio 3

Rl = negligible compared with that under test, it can be shown that
Ry K, B.+ R
3 1':- L A — _'K" . 2 .R3 3 [RI —|_ W.M{ﬁ - ?)]
. . - g ® Ay L h"-' _‘ [
Then, if the inductance of the balancing coil is made equg@l to = . K, Byt By 5
. — Kﬂ . Rs " 1

P S 8—(T.5700)

¥
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. K, R, + R, R,
and also = E, , [ o (ﬁ— }’]]
K, R, R,
Kc - TB_ -M

Measurement of Mutual Inductance. The simplest method of
measuring mutual inductance consists of passing an alternating
current—measured by an ammeter—through the primary of the
mutual inductance and observing the voltage induced in the secon-
dary by means of an electrostatic voltmeter. It is important that

o)
S

M Vicd
©@

Fia. 120. Frroicr's MerEOD oF MEASURING MUTUAL INDUCTANCE

the current shall have a purely sinusoidal wave-form, since harmonics
may introduce serious errors.
If the current in the primary is given by

t = I,,,. 80 @it
then the induced voltage in the secondary will be

8= M% = MI_ .. coswt
or, taking r.m.s. values of current and voltage,
E=wMI
B
from which M=—
wl

Bince w = 27 X frequency, the frequency of the supply should be
accurately measured.

Felict’'s Method. If a variable standard mutual inductometer is
available this method is an improvement upon the above. It can,
however, only be used for the measurement of mutual inductance
within the range of the standard inductometer. The connections
are shown in Fig. 120, where M, is the mutual inductance to be
measured and M is a variable standard mutual inductance.
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An alternating current is passed through the two primary coils
in series, and the secondary coils are connected in opposition. The
standard inductance M is varied until the vibration galvanometer
D shows no deflection. Then, the reading of the standard gives the
mutual inductance of M,.

Some difficulty may be encountered—especially at high fre-
quencies—in obtaining zero deflection of the detector D. The self-
capacity of the mutual inductances, and eddy currents induced in
circuits, or metal parts, in the vicinity, may render it impossible to
obtain exact balance, only a minimum deflection being obtainable.

Campbell (Ref. (3) ) has discussed these effects very fully and
shows how they may be taken into account.

MEASUREMENT OF A MUTUAL-INDUCTANCE AS A SELF-INDUCTANCE,
It was pointed out in Chapter V that if two coils, of self-inductances

7 Ly 2 7 Ly 2
M A)K
——e—— PV
(o (b)

Fig. 121. MurvaAL INDUCTANCE CONNECTED AS A SELF-INDUCTANCE

L, and L,, are connected in series, and if the mutual-inductance
between them is M, then the self-inductance of the arrangement is
given by L = L, 4 L, + 2M, the alternative sign depending upon
the connections and on the relative positions of the two coils.

A simple method of obtaining the mutual-inductance M is to
measure—by one of the methods already described—the self-
inductance of the combination, first with the two coils connected
in series, as in Fig. 121 (), and then when connected as shown in Fig.
121 (6). In the first case L = L, 4 L, 4+ 2M, and in the second
L' = L, + L,- 2M, where L and L' are the measured self-induc-
tances. By subtraction

L-L =4M . ; : ’ . (161)
L-L

4
MEASUREMENT BY BALLISTIC GALVANOMETER. The secondary

winding of the mutual-inductance is connected to a ballistic galvano-
meter, and a current of  amp. is passed through the primary winding,

or M =

Upon reversal of the current I an average e.m.f of —tfwultﬂ is

induced in the'secondary winding, where M is the mutual-inductance
in henries and ¢ is the time in seconds taken for the reversal of the
current I. The average current in the galvanometer circuit will be
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oM

) B & where R is the total resistance of the ballistic galvano-

meter circuit. Thus the quantity of electricity passed through the

ballistic galv&numeter during the reversal is %—I coulombs. Now,

the equation giving the deflection of a ballistic galvanometer when
a quantity of electricity @ passes through it is

i A\ O
=;.E(l+§)mn§(seeﬁh&p.ﬂ{)

where T' = time in seconds of one complete vibration of the gal-
vanometer moving system

K = the galvanometer constant
f = the “throw” of the galvanometer
A = the logarithmic decrement of the galvanometer vibration
Hence, the mutual-inductance M is given by

RT A\ . @
M= o (1 + §) sin 3 . . . . (1562)

Maxwell’s Method. The connections for the comparison of two

AW —t——MWAN
1209

@ i
/B
N
~e
NS
Fia. 122. MaxwELL'S mmun FoR THE ComPAarisoN oF Two MurTUuArL-

INDUCTANCES

unequal mufual-inductances are shown in Fig. 122 (a). M, is the
mutual-inductance to be compared with the standard variable
inductometer M. I, and L are the self-inductances of their secon-
dary windings. R, and R, are the total resistances of the two
branches, and I is a variable self-inductance inserted in either branch
I or branchII to obtain exact balance. The final balance is obtained
by successive adjustments of /, B;, and R,

Theory. Using the megh currents as in Fig. 122 (a), the mesh equations
are—
Mesh I. e
B X + jo(Ly + )X - DY + joM 4 = 0 v,
or X[R;, + jo(ly + 11 - DY + joMA = 0
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Mesh I1.
(By + joL)(X 4+ YY)+ DY + jooMA =0
or (By + joL)X + (By + D + joL)Y + joMA =0

where D = impedance of the detector circuit.
Since the detector current ¥ is zero at balance, we have

X[R, + jo(Ly + )] + joM;4 = 0 . . . (i)
X(B, + joL) + joMA = 0 s ; )

Substituting in (i) for 4 from (ii),
+ jol)X

X[R, + jo(L, + )] - m, F JoBX _ o
or Ry + jo(Ly + 1) = % (Ry + jwL)
Equating real and imaginary quantities, we have
R, = % R, or :;: = %
and L, 4+ 1="2L or LIE”I:‘E}
Hence % = % = EIL;I"; : : A . (153)

Fig. 122 (b) gives the vector diagram for the network under
balance conditions. Then, since ¥ = 0, the current in both of the
branches I and II will be X

Campbell’'s Method of Gampariﬁg Two Unequal Mutual-inductances.
Fig. 123 gives the connections of the network for this method. M
is the unknown mutual-inductance whose primary winding has
self-inductance L. M, is a standard mutual inductometer with
gself-inductance L, in its primary winding. Suppose that M is greater
than the maximum value of M,, then a’variable self-inductance, in
geries with the primary of the unknown, is inserted to make L - I
greater than L. Rl, R,, R,, and R, are the resistances of the four
arms,

The switches S; and S, are first thrown on to contacts aa, so as to
exclude from the detector circuit the secondaries of the mutual
inductances. The bridge is then balanced by varying the resistances
and the self-inductance I. Then, as shown in connection with Max-
well’s method for the comparison of self-inductances

R, R, L
RIR,,L_-H' L. . (159)

#; Tha secondaries of the mutual-inductances are then connected in
series with the detector, and in opposition to one another. This is

done by thmmng over switches S, and S, on to contacts bb. Balance
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is then again obtained by adjusting the variable standard MM, the
four branches I, IT, II1, and IV being left unaltered.

Theory. Taking mesh currents X, X + ¥, and A4, asin the figure, we have

Mesh 1.

(R; + jwLy) (X - 4) + [BE; + jo(l + L)X
—DY + joMX —joM (X~ A4) =0

or (By + joLy—joMy) (X — A) + [B, + jo(l + L) + joM]X -DY =0

Fic. 123. Cameeerr's MeETEOD FOR THE COMPARISON oF Two
MUTUAL-INDUCTANCES

Mesh I1I.

R(X+Y)+ RfX + ¥-A4)+ YD -jwMX + joM(X - A4)
or (By=joM)X + (Ry + By + D)Y + (B, + jolfy) (X - 4)
where D = total impedance of the detector circuit.

When ¥ = 0,

(By + joL, - joM,) (X - 4) = - X[R, + jo(l + L) + joM]
and (R + joM,) (X - 4) = - X(B, - joM)

By division

L= =

Ry + joL, ~-joM, R, + jo( + L) + joM
R‘ + ijl R,‘ —:]-WM

Hence
R,R, + joLB,—joMR, - joMR, + w'L,M
= R,R, + joRs(l + L) + joMR, + joMR, - 0*M,(l + L)
Equating real and imaginary quantities
RiR, + w*LiM = RyRy—w*M,(I + L) . . (i)
LiR,- M\R,— MR, = Ry(l + L) + MR, 4+ MR, . (ii)
R, R, Ly

Using the conditions for the preliminary balance, viz, =% = = = —L_

we have, from Equation (i), R, R, I+ L
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and from Equation (ii),
_ M R, + R,
- My(B, + Rj) = M(B; + By) or - 37 = ppt

Hence, finally, the balance conditions are

¥ _I+L_R+R_B_R
M, L, B,+Ry E R

Heydweiller's Modification of Carey Foster's Method. The con-
nections of the method are as in Fig. 124 (). M is the mutual-induc-
tance to be measured, having a self-inductance L in its secondary

"?2:0 T

I 70

Fig. 124. HEYyDWEILLER'S MoDIFIcATION oF CAREY FosTER'S METHOD

winding; I is an additional self-inductance which may be necessary
to obtain balance of the bridge. C is a standard capacitor. R, and
R, are non-inductive resistances and R, the total resistance of arm I.
The resistance R, is made zero in Heydweiller’'s modification of the
original Carey Foster bridge.

When R, is zero the resistance I is obviously connected directly
across the supply (neglecting the primary of M). For this reason
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R, is often a non-inductive, oil-cooled standard resistance. Balance
is obtained by varying R;, R,, and C. The primary of the mutual-
inductance must be connected so that the voltage induced by it in
arm I neutralizes the volt drop due to the current ¢, in this branch,
gince, when R, = 0, the volt drop in branch I must be zero for
balance of the bridge to be obtained.

Theory. At balance
#[R; + jo(l + L)] - jolMi = 1,R,
or, since 1 = 1, 4 1
4Ry + jo(l + L) - joM] = W[R, + joM]

ﬂ]ﬂﬂ! N | il[R‘_mLG]zi'iRl
Therefors, R, + jo(l + *_T-’} - JoM = R, -{‘;Ejmfd
By~ 2 ‘
or; R}Rl = R‘R‘ o %
ol + L)B, ~oMR, = &MB, - af%
Thus, M = C(R,R,— R,R;)
_ R\ R,
and {5+L}—M(1+E)_m‘

When R, = 0, the expression for (I + L) is made independent of
frequency, since the second term is then zero and

(3+L}=M(1—|—%). C e wl(186)

Fig. 124 (b) gives the vector diagram for balance conditions, when
R, = 0. The vector i;z, representing the volt drop in the impedance
(2,) of branch I, is counterbalanced by the vector w1, representing
the induced voltage in the secondary of the mutual-inductance, so
that v, is zero.

Measurement of Capacitance. Although the commonest, and usu-
ally the best, methods of measuring capacitance are the alternating-
current bridge methods, the apparatus required for such methods
may not always be available. Under such circumstances one of the
following methods might be used.

AMMETER AND VoLTMETER METHOD. If an alternating voltage of
pure sine wave-form is applied to a capacitor of capacitance.C farads,
a current of wCV amp. will flow, where V is the r.m.s. value of the
applied voltage and w = 27 X frequency. If the current is mea-

sured by a low-reading ammeter and the voltage across the capacitor .
by an electrostatic voltmeter, the capacitance can be determined in .

terms of the readings of these instruments and of the frequency.
Instead of measuring the current by an ammeter, a non-inductive
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resistance of known value may be connected in series withk the
capacitor, and the volt drop across this resistance measured by the

voltmeter. The current is then given by the voltmeter reading
divided by the series resistance.

If the voltage wave-form contains harmonics of appreciable
magnitude a correction may be made for this by multiplying the
measured value of the capacitance, obtained as above, by the factor

Vi + OV F 25VE +.

where V,, Vs, V, ete., are the values of the various components of

V :
——Ji[e mJ
”C ) o
® K

Fig. 125. Fremiwe anp Crumwron’s CommuTraToR METHOD FOR
Caraciranoe MmasUunEMENTS

the voltage wave-form. It is important in measuring capacitance to

bear in mind the fact that, since the capacitance reactance is ﬁfﬁ"
the reactance to the harmonics is less than the reactance to the
fundamental of the voltage wave, and thus the current wave is not
of the same shape as the voltage wave, the harmonics being accentu-
ated (see Chapter XV).

Freming anD CrinToN’s ComMuTaTOR METHOD, The connections
for this method—which is a method using direct current—are shown
in Fig. 125. C is the capacitor whose capacitance is to be measured,
@ is a moving-coil galvanometer whose natural period of vibration
is large compared with the time of charge and discharge of the
capacitor.

Commutator Construction. The latter operation is performed by the com-
mutator K, the connections to which are as shown. This commutator consists
of three metal barrels, insulated from one another, and mounted on one shaft
as shown. The two outer barrels, which are connected, through brushes
pressing on them, to one terminal of the battery and one terminal of the

‘galvanometer respectively, each have the same even number of lugs on their

peripheries. The inner barrél has teeth projecting radially and fitting in be-

. bween these lugs. The commutator is driven at a constant speed by a small
' motor.direct-coupled to it, & counter being geared to the shaft for the purpose

of speed measurement, A third brush, connected to one terminal of the
capaditor, presses on the rim of the commutator as shown. As the commus-
tator rotates this brush makes contact, first with the barrel connected to the
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battery—which charges the capacitor to the voltage V of the battery—and
then with the barrel connected to one terminal of the galvanometer—which
discharges the capacitor. The third inner barrel is provided to ensure smooth

running of this brush.

A commutator of this type, driven by a phonic motor to ensure a
very steady speed, is manufactured by Messrs. Muirhead & Co.

Since the time of charge and discharge of the capacitor is small
compared with the period of the galvanometer, the latter is con-
tinuously deflected. .

Let this deflection correspond to a current of I amp. in the gal-
vanometer. Then, if Q is the charge (in coulombs) given to the capa-
citor at each charge, and N is the number of charges per second.
the quantity of electricity discharged through the galvanometer
is NQ coulombs per second.

Thus the current I = N@Q .

But @ = CV where V is the battery voltage.
Therefore I=NCV
7 i
= " ‘ . . (167
or C NV farads (167)

Leakage in the capacitor may be detected by connecting the galvanometer
in series with the battery to measure the charging current, a short-circuiting
wire replacing the galvanometer in the discharge circuit. The capacitance of

the capacitor, determined from %, where I’ is the charging current, should
4

be the same as the previously determined value if leakage is negligible.

MAxwELL'S CoMMUuTATOR BRIDGE METHOD has already been
described in Chapter 11, page 67. |

BarrisTic GALvaANOMETER MEeTHOD. In this method the cap-
acitor is charged to a known voltage V by means of a battery, and
then discharged through a ballistic galvanometer, the connections
being the same as those of Fig. 125, except that a key replaces the
commutator. The quantity of electricity (in coulombs) discharged
by the capacitor is then given by

T Ay . 0
=;.K(l—|—§)am§
_Q

Then =3

This method can also be used for the comparison of an unknown
capacitance with a standard by comparing the quantities of elec-
tricity discharged through the Ballistic galvanometer when charged
to the same voltage in each case.

With direct-current methods of measurement, the time of charge,
and of discharge, is important in the case of absorptive capacitors,
gince the measured value of the capacitance will depend to some
extent upon these times (see Chapter 1V).
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A.C. Bringe METHODS. De Saufy Method. This method is the
gimplest way of comparing two capacitances, When used on a.c. the
connections are as in Fig. 126,

C; = capacitor whose capacitance is to be measured
Cy = a standard capacitor

R, and R, = non-inductive resistances

Balance is obtained by varying either R, or R,.

fe NG
Ly
Loy =1 LoL
(@ : 1Y 2 v 2
A
Rz /\ Cy
< y——r
iy T
@ ‘*’_‘;r_ ﬁj’-"*f
Fra. 126. Dr Savry Brinae
At balance 4 B, = i,R,
sed g o B
and wC, 1= " wl,
- R _G
Thus E = E;
R
or Oy= (=3 2 A ; . (158
1 2 R.l { }

For maximum sensitivity, C, should be equal to C,. The advan.
tage of the simplicity of this method is largely nullified by the fact
that it is impossible to obtain a perfect balance if the capacitors
are not both free from dielectric loss. Only in the case of air
capacitors can a perfect balance be obtained.

If two imperfect capacitors are to be compared, the bridge is
modified by connecting resistances in series with them, as in Fig.
127 (a). R;and R, are the series resistances, while », and r, are small
resistances representing the loss components of the capacitors.
Balance is obtained by variation of the resistances R,, R,, R, R,
At balance

u B, = i,R,

‘:1[-33 -+ "1‘;551] = iz[Ra i fz—miﬁ]
from which it follows that -
| R, L, RBy+nrn G
B, R+ 1

I
|
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The vector diagram of Fig. 127 (b) shows the relative positions
of the vector quantities under balance conditions. The angles d;
and §, are the phase angles of capacitors C; and C, respectively.
Obviously
"

t&n {51 — _1— —_ flmcl
C,
and  tan 6, = n,wC,

@) (®)

Fi1a. 127. MobprrioaTion oF DE SauTry Bripar

From the condition G _Bi+n

01 = .R,‘ "i“ fi
we have Cyry — Oyry = C Ry — C4R,
or wCyry — w0y = w(C1R;— CoRRy)
i.ﬁ. t&n &2 = t»&ﬂ ﬁl - W{Clﬂa = GaR,'}
. Ca R,
Since TR
R.R
t&n &n - t-E..l'l al = EHGI ( = f) . . . (159}

from which expression the phase angle of one capacitor can be
found in terms of the phase angle of the other.

This method is due to Grover (Ref. (16) ).

In the vector diagram the angles d, and d; are exaggerated for
convenience in drawing. These angles are usually small, and thus
it is usually a sufficiently good approximation to write

RR
tan(ﬂ,—-éﬂ:mﬁ',(ﬂ -f‘) S aen)

L K3 U L
fetle U L
v Uz L2

~be neglected, whence
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Grover's Series Induciance Method. This method is somewhat
similar to the above, inductances being used instead of series
resistances. It is a useful method for the determination of the
capacitance and power factor of a small capacitor by comparison
with a standard ecapacitor. The connections and vector diagram

. are given in Fig. 128,

L, and L, are variable standard inductances. R, and R, are the
resistances of the arms in which these inductances are situated.
Non-inductive resistances may be connected in series with L, and

Fic. 128, Grover's SErmEs INpvoTANOE METHOD

Ly, in which case B, and R, are the resistances of the arms, including
the resistances of L, and L,. C, is the unknown capacitance. C, is
the standard capacitor, while r,- and r, are resistances representing

the loss components of these capacitors.

Balance is obtained by variation of the inductances L, and L,
and of the series resistances in these arms if necessary,

At balance (B, + joLy)i = (B, + joLy)i,
and (rlhﬁ%l) i =(ri—wi0=)1:,

From which we have

C, R, K o :
'c—f; == T & (Lyry— Lgmy) . (161)

In most cases, when L, and L, are not large, the second term may

A= ,e2
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The phase angles ¢, and 8, of the two capacitors may be obtained
from the expressions

tan 6; = rwC;
and tan 8, = r,wC,
Substituting the relationship
G _ B
. R

Fic. 129. OweEN'S BRIDGE

in the first of the balance conditions, we have

R LA
g S (S
1~ R 1T R, CR,
0, . I

or Ty —

0, RC, G,

L, L
whence wCyry — wCir, = w (R"i - Ei)

L, L
or tanﬂl-ta-n{h:m(ﬁi—}—zi)

(163)

where 0, and 6, are the phase angles of the inductance arms I and II

Quwen’s Bridge. This bridge, the connections for which are given
in Fig. 129 is, in fact, a modification of Grover’s method just des-
cribed and provides a method of measuring self-inductance in terms
of a standard capacitance. -

— tan 6, —tan 6, .

..--&
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The inductance under test, £ | jwl, is connected in series with a
variable non-inductive resistor B,. The standard capacitance is (..
At balance

o
B+ R +joL _ " " ol
R, _J
wC
be
%
%
%
\\
\'\
LY
Y
i
e—>
| J,f’
| e
I o7
e
@e, Y. (3)

Fia. 130. Wiexr BrinGe

Cs
Rzﬂﬂ'@"_ 1

L = R,RC,

This bridge, which can cover a wide range of inductance measure-
ments with limited apparatus, is convenient to use since the balance,
which is independent on frequency and wave-form, is obtained by
successive adjustment of the two resistors R, and R,.

Wien's Method. This method is a convenient one when an im-
perfect capacitor is shunted by a resistance as is the case in cable
testing. In Fig. 130 (@), in which the connections of the bridge are
shown, C, is the equivalent shunt capacitance of the capacitor, and
R, the shunt resistance. The capacitor C, is a standard air capacitor
and R,, R;, and R, are non-inductive resistances. If the unknown
capacitor-is not already shunted by a resistance, the resistance R,
is placed in parallel with it. Balance is obtained by variation of
the resistances R,, Ry, and R,

At balance

(rrmam) = (%)
iRy = iR,

from which

and

H.rlld
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Hence, it follows that B
T?-S p 4 02
C,= I 1 o2 RICE (164)
ap 2Mm2
P R1=Ra{1—l—mR26’2) (165)

w R, R C,2

The vector diagram for balance conditions is shown in Fig. 130 (b).
OTEER BrRIDGE METHODS OF MEASURING CaPACITANCE. The
Schering Bridge method of measuring the capacitance and power
factor of capacitors has already been described in Chapter IV.
Some of the methods already described earlier in this chapter
for the measurement of self- or mutual-inductance in terms of capa-
citance form convenient methods of measuring the capacitance of a
capacitor in terms of self- or mutual-inductance, if suitable indue-
tance standards are available. Obviously, such methods may be used
either way about without modification, the theory of the method

remaining the same. Two such methods are Anderson’s Bridge and

the Carey-Foster Bridge.*

BripgeE METHODS FOR SPECIAL PURPOSES. Measurement of the
Self-inductance of Alternating-current Resistance Standards. It is
often important that the self-inductance of heavy-current, low-
resistance standards for use in alternating-current measurements
should be known. The inductance of such standards is usually very
small, and its measurement necessitates special methods. Watt-
meter methods, using a reflecting-type wattmeter, have been devised
but do not compare favourably with alternating current “bridge
methods, and the latter are therefore in more general use.

Campbell’s Method. The connections of this method (Ref. (13) ) are
given in Fig. 131. The standard resistor R, has four terminals,
¢,¢, being its “‘current terminals,” and p,p, its ‘““‘potential ter-
minals”—hence the name ‘“‘four-terminal resistors” given to such
standards. The self-inductance of R, is I. M;, M,, and M are three
variable mutual-inductances, the former two not necessarily being
of known values, and the latter being a low-reading standard induc-
tometer. R and L are the resistance and inductance of the circuit
containing the secondary winding of M, and the primary of M,.

D is the detector. Balance is obtainéd by variation of the three -

mutual inductances as required. These should be well spaced in
order to avoid mutual inductance effects between them.

Theory. At balance the sum of the voltages in the detector circuit ia zero.
Thus, (R, + jwl)i + joMi + joMyi, = 0

* Other methods of measuring both inductance and capacitance are given in
Hague's Alternating Current Bridge Methods and in the Dictionary of Applied
Physics, Vol. II, to which works the reader is referred for further information
on the subject. 3

3

= .L_.-:..:p1n -
v

T by TS
"DT'TJ_‘;"-. ’
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Also, in the circuit containing L and R,
joMi + &(R + joL) = 0

R, + joll + M) _ _joM,

joM, " R 4 jwk
RR, - w*L(l + M) + jwLR, 4 joR(l + M) =~ -0’ M, M,
Equating real and imaginary quantities, we have
RR, - w'L{l + M) = - M, M,
RR, = o[ L{l + M)- M M,]

and Ri+ M)+ LR, =0 . : : 5 2 . (166)

Thus the self-inductance ! can be found if L, R,, R, and M are
known, the values of M, and M, being unnecessary.

b i R i, M’ RZ:

Henoe

e

Fig. 131. Camperrr's MeTHOD

If M, and M are reversed the expression for | becomes

M-1 L
R, R
E,
or I=M-L vl
It is necessary for balance that M should be greater than I and
I2R,
MM >

In the same paper Campbell describes the application of this
method to the measurement of the capacitance and power factor of
capacitors, For this purpose the connections of the network are
the same, except that the capacitor replaces the standard resistance
R,. Balance is obtained in the same way, and it can be shown by

the method used above that the balance conditions are

1

rL
dm=M+% . - . . . (67
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and Rr =[M1M2~L—;r] © . . . (168)

where C is the capacitance and r the series resistance representing
the loss component, of the capacitor under test. The power factor
ra)C can be found from the two equations,

BRM. M.w?
¥y = R—B _|1_ I?amﬁ {169}
1 LM. M.m?
and Gt = M + By Lo (170)

which follow from the balance conditions. If the time ur:w:lnst.a,ntE
is small R
1

= wiM

to a very close approximation.

Hartshorn's Method for the Measurement of the Self-inductance of
Low-resistance Standards. This method, described by L. Hartshorn
(Ref. (18) ), is essentially a. modification of the Kelvin double bridge
(see Chapter VII), and compares the phase angles of two low-
resistance standards. To obtain the requisite sensitivity the supply
is of telephonic frequency, and telephones are used as the detector.
This is justifiable, since the frequency has little effect upon the
inductance of such standards. The connections are given in Fig. 132.

S and X are the two low-resistance standards whose phase angles
are to be compared, that of § being known and that of X unknown.
Let their resistances be R, and R, and their self-inductances L, and
L, P, Q, p, and g are shielded non-reactive resistors, and r, and
r, are low resistances—most suitably slide-wires—for fine adjustment
of the resistances of the arms. C, and C, are variable air capacitors,
shunting @ and g. The leads from the potential terminals of S and
X are run close together to avoid inductive loops. R and R’ are
variable resistances with their connecting point earthed as shown.
If the ratio % is made equal to ;— (: g = }é ) the potential of the
detector D is that of earth, although it is not actually earthed. By
this means earth-capacitance effects between the telephone detector
D and the operator’s head are eliminated. This point will be dis-
cussed further in connection with the Wagner earth device (see
page 231).

Operation. In operation the following procedure is adopted—

C (171)

1. Adjust r, and C}, with connections as shown, until balance of |

the bridge—i.e. silence in the telephones—is obtained.
2. Remove the link M, connecting S and X, and obtain balance

again by adjusting r, and C,.
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3. Replace the link and obtain balance again by adjusting r; and
C;.
14. Repeat the above procedure until balance is obtained with the
link either in or out. Let the reading of C; for this condition be C,".

5. Remove the link, transfer the supply to the points 7,7, and
adjust C; until balance is again obtained. Let the setting of 0} now

be C,”.
Then the expression for the time constant of X is
Lm Lu l * " LF Lq
E=F 30+ -F+ 7 (172)

Fra. 132. HarrsEorN's METHOD FOR THE MEASUREMENT OF SELF-
INDUCTANCE OF LOW-RESISTANCE STANDARDS

where L, and L, are the self-inductances, and P and ¢ the resistances
of P and @.

The original paper should be consulted for a fuller consideration
of the method.

Double-ratio Bridges with Inductively-coupled Ratio Arms. The
Wagner earth device (see p. 231), which is used to bring the terminals
of the detector branch of a bridge to earth potential, has the dis-
advantage that its branches must be adjusted with every change of
earth capacitance, i.e. with every bridge measurement. The two
balances—that of the bridge network itself and that of the Wagner
earth—are mutually dependent so that a series of alternate balances
must be made to arrive at a final simultaneous balance.

As an alternative method of reducing earth capacitance effects
A. D. Blumlein (Brit. Pat. No. 323037) proposed replacement of the
resistive arms of the bridge network by a pair of tightly-coupled
inductors., By this means it is possible to bring the three terminals



230 ELECTRICAL MEASUREMENTS

of these two arms to almost the same potential so that, by connecting
the centre terminal to earth, earth capacitance effects at all four
corners of the bridge can be eliminated.

A development of this proposal is the use of double-ratio bridges

with two sets of inductively-coupled ratio arms. A full description,

of the construction and application of such bridges has been given
by H. A. M. Clark and P. B, Vanderlyn (Ref. (42) ).

An interesting application of the double-ratio bridge is in a height
indicator for aircraft. W. L. Watton and M. E, Pemberton (Ref.
(43) ) describe a direct-capacitance altimeter which uses the change
in capacitance, with height, between the aircraft and the earth as a
measure of low altitudes (up to about 200 feet). The sensitivity of
the bridge for this purpose can be made sufficient to detect capaci-
tance changes of 1 puul.

SOURCES OF ERROR IN BRIDGE MEASUREMENTS, AND PRECAUTIONS,
Although it is best, in considering the sources of error in a.c. bridge
measurements, to treat each particular method separately, the space
available here does not permit such consideration. The possible
sources of error are considered in general below. For more detailed
treatment the reader is referred to Dr. B. Hague’s excellent book on
Alternating Current Bridge Methods, to which work the author has
referred for some of the information contained in this chapter.

Btray Field Effects. Errors may be caused by the fact that the various arms
of the bridge network may be—unintentionally—either magnetically or elec-
trostatically coupled, due to the ‘‘stray’ magnetic or electrostatic fields
existing round apparatus included in the network. When such effects are
present the simple theory of the network—considering each arm as being
entirely separate from the other arms except where intentionally coupled
together—is no longer quite true. Under these conditions the dstector may
indicate balance—or zero deflection—when balance conditions have not really
been obtained.

In networks containing two or more self- or mutual-inductances there may
be mutual-inductance between two of them in different bridge arms. Usually,
stray magnetic fields will be more important than electrostatic stray fields
when inductances and resistances only are present. If the bridge contains
capacitors the opposite is the case, errors then being caused by inter-capacit-
ance between the various arms. Loops formed by the leads connecting & pisce
of apparatus to the bridge may also introduce errors owing to their inductance.
In inductance measurements the leads should be twisted together to avoid
such loops, while in capacitance measurements the leads should be separated
from one another to avoid capacitance between them. As already pointed out,
it 1s possible in some cases to eliminate the effects of the leads by making two
measurements on the bridge—one with the apparatus under test in circuit,
and one with the piece of apparatus short circuited—or by substituting a
variable standard for the unknown and adjusting it to give balance with the
same bridge settings as when the unknown was in circuit.

To avoid errors due to magnetic coupling between arms the inductance coils
used should be wound astatically—i.e. having no appreciable stray magnetic
field—or magnetic screening may be adopted. For such screening a thin

sheet of high permeability material is placed so as to prevent the stray mag-.

netic field from reaching the apparatus in the other arms. The inductance '
coils should, also, be arranged at some distance from one another and from:
the bridge. Mutual inductance between two pieces of apparatus can often be
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detected by altering their relative positions and observing if the bridge settings
for balance are altered thereby. '

In some cases errors are caused by direct induction effects between the
supply to the bridge, and the detector circuit, which may cause the detector
to indicate the passage of & current through it when the bridge is, in reality,
balanced. Such effects may be eliminated by placing the supply alternator
at some distance from the bridge and by supplying the bridge through an
“inter-bridge transformer.” The latter is a transformer having windings
which are very well insulated from one another and which have an earthed
metallic screen between them. Such transformers should have a closed mag-
netic circuit to avoid magnetic leakage, the core often consisting of sheet steel
ring punchings. Usually there are several windings on the transformer to
afford a choice in the working voltage.

When telephones are being used, direct induction between apparatus in
the bridge arms and the telephone circuit may produce sound in the telephonea
when the bridge is balanced. The presence of such direet induction may be
detected by moving the head, when the bridge is almost balanced, so as to
alter the plane of the telephones relative to the bridge. If no difference in
sound is detected when the telephones are thus moved about it may be assumed
that such induction effects are negligible, To eliminate such effects, when
present, the telephones must be disconnected from the bridge and moved
so that silence is obtained when the bridge is supplied with power from the
alternator. Adjustment of the bridge to obtain balance must be carried out
with the telephones in this position.

Errors due to electrostatic coupling between the various arms of the bridge
and to earth capacitances of the various pieces of apparatus may be guarded
against by electrostatic screening. The use of such screens renders these
capacitance effects definite in magnitude and independent of the distribution
of the apparatus forming the bridge network. By this means the effect of
gsuch inter- and earth-capacitances upon the accuracy of the bridge may be
made very small.

A similar purpose is served by the various earthing devices of which that
due to Wagner (Ref. (21) ) is commonly used. '

Whagner Earthing Device. This device is used in conjunction with most of
the bridge networks previously described, and is usually very necessary if
accurate results are to be obtained. Tig. 133 shows the connections of the
device for use in conjunction with the general form of bridge network. Z,,
Z,, Z,, and Z, are the impedances of the bridge arms. X and ¥ are the two
variable impedances of the Wagner earth branch, the centre point of which is
earthed as shown. These impedances may consist of variable resistances and
self-inductances similar to those used in the arms of the bridge proper, but
not necessarily of known value. D is the telephone detector.,

If the switch S is on contact b, balance of the bridge may be obtained by
adjustment of the impedances Z,, Z,, ete. At balance, the points a and b are
at the same potential, and no current should flow in the detector branch.
These two points are not, however, necessarily at earth potential, and it is
found that a capacitance current flows from the detector ‘branch to the
observer's head through the telephones, thus rendering complete gilence in the
telophones unattainable, although a point of minimum sound can be obtained.

After adjusting the bridge to give minimum sound, the switeh S is thrown
on to contact ¢, 80 that the telephones are then connected between point a
and earth. X and ¥ are next adjusted until silence is obtained. Under these
conditions point @ must be at the same potential as earth although it is not
permanently earthed.

& The telephones are next connected, by the switch, back on to ab, and Z,
1 ‘and Z, are adjusted to give minimum sound again. The process is continued
. “tntil silence is obtained with the switch on either of the positions b and ¢,

without further adjustment of the impedances being required when the switch

- is thrown over from one to the other. Then all three points a, b, and ¢ must
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be at earth potential. Thus the telephones are at earth potential and the
capacitance effect with the observer’s head is eliminated. In the double-ratio
a.c. bridges mentioned on p. 230 some of the disadvantages of the use of the
Wagner earth arrangement are overcome.

Leakage Errors. 1f the insulation between the various pieces of apparatus
forming a bridge network is not good,. trouble may arise through leakage
currents from one arm to another. This is especially true in the case of high
impedance bridges. To avoid this the apparatus used may be mounted on
insulating stands.

Eddy Current Errors. Standard resistances and inductances used in bridge
networks should be so constructed as to avoid variation of their values due
to eddy currents when the frequency is varied. The effective resistance and
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inductance of a piece of apparatus under test may vary with
to this cause. Large masses of metal in the vich'xi}!r;y Ehn bﬁg;giiﬁﬁddgg
avoided, as the flux produced by eddy eurrents induced in them may set up
troublesome e.m.f.’s in parts of the network. In the case of mutual induc-
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th;g;‘glr e e e o e eing current, in which case the simple
idual Errors. In speaking of the resistors used in t i i
networks the description * non-i%:d uctive or ‘‘non-reactive ’}’]?1;;&;:3%? 51;3553
to them, indicating that their inductance and capacitance are both zero. Al-
though resistances for such purposes are constructed so that these quati"tritieu
are very Isqumll, it cannot always be assumed that they are zero. The term
residual” is used to indicate the small inherent inductance or capacitance of a
{:-emat-n:nce coil. In precise work 1t is sometimes necessary to take these residuals
into account—for which purpose they must either be measured or calenlated—
in order that errors due to them shall be avoided. The self-capacitance of coils
is usually only important when the coil has many turns and the suppl
;ﬁglﬁzﬁﬁiﬁ high. g;hﬂl re.?iistancahu.nd inductance of such coils are innrelssaﬁ
, respectively, due to this cause b ' i i
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Frequency and Wave-form Errors. Some of the bridges previously des-
cribed are independent of the frequency of the supply in the sense that the
balance conditions do not involve the frequency. In such cases, therefore,
the frequency of the supply is only important in its effect upon the effective
resistance and inductance of the apparatus under test; and the fact that the
supply wave-form contains harmonics is only important for the same reason.

In the case of networks in which the balance conditions do involve the
frequency, the latter is important and must be carefully measured. The wave-
form of the supply is also obviously of importance, since the bridge cannot
be balanced both for the fundamental and the harmonics in the wave-form
(if any) simultaneocusly. If telephones are employed in such bridges it will be
found impossible to obtain complete silence, only & point of minimum sound
being obtainable.

There are two means of circumventing this diffieulty. The first is by using
some form of “wavae filter” such as those described by Campbell (Ref. (14) ),
and the second is by using a tuned detector, such as a vibration galvanometer,
instead of telephones. Such detectors will not respond appreciably to fre-
quencies other than that of the fundamental of the supply.

It is advantageous, if possible, to use in the bridge network such values of.
the impedances that the frequency term in the expression for the quantity
to be measured is reduced to zero.

Apparatus Used in Conjunction with A.C. Bridge Networks. 1.
Sovrces oF CurrenT. These may be conveniently divided into
three classes : (@) microphone hummers, () alternators, (c) oscillators.

Oscillators are nowadays almost universally used but, for com-
pleteness, the other two methods will be described briefly.

(@) Microphone Hummers provide a means of obtaining & supply
of constant frequency, and of reasonably pure sine wave form, by
the use of comparatively simple apparatus. The power obtainable
from such sources is, however, usually small. Fig. 134 illustrates
the principle and connections of such a piece of apparatus due to

Campbell,
A steel bar, 2:5 cm. diameter, and of length depending upon the
desired frequency | given by length = ﬂi_) is supported
v/ frequency

at two nodal points by knife edges. This bar carries a microphone
M at one end, connected to one terminal of a battery as shown.
T is a transformer having three windings, an earthed screen being
placed between the winding supplying the bridge and the other two
windings. C,; and C, are capacitors. An electromagnet, energized
by two coils as shown, is placed under the centre of the bar. Coil 4
is for the purpose of polarizing this magnet and carries the micro-
phone current, while coil B maintains the bar in vibration when
once such vibration is started.

The frequency obtained by this means is very constant, and the
wave-form is good, the disadvantage being the small amount of
power available. H. W. Sullivan Ltd. make a reed hummer requiring
an input of 100 mA at 6 to 8 volts.

Details of a number of other microphone hummers and of inter-
rupters, etc., are given by Campbell (Ref. (3)) and by Hague (Ref. (1)).
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(b) Alternators of the inductor type have the advantage of a
comparatively large output, although the frequency obtainable is
not so constant, nor, in general, is the wave-form so good as that
obtained by other methods of supply. For measurements at com-
mercial frequencies a motor-alternator set of the ordinary type may
be used. For higher frequencies (of the order of 500 to 2,000 cycles
per second) an alternator such as that due to Duddell (Ref. (24) ) may
be used. Different frequencies may be obtained by varying the speed

i Steel Bar

)

7g Bridge

. F1a. 134, CampBELL MIicrRoPHONE HUMMER

of the driving motor, but constancy of frequency may require the
use of an automatic speed regulator.

The most suitable type of alternator, giving a comparatively large
output and good wave-form (slight 3rd harmonic), is the Duddell
alternator referred to above. This machine has a rotating field
system and a stator which is in the form of a smooth ring—unslotted
—carrying a Gramme ring winding to avoid tooth ripples. The
rotor is a steel disc of 20 em. diameter, with 30 projecting pole pieces
each carrying a magnetizing coil, these coils being held in position
by wedges in the slots separating the poles, and being supplied with
direct current from a battery. The alternator is driven by a motor
and a link belt. Frequencies up to 2,000 cycles per second are

obtainable by variation of the motor speed, the alternator speed

for this frequency being 8,000 r.p.m. A motor running at 2,000 r.p.m.
may be used, the required alternator speed being obtained by
gearing by means of the pulleys upon which the link belt runs.

The speed of the motor may be controlled by connecting a low fixed resis-
tance in the armature eircuit, for starting purposes, and a.diverter resistance
in parallel with the armature itself for speed control p ses. This method,
especially at the lower speeds, gives much greater stability of speed with
v&riﬁm:;m of load than the more usual variable armature-series-resistance
method.

As stability of speed (and therefore frequency) is of great importance, it is
often a useful precaution to include in series with the bridge network, a variable
resistance and a low reading ammeter, so that the load resistance may be
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maintained constant by adjustment of this variable resistance whenever the
impedance of the bridge network is altered. By this means the load on the
driving motor is maintained constant and the speed remains steady.

- The Duddell alternator as described above has an output varying
from a few watts at 100 cycles to about half a kilowatt at 2,000
cycles. In a test upon a machine of this type, the following results
were obtained—

Alternator field d.c. volts . . 100

Alternator armature voltage . from 3 volts at 100 cyecles up
to 55 volts at 1,000 cycles

Alternator output . : . from 5 watts at 100 cycles to

400 watts at 1,200 cycles

Bridge Curremt. In connection with the supply of current to a bridge
network it must be pointed out that the current-carrying capaecity of the
impedances forming the arms of the network should be carefully considered.
It may happen that the total impedance of the two arms forming one “'side"
of the network (such as arms Z, and Z, in Fig. 133) is low compared with the
impedances of the other two “sides.” In such & case the low-impedance side
may take an excessive current, with consequent damage to the apparatus
in these arms. A rough rule in connection with current-carrying capacity in
resistance boxes is to allow from 4 to 1 watt per coil in eireunit in the box.
For example, in the case of a 10 chmn coil, allowing 4 watt per coil, the current-

carrying capacity is 1;‘{%5 = 0-22 amp., since I'R = 0-5.

From this point of view it may be best to make up any required resistance
by using as many coils as possible to obtain a greater radiation surface; thus
10 ohms may be made up of 5 ohms, 2 ochms, 2 ohms, and 1 ochm, instead of
using one 10 ochm coil.

(c) Oscillators. The advantages of this method of supply are that
the frequency is absolutely constant and determinable with great
accuracy. The power available is sufficient for most bridge measure-
ments, and the wave form is very close to a pure sine wave. For
these reasons this method of supply has very largely displaced other
methods.

Such oscillators depend upon the fact that a circuit containing

inductance L and capacitance C' has a natural frequency of oscillation

1
iven b = — ., If such a circuit has an e.m.f. induced in
&t v/ 27V LC

it and is then left to oscillate, the frequency of oscillation of the
current in the circuit will be given by the above expression. The
natural dying away of these oscillations, due to resistance in the
circuit, is prevented by supplying energy from another circuit con-
taining (say) a three electrode valve and hence oscillations of this
frequency are continuously produced.

Fig. 135 gives the connections of a triode valve oscillator, as

commonly used for purposes of bridge supply. B, is a battery of
& about 200 volts to obtain the required anode potential in the valve

sl bk |
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V. B,isa 6 volt battery, with regulating resistance R, for the purpose
of heating the filament of the valve. I, and L, are coils inductively
coupled with coil Lg, the latter being part of a tuned circuit of which
the other part is a variable capacitor C. The tuned circuit is con-
nected in the valve anode circuit and coil L, in the grid circuit, as
shown, while coil L, supplies the bridge network. The tuning is
carried out by variation of the eapacitance C' by means of which any
desired frequency within the range of the apparatus may be obtained.

In operation, when the circuit is first closed a current is produced
in the anode circuit, and oscillations are set up in the tuned circuit.

Il

~
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i

To Bridde

Fi1c. 135. CownwEcrions oF TriopE VALvE OSCILLATOR
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Owing to the inductive coupling between coils Ly and L, these
oscillations cause variations of grid potential which produce currents
in the anode circuit of the valve and so the oscillations are main-
tained, the energy required for the supply of the losses being ob-
tained from the batteries.

Any frequency up to the extreme limit of audibility can be
obtained by suitably choosing the values of the inductance L, and
the capacitor U, e.g. if L, is % henry and C is 1 microfarad,

1 __ 3,000

o T .1~ =
36 < 10°

= 955 cycles per second

Fig. 136 gives the connections of a valve oscillator which has been
developed by the Cambridge Instrument Company. In this generator
the oscillation frequency is determined by the characteristics of a
Wien bridge network. The output from a 2-stage amplifier, having
negative feed-back, is connected back to the input circuit through
the Wien bridge so that a suitable amount of positive feed-back is
obtained at the characteristic frequency of the bridge.

The amplifier output is also taken to the output valve via a suitable

i
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network and variable attenuator. In order to maintain a good wave-
form produced by the oscillator, considerable negative feed-back is
also applied over the output stage.

The oscillator can be constructed for any frequency from a few
cycles per second up to 100 ke/sec. or more. Outputs of up to 2
watts with practical sinusoidal wave-form can be obtained.

A multi-frequency bridge oscillator made by H. W. Sullivan, Ltd.
gives a frequency range of 300 to 10,000 c¢/s or 1,000 to 30,000 c/s
each to within 4 1 per cent.

An amplitude control valve ensures constant output and purity
of wave-form, the output being up to 4 or 5 watts.

%ﬂtgﬁgg =

{Cambridge Instrument ;‘.'.'a. Ltd.)

Fra. 136, Mamvs Fixep FreEQueENcy OscinrATor CIRCUIT
Drscgrant

An audio signal generator made by Advance Components, Ltd.
covers the range 15 c¢/s to 50,000 c/s. The bridge-type resistance-
capacitance oscillator used incorporates a stabilizing ecircuit and is
followed by two stages of amplification with heavy negative feed-
backs so that there is stability of frequency and negligible distortion.
Either sine-wave or square-wave output can be used, the former
beiilg 1|_:?ifslflria.blﬂ from 200 4V to 20 V and the latter from 400 uV
to ,

Some of the H. W. Sullivan valve oscillators covering frequency
ranges of 50-170,000 c/s are precise enough to be used as frequency
standards of 01 per cent accuracy. They have a frequency stability
of a few parts in a million during a period of measurement. Although
for ordinary bridge measurements of inductance and capacitance a
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fixed-frequency simple valve oscillator of, say, 1,000 ¢/s and

of about 1 watt is adequate, for more spaci:;:ﬁz:ed bril:ige m:auaﬁllz}rg
ments, oscillators of the heterodyne or resistance-capacitance type
continuously variable from “supply” frequencies through the tele-
phonic range and even including the ““carrier” frequency range are
preferable. These have output powers up to 5 watts. Although on

occasions such high power is necessary for supply to a bridge, it is-

usually better practice, wherever possible, to limit the power supplied
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to a bridge and employ a valve detector-amplifier of an aperiodic
type in which balance detection is sensed both aurally by tele-
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Variable Resistances. These are usually in the form of resist
boxes. Fig. 137 illustrates the various glﬁthuda of argar:lgeiilg 3:1:3
mounting the coils in such boxes. Fig. 137 (a) shows the simplest
arrangement, in which the removal of a plug puts a coil in circuit.
The reading, as shown, is 56 ohms. An open-circuiting link or plug
iy usually provided. ¥ig.137(b) shows the ‘*straight-decade” arrange-
ment. One plug only is necessary for each decade, the reading with
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plugs as shown being 530 ohms. The dial arrangement, the value of
the resistance in which is varied by the rotation of a laminated
copper brush or arm, is shown in Fig. 137 (c). Fig. 137 (d) illustrates a
common method of mounting the resistance coils, the coil being
non-inductively wound on a brass spool. These brass tubes have
usually a double layer of silk ribbon wound on them, and are coated
with shellac varnish and baked to remove moisture. Manganin wire
is used in all high-grade resistance coils, the coils being impregnated
with shellac after winding, and being annealed by baking for 10
hours at 140° C. After annealing, the coils are usually boiled in
paraffin wax to prevent the absorption of moisture. The ends of
the coil are soldered to the terminal blocks with silver solder. Two
brass rods, connected to the brass contacts on the top of the box,
serve as terminals for the coil. The Leeds and Northrup Co. use an
improved method, which consists of attaching the coil spool to the
contact blocks and soldering one end of the coil to the spool, the

other end being soldered to the spool of an adjacent coil.
It is of great importance in accurate work that the contact

resistance in such resistance boxes shall be small and constant in
value: The various manufacturing firms have developed different
methods of attaining this, one such method being shown in Figs.
137(e) and 137( f). These show the special type of plug developed
by Messrs. Gambrell Bros. This takes the form of a hollow brass
cylinder with brass centre pin, the outer surface being coated with
ebonite, milled so that a good grip on the plug may be obtained.
This plug fits on to two contact blocks, of the shape shown on the
left in the figure. They are slightly conical and have a centre hole
to take the plug pin. When the plug is inserted the conical shape of
the contact blocks serves to clamp it, and a very good contact is
obtained. This type of plug has the advantage that it is independent
of the other contacts on the lid of the box, which is not the case with
the form of contact shown in Fig. 137 (¢), where the insertion of a
plug in a hole adjacent to a plug already inserted tends to tighten
the original plug in its hole.

The sliding “Dual” contact shown in Fig. 138 is used by Messrs. H.
Tinsley & Co. for dial pattern resistance boxes and bridges. The
contach blocks are cut away as shown, a multiple-leaf brush being
fitted to make contact on both the top and bottom surfaces of the
slots cut in these blocks. This method gives a very good contact on
all studs, and is capable of giving a degree of precision in measure-
ment which would normally be expected only with a plug type of
contact.

Fig. 139 shows the construction of a dial-pattern resistance box

by the Cambridge Instrument Co. for use in a.c. Bridge measure-

* menta.

H. W. Sullivan a.c. Decade Resistance Standards have 0-01 per
cént direct-reading accuracy and permanence of frequencies up to
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50 kc/s: For bridge work, the lower decades are of constant in-
ductance to 0-01 xH, and the time constants of the various decades

are—
100 ohms 2.10-°

1,000 ohms 2.10-°
10,000 ohms 5.10-%

A patented pre-set switching device due to W. H. F. Griffiths is
employed to minimize the residual inductance and the high frequency

Knob 2"
Spigot
Pointer
OO
DRI
,:/, ] Spacer
;3 -',.7 ——Head Screw
= o i
B (L ——Click Ball
J— o : > Click Spring
_ 4z = : g Brush Pin
\‘-‘“\:\"x\n LNER BANINEY 77| SR Brush Carrier
- & Al - N gy Vot i "
B S W N T i i B \\. w % M, ﬂf‘uﬁh EIFE'f
9 / Brush
Stud
Centre

Juud u u u g uu

(H. Tinsley & Co. Ltd.)
Fic. 138 -

registance error; the screen capacitance is compensated automatic-
ally and so the effective residual inductance is rendered sensibly
independent of screen connection.

When plugs are used, as in the first two methods shown in Fig. 137, care
should be taken to ensure that these are firmly pressed home before measure-
ments are made, as appreciable contact resistance may result if any of the
plugs are loosely inserted. Such plugs should be inserted and withdrawn
with a rotational, or screwing, motion, and not simply pushed in, or pulled
out, directly, The former method of insertion ensures good contact and
prevents the plug from fastening tight in the contact hole, while, if the plugs
are pushed directly in, considerable difficulty may be experienced in removing
them and the contact blocks may thus become loosened.

Obviously the fewer the number of plugs used, the better, and for

this reason the arrangement shown in Fig. 137 (b) is an improvement
upon that of Fig. 137 (a).
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Resistance boxes are made up in a large variety of ranges, varying
from a total of 11 ohms variable in steps of 0-1 olim up to a total of
1 megohm. The arrangement of the coil resistance values shown
in Fig. 137 (a¢)—5, 2, 2, 1; 50, 20, 20, 10, etc.—is most usual.

The adjustment of the resistance -
values of the coils varies accord-
ing to the type of box considered.
For ordinary purposes, these values
may be adjusted to 1 partin 1,000,
while in the case of boxes for pre-
cision purposes, the adjustment is |
usually to 1 part in 10,000. ;

It is essential that resistance
coils for use in a.c. bridge measure-
ments shall have very small resi-
dual inductance and capacitance.
Special methods of winding are |
necessary to fulfil this condition. |
To obtain a very small inductance
the coil is wound so that adjacent
parts of it carry currents in oppo- |,
site directions. In this way the |

et |
LT

magnetic field of the coil is kept [0 —-——
very small. The self capacitance (Cambridge Instrument Co. Ltd.)
of the coil is kept small by sub- Fia. 139

dividing it so that adjacent parts '

have a very small capacitance and also have only a small potential
difference between them.

Since the self-capacitance of coils wound on bobbins is usually quite
small, the reduction of their inductance is often the most important
question, The winding of alternate turns of the coil in reverse
directions is one method used for this purpose. This method is
illustrated in Fig. 140 (a), the arrangement shown being due to Grover
and Curtis (Ref. (17)). The wire is wound on a cylindrical former
having an axial slit along the greater part of its length. The wire
passes through this slit once in every turn, so as to give reversal
of winding direction. The arrow heads show the directions of
current in various parts of the winding. Obviously the magnetic
effects of adjacent turns neutralize one another. This type of coil
has a very small inductance, but is somewhat difficult to wind.

Fig. 140 (b) shows the Chaperon (Ref. (22) ) method of winding.
This winding is really an extension of the bifilar principle, the cur-
rents in adjacent wires neutralizing one another as regards resultant
magnetic field, as shown. Both the inductance and capacitance of
coils wound in this way are small.

Modifications of this method have been used in which the winding
is divided into a number of sections connected in series.
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Campbell Constant-inductance Rheostat. There are several forms
of low-resistance rheostats designed to have a very low and cal-
culable inductance. These are usually constructed on the bifilar
principle, and are often of the slide-wire form. Fig. 141 (a) illustrates
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Fig. 141. CaumrBELL CONSTANT-INDUCTANCE REEOSTAT
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the construction of Campbell’s constant-inductance rheostat. This
is a very useful piece of apparatus for use in certain bridge measure-
ments, since it enables a fine adjustment of the resistance of a
bridge arm to be made without altering the inductance settings.
The resistance is increased by moving the sliding contact to the
right (Fig. 141 6). Such a movement increases the length of man-

ganin wire in circuit and reduces the length of copper wire in circuit..

Whatever the position of the slider, the total length of wire in
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circuit is always the same, and forms a bifilar loop, thus maintaining
the inductance small and constant.

A precision slide wire of this type, made by Muirhead and Co.,
Ltd., may have any resistance from 0-5 to 10 . One made by the
Ca.mbndge Instrument Co., Ltd. has a total resistance of 0 12 Q
with a residual inductance of 0-2 wH.

A precision decade non-reactive slide resistance designed on the
Kelvin-Varley slide principle (see p. 315) is made by H. W. Sullivan,
Ltd. It has manganin coils. One type, having a total resistance of
1,000 ohms, has each of its five dials brought out to separate ter-
minals so that it can also be used as a slide resistance of 200, 40, 8
or 1-6 ohms.

Variable Inductances. Such pieces of apparatus should have as
high an inductance as possible compared with their resistance, i.e.
their fime-constant should be great.
Their inductance should be continuously
variable and should cover as great a range
as possible between maximum and mini-
mum settings. In addition, it is highly
desirable that the variation of inductance
with position of the moving part should /i
obey a straight line law, and also that [f
the coils shall be astatically wound. The |
inductance for a given position should \§
not, of course, vary with time, and vari-
ation of frequency should not cause
appreciable variation of inductance,

Most variable-inductances are so con-
structed that they can be used as either Fia, 142. Avrron-Pemry
self- or mutual-inductances. When used INDUCTOMETER
as seli-inductances the fixed and moving
coils are connected in series and the inductance is given by

where L, and L, are the self-inductances of the fixed and moving
coils respectively, and M is the mutual-inductance (variable) between
them.

In order to eliminate frequency errors the coils are usually wound
with stranded wire and the use of metal parts in the construction
is avoided as far as possible.

Ayriton-Perry Inductometer. Fig. 142 shows, diagrammatically,
the construction of a simple form of variable inductance (self or
mutual) due to Ayrton and Perry. The moving coil is mounted
inside the fixed coil and is carried by a spindle which also carries a
pointer and handle at the top as shown. Movements of the pointer
inidicate the variation in the angle between the planes of the coils,
but the scale may be graduated to read the mductanca directly.

g—(T.5700)
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When constructed for use in accurate measurements, the coils are
wound on mahogany formers whose surfaces are spherical and great
care is necessary in fixing the coils so as to ensure constancy of
inductance with time,

This form of inductometer can be cheaply and easily constructed
for use as a variable self-inductance in cases where the inductance
must be variable but not necessarily known, e.g. for use in one arm
of the Wagner earth device.

Its disadvantages are that the instrument produces an external
magnetic field, which may be troublesome if the inductometer is

Bronze
Ligament Jpinaie
Fixed
Corls A
Moving Bevelled Fdge
Cor/ carrying Scale

-

(a)
Fia. 143. ConsTRUCTION 0F BROOES AND WEAVER INDUCTOMETER

placed near to the bridge network, and that the scale is not linear.

Brooks and Weaver Inductometer. This form of inductometer
(Ref. (23) ) is one of the best forms for general purposes. The coils
are wound and connected astatically, the time-constant is high, and
the scale is uniform throughout the greater part of the range. It
is also fairly easily constructed, and its calibration remains reason-
ably constant with time even when in continuous use. The current
carrying capacity, also, is high for this type of apparatus.

The construction of the inductor is shown in Fig. 143. There
are, in all, six link-shaped coils—four fixed and two moving. These
are wound with stranded wire. The moving coils have twice as
many turns as the fixed. These coils are embedded in ebonite or
Bakelite discs which are about 15in. diameter. Bakelite has the
advantage that it has less tendency to warp than ebonite. The top
and bottom discs, which are fixed, are about }in. thick, and are
separated by ebonite or Bakelite pillars. The centre disc is thicker—
to carry the larger coils—and is of slightly smaller diameter. It has
a bevelled edge, upon which a scale is marked out over 180° of its
circumference, this scale being used in conjunction with an index
mark on the lower fixed disc. Connections to the moving coils are
made through copper or phosphor-bronze ligaments soldered to the
two halves of the spindle.

The dimensions of the coils are specially chosen to give a uniform
scale, and also to obtain as great an inductance as possible for a
given length of wire. The relationships between the various dimen-
sions are given in Fig, 144, in terms of the mean radius R of the
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semicircular ends of the coils. The depth of the moving coils should
be the same as their width of winding, i.e. 0-7T8R, and the depth of

the fixed coils 0-39E.
A great advantage of this method of construction is that small
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variations of the length of gap between (say) the moving disc and
the upper fixed dise, due to warping of the former or to wear of the
bearings, have no appreciable effect upon the inductance of the
instrument, since movement away from the upper fixed disc means
movement towards the lower one, thus maintaining the inductance
the same within narrow limits.

Fig. 145 shows the calibration curve for an inductometer of this
type when used as a self-inductance (all six coils in series). The



