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A NEW BRIDGE FOR COMPARING CAPACITANCE, MUTUAL

INDUCTANCE AND SELF INDUCTANCE

INTRODUCTION.

It was felt that a bridge was missing from the family
of bridges in the literature dealing with the comparison of
capacitance, mutuael inductance and/or self inducteance. This
new bridge would bear a similar relationship to Maxwell'sbridge
thet the Heydweiller did to the Owen. Reference to Appendix I
will show these relationships.

To keep the study to reasonably comprehensive limits
particular attention is to be paid to the comparison of the
new bridge with Maxwell's bridge.

Frequently the effects of quadrature components of
bridge units on the final balance conditions are glossed over
in the study of simple bridges in elementary work. These
components do not always affect, appreciably, the results for

moderately accurate work.

However, in the case of this new bridge, it is realized
that these components can be an important factor and special

attenﬁion will be given to them.

As is usual in these bridges there are two conditions
of balance due to the real and quadrature terms and the proper
choice of balancing operations is importent for simplest menipulation,
best interpretation and optimum use of the apparatus at hand.

In the case of the new bridge the intention is to study



the overall effects of:-

(2) variation of the resistance values of the resistors

with frequency,

(b) variation of reactance values of the resistors
with resistor dial settings,

(¢) variation of the resistance of the variable self
inductence with diel setting and fregquency,

(4) variation of mutual inductence and resistance
of the Standard Mutual Inductometer (Cempbell Patent) with
frequency,

(e) bridge connections and leads on the correction
term,

(f) different power factors of various condensers
used and the change of condenser conductance with frequency,

(g) the Q values of the inductors under test,

(h) the alteration of components of the correction
term to give desired results, thet is, rp, and gz.

In making comparison it will be necessary to study
the Maxwell bridge from the point of view of:-

(a)the proper choice of individuel resistance values

for the product term RyRz to give the desired results similar

to the new bridge product term %II_
3

(b) effect of inverted Q terms for similar type balance,

(c) comparative magnitude of correction term components,

(d) effect of frequency change on correction term

components.
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SIMPLE THEORETICAL CONSIDERATIONS.

The new bridge is set up as represented schematically
in figure 1 with the Wagner earthing device shown connected for
one balance condition.

Employing the well known star-mesh transformetion
principle (1)%, the bridge, when properly connected, is represented
by four impedence arms which on balance give:=-
where the 25 represent the total arm impedence and the subscripts

indicate the arm referred to (see figure 2).

Figure 1

Showing schematic
layout of the new
bridge including
the Wagner earth
device connected

for one of the lh
balance con-
ditions: In fact
cennections were
made to a skele-
ton bridge and
use was made of
shielding trans-

Audio
Oscills

S

formers at the “
input and at the S D‘E‘ >
detector., switoh DETECTOR
More conveniently, 2, _ 24 ceesananee(l)
% "N

where the Y5 refer to the arm admittances. So this gives

JwM + ro2 . Jw(L-M) + Rq RN ¢
JwCz+ g3 JwCp  + Gy

where w = 2nf (f is frequency in cycles per second; and j is

(1)% Terms ( )®refer to bibliogrephy
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the quadrature operator V/~I, the other terms are as shown in
figure 2.
! Flgure 2

Showing: (e) the new bridge circuit as connccted
(b the equivalent circuit which also includes
conductance of Cz and conncction and lead resistance of r,

Equating the real terms and quadrature terms separately
gives the following relationships:-

wFUC, + rol) = -wCz(L-M) + Rygs N ¢

MGy + Cyro = (L-M)g3 + CzRyg ceeeecensa(d)

Equation (3) can be rewritten as

Me, - (L-M)Cg = %z[rgcl - R4g:7,] - %z[ﬁzml - %2033%1 veees(5)

and equation (4) can be rewritten as

MGy + CzRy =F1r2 -(L—-M)gs] =[§2M01 -£03(L-Mﬂ NG

(v

At this point certein logical approximetions can be
made. Ideally, the right hand members of equations (5) and (6)
would be zero if r, end gz were zero, that is if there were no
connection or lead resistances and the condenser Cz had zero

power factor. Then from equations (5) and (6) respectively

there evolves: -
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MC; ¢ (L-M)Cz coervsanes(T)

ofje

and MGy

elle

CzR4 P €D

Introduce (7) and (8) as substitutions in (5) and (6) and get

MC, - (L-M)Cz £ MGy [ro - 2 C3R - R €

1 3 +Mn }12 %él s _éziE%z %gl (9)

..MGl + 03R4 %MC]_ %2 - %:;'] '-E'- CS(L-M)EZ *%ﬂ -........(10)
[ 3 3

These equations may now be written in enother form
which will be used in this study. It is in this form that the

equations for the various bridges are listed in Appendix TI.

Ifcc -1 #rf?m['zﬂ-‘q’ creeesaes(11)
wﬁ}s
#gl +1 (L-M)[mz 6'3] AP ¢ )
354

For bridge comparison purposes there is listed in

Appendix I similar final balance conditions of the "new", Maxwell,
Heydweiller and Owen bridges. These results were determined in

a like manner and special reference will be made to those for

the Maxwell bridge.

In the case of the new bridge a study of the bracketed
term gives the following results:-

(a) ro. The ry term is dependent on lead and connection
resistances plus any resistance inserted intentionally to change
the value of the bracketed term as a whole. With ordinary wiring
practice this value of r. may be in the order of 10™% ohms.

(b) M. The value of M may be chosen at will within
the range of the instrument used. Depending on the condition
of balence it cen be adjusted to give either M or (L-M) =

convenient round number. Let the value of M be considered at
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the present in the order of 10™¢ henrys.

(¢) iF. The combined velue of i? is thereforein the
order of 1072 = 1 ohm/henry.

10-2 .

(d) g5z The term gz depends partially on the quality of
the condenser. A study of manufacturer's data (2)% and (3)2 gives
power factors in the order of 0.0001l. 8z can be altered readily
to a larger value by the inclusion of a resistor in parallel with
the condenser Cz. Equivalent cirecuits of a condenser are given
in figure 3, (3)%=.

! Figure 3

Q Two equivalent circuits of a condenser
(parallel resistance type)

¢
a
1)

| (b)
R = metallic resistance G = w2C2R + G
L = lead inductance T - waCX
G = dielectric conductance
C = static capecitance Co = C = 1
G,= circuit equivalent conductence T =w23IT) §;
Ce= circuit equivalent capacitance
Se= circuit equivalent elastance

The power factor of a condenser remains nearly constant over a
wide range of voltages and frequencies (5)®. The power consumed

in & condenser may be shown by the approximation

P%Ksz%EzGe or Ge%Kf .........(13)

so that gz is seen to be proportional to frequency where P is
the power consumed in watts, K is a proportionality constent,
and E is the voltage epplied to the condenser terminals in vol+ts.

In (13), capacitor power factor becomes K/2rnC - & constant.
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(e) ﬁ? - %3 + From the foregoing it can be seen, readily,
that the value of tHe bracketed term may be greater or less than
unity and the algebraic sign may be positive or negative.

To maeke the right hand sides of equations (11) and (12)
practlecdlly zero, the product of the bracketed and unbracketed
terms must be nearly zero. First thought may suggest that EQT%%ED

and (L-M) both be made very much less than unity. As far as R,

and (Lﬁﬁ) alone are concerned these requirements are at variance
because the two conditions to be satisfied at balance have these
two terms in reciprocal positions. At & high frequency, it is
conceivable that the requirements can tend to be satisfied.
Another thought is to reduce the bracketed term to zero (or as
near zero as aceuracy requires).

Theoretically this mey be accomplished readily by the
inclusion of a resistance in arm #2 (see figure 2h) or by the
addition of conductance to the gz term by insertion of a resistor
in parallel with CS’ which can produce an increasingly positive
trend or an increesingly negative trend, respectively, to the
bracketed term.

For convenience in visualizing the results of fhese
actions it is advisable at this point to consider equations (11)

and (12) in the familiar straight line form, y = mx + c.

- + -M)C cesssessvs(1l4)
Al g G

is plotted as the ordinate

Gy

ofje

where: - Cl

Ry is plotted as the abscissa

(L-M)05 is the resultant intercept on the y axis
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and C, [ro - 1s the resultant slope.
Wl "]

Providing the value of Cz is so great compared to the
extra capacitance added to it by any resistor put in parallel
with it, the factor g;m may be considered constant when one or
both of r, or g3 areWQaried. So by these variations the slope

mey be made theoretically positive, negative or zero. When the

slope is zero equation (14) reduces to

C, = (L-M)C= cesesneess(15)

which is just equation (7) in enother form.

A similar treatment of equation (12) gives

G %-9-3- r - (L"M) + 05R4 Se0ovvose (16)
' M[ﬂa & R

where: - Gy is plotted as the ordinate
(L-M) is plotted as the abscissa

and is the resultant intercept on the y axis.

—’%?[ﬁz - _&;ﬂ is the resultant slope
CzR
W

When the slope is zero equation (16) becomes

Gy = CzRy cesceseess(17)
M

which is just equation (8) in another form.

The choice of bridge operation to satisfy equation (12)
introduces an unnecessary complication which can be overcome,
though, by further corrective meesures, as will be shown later.
in this case the variation of the (L-M) term to be plotted as
the abscissa may also introduce a change in R4 and the two results
will be superposed when plotting ageinst Gy. Were a variable

inductance available which did not change its effective resistance

with dial setting and frequency this difficulty would not exis*
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The value of (L-M) itself, or actually (L-M + £ - ch) as
will be shown later, does not remain constant as Ry is varied when
using the operation to satisfy @quation (11).

Next, the bracketed term of the Maxwell bridge is
considered.

(2) fé. The value of the inductence £ of the eo called
"non-reactive" resistances may be in the order of 10“7 henrys (2)%,

(b) RZ‘ In order to satisfy the requirements of the
bridge and have an inductively reactive term in arm #2, R, must
be small, as will be shown when discussing experimental apparatus,
in the order of 102 ohms, otherwise the quadrature term shows up
as capacitively reactive.

(¢) é@. So the combined expression approximates the

Rzg
4 -
210 henrys/ohm.

3 N

value 10"'7

(d) Rz. For the same reason as stated in (b) above, Rg
is chosen large, 103 ohms or greater, to have a capacitively
reactive term.

(e) cge This cz is & very small quantity and in the
9

order of 10-11farad (2)® since a time constent approaching 10~

is given for the hundreds dial.
(f) cz. At low frequencies cz = cgRz and this approximates
Gﬁ farads/mho G%
10711% 10% = 1 ’?/so that the bracketed term is extremely small.

(g) - ezl « It is noted here that the components of
this brackete R‘%erm ére neither readily nor conveniently adjustable
for slope changing purposes, though some alteration can be made
to the slope by varying Ry and Rg separately, keeping the produect
RoR3 unchanged but thereby changing the values of fé and cge

(As will be shown later cz can Dbe altered leaving Rz fixed).
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Recapitulating, it is seen that the value of [

[MZ—ESJ-S
in the order of 100, and [£

52 'ﬁé is in the order of 10~ ,an negative.

However, the wvalues cf the multiplying factors must be

considered too. Referring to Appendix I , equations (Nl)', (Nz)',
(M) ', and (My)', the following variables may be considered

roughly to have the wvalues:-

R, 2 10° ohms

(L-M) 2 10™°  henrys

w® $ 4 x 107 radiansfsecond
L £ 10"  henrgs

so that the right hand sides of these equations approximate the values

(Ny) ! 2.5 x 107"
. -4

(Ny) 10
() 4 x107°
-4

(M) 10

and are the error terms; the deviation from unity.

If it were not for the fact that the leads to the
nutual inductometer are a fair length, in normal assemblage,
to keep the field effect down, then rs could be made smaller and
thus the two bridges could have nearly the same inherent accuracy.
But as it is, a factor of neerly 10 shows up ebove for (Nl)' and
(My)*. At a definite frequency, by adjustment, (N;)' can be
made to agree with (Mi)' in a menner already explained, but (M)’
has the advantage of not varying to the same extent with frequency
as (Nl)' does (see equation 13), since this bracketed term does

not effectively vary with frequency.

Further reference to the same equations will show thet ‘

(Np)*e Terms ( )' refer to Appendix I.
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the product% in (N;)' and (N,) ' plays the part of the product RgRg
in the equatigns (Ml)' and (Ms)'. It can also be seen that W
plays an inverse role in the two bridges.

It is expected in the case of (Nj)' that as the w value
is made greater the error term will be less in spite of the fact
that gz increases, for whether its increase either aids or opposes
the tendency of the bracketed term to become zero its action varies
as the frequency whereas the w2 term varies as the square of the
frequency. Unfortunately, the standard mutual inductometer (1)°
available is not useable over a wide range of frequencies since it
is not dependable above 2000 cycleq/second; but a practical difference
due to w variation may be shown.

The values used for Ry, Ly, (L-M), and f give a Q value
of about 1. (Considering the bracketed term for the new bridge
to be adjusted to give an overall error term similar to that of
the Maxwell bridge, end using equations (Ny)' and (My) ' since L
variable is to be avoided as will be seen later, the following

statements can be made in tabuler form from the simple theoretical

considerations so far:-

Variable Value of Best Bridge
Considered Variable to Use

Q high Maxwell

4 low new

f high new

f low Maxwell

It should be born in mind, however, that thesc comparisons are not

conclusive because of the bracketed term assumption and because

sccuracy requirements have not been shown yet.
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EXPERIMENTAL APPARATUS

Trouble due to frequency variation should not be expected
with the resistance boxés used since the first derivative of
percentége inaccuracy on a frequency base for finest decade resistance
standards is zero up to 104 c/s for 1,000 ohm decedes and nearly
up to 10° ¢/s for 100, 10, and 1 ohm decedes (2)®%. sSee figure (4).
While the resistances used wefe A.C. standards, second grade, no

great deviation is expected from the curves showm.

Further, the per- sey L;T}?:;qif

ke
.|_$
,_

centage inaccuracy of adjust-

T
- —H
e T

ment to nominal value on an

ohmic base gives a lessening

inaccuracy (2)% of 0.7% to

0.07% from 16" 4o 18" okms

and a fairly constant value

in the order of 0,07% bstween

o 4 E{Tha $ﬂféc' v
10 and 10~ ohms. Refer to ~reading Ed@ﬁr&cy f*f “;‘_”.:__
+iype ! hea stdncd. standard r i
. EUAEERE EAEANBIRERBEIRATSE NS LRSS ERA LY SO ALY A0
figure (5)- w;i_th‘q_{ spedpafasagedatienhs fur S
BRI RENRRRaRe R Lo [ ik n kaada kil ]

The "phase quality"
of a resistance standard is conveniently expressed as a residual
self inductence whether the residual reactance is positive or

negative. The "box" values of a decade standerd are those of

the electrical values at the terminals of the standard when all

deeades are at zero.

The equivalent circuit of a resistor (4)® is shown in

figure (6). L is the inductance between the terminals and is

effectively in series with the resistance, while the capacitance

¢ appears across the terminals of the resistor. The expressions
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EXPERIMENTAL APPARATUS

Trouble due to frequency variation should not be expected
with the resistance boxés used since the first derivative of
percentége inaccuracy on a frequency base for finest decade resistence
standards is zero up to 10% ¢/s for 1,000 ohm decedes and nearly
up to 10° ¢/s for 100, 10, and 1 ohm decedes (2)%. See figure (4).
While the resistances used wefe A.C. standards, second grade, no

great deviation is expected from the curves shown.

Further, the per- 233

ot
1

centage inaccuracy of adjust-

BB SRk

-t

Ll
i

T‘T‘?‘l
R A
AR SREEE | e
RS RARAE v 498

..,.
1 i |
,_;.uit l}_.".]w-;r.:.-.;..!

TrY

3 ], ;
4R34 4

56 0 )

RS

b LY LY S

9 T

ment to nominal value on an 2

L
T

ohmic base gives a lesseéning 4 t—

Fi e

inaccuracy (2)% of 0.7% to
: 4

0.07% from 10™~ to o i

and a fairly constant vaelue

in the order of 0,07% between
2

10° and lO4 ohms. Refer to

figure (5).

--------

The "phase quality"
of a resistence standard is conveniently expressed as a residual
self inductence whether the residual reactance is positive or

negative. The "box" values of a decade standard are those of

the electrical values at the terminals of the standard when all
decades are at zero.

The equivelent circuit of a resistor (4)® is shown in
figure (6). L is the inductance between the terminals and is

effectively in series with the resistance, while the capacitance

C appears across the terminals of the resistor. The expressions
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for the effective terminal resistance Re and effective reactance Xe
of this circuit are (4)%:

R Se wuss ensinl T8

e:; -an
(T - wIC)% ¥ (wik)?

TS T HB0L LAY et L.l
- wzmg + )(WEC)E J (19)

At the lower frequencies where the terms in w? are negligible

compared to unity the following approximetions hold:-

Re% R[1+W2C(2L "CRz)] 0-..-.0-..(20)
R I CRg)[l + WC(2L-CR?)h e vvrnnnn (21)
¢ (L -crY)

.-Tl

So it is seen that the EiEEarapaRagasen sunpesbyny: BRE R ETREENEE HAE AN D s 2 RaR S
i m}ga T REGURE BT it

effect of a rise in fre-

quency is to increase both_}f-‘_
, i) st e
R, and Ly by & factor of gii%;;ﬂ,v ‘

szC. However, it hes

been shown that these 1
changes are negligible ) '?L i
be8" 1 pm
T

in the frequency range to

be used.

The impedance 1h¢;g@;1¢
errors of the resistor

boxes used are most noticeable with resistance units of high and

low values; intermediate values of, say, 10 to 300 ohms are

invariably the best for both errors of effective resistance and

H T A T e T B e e e
reactance (2)%. Residual BRI L T YRR
ol Bduiveldnt iCidedit | 11
neremental ) values 1 ;n":ﬁmwﬁ":' Shdiqust hagsuaisegeaceie:
inductance (i ) rfffﬁfﬁffﬁg'?fﬂﬁﬁ¥5%ﬁrixA ERadinnEd
RE s dnsununa T En s BPUENERBTRNERE AARRFEN RS unEBEEER
may vary from +1 mH to more than L4 o AWM flr——e
EERRESE ISERERLMMASERERIDEERRE, . < HERI et
-300 uH (2)%. H i I‘ e aaes rares anatuszin
ture coef- gHEal & Rbuanpad panan BN
The tempera ! _;éﬂlECEIL" L:’
3 i | i

ficient of all dials is given as g letatisacant
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of order 0,0025% per degree Centigrade,

Noting equation (21)

at low frequency (6)%® it is readily understood that

and writing it ags Le

= (1 - §%)
the effective

inductance can be positive when R is small, negative when R is

large, or zero when L = CR, that is,

R

when the time constants are

equal. Thus the manufacturer has & measure of control over the

frequency design of the resistances.

The standerd mica condensers used,

see Appendix TII

(6)® (6)% (7)® , have = power factor of 0.0001 as stgted by the

menufacturer (2)% and a temperature coefficient of 1 part in 105

at all frequencies. The
inacecurascy of effective
capacitance of these fixed
mica condensers (standards)
is less affected by fre-
quency than those shown in
figure (7), (2)=.

The General Radio
Type 505 capacitors used in
preliminary experiments

(not listed separately in

ey s o B [“.j"" I“L e y 5
Sl e s e e
f g Q T ';,':};."; *'*, TN I
- Lk SaRd ey ukSEe s _ 3
L) o o/
Fpdfies ke bussh iassakRuassEs 45Ny 88, 480 e SRERRE
8.l B leusg) WAt in Sanns N g2 adi et
é ;5'§ 5 NEskineay f A A
A — o SisannaaEasEyEnEs: X
;‘{?,‘,02.'(_3,'1?” et - o
L e e E R T R R
_._.17_._:_;,: ....;_*‘, i e L 5 b o i _- !
$-gPass=meani SRR EdERaREay R R Ef da s St Ao R R
::‘ Odtglr..' si i Esise :éij .,
L] Fredueney (1 o/ d1 D
'}J, ‘..".[._‘ + » b i,rr
:gi?": .
‘ozl
s )
i

Appendix II) have a value of less than 0,0005 for the dissipation

factor (3)%=.

The true values which were used for each piece of

apparatus were the ones given in the guarantee certificates on

file in the Macdonald Physics Laboratory.

(6)® Terms ( )°® refer to Appendix II.
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EXPERIMENTAL SET-UP

The apparatus was set up as shown in figure 1 using
8 skeleton bridge to facilitate the interchenge from the new to
the Maxwell bridge. Shielded wires were used throughout and the
inductors were kept well separated and away from metal objects.
The Wagner earth was set up as shown and of course components
were changed to suit each bridge.

EXPERIMENTAL PRELIMINARY RUNS

A preliminary test was made using formula (14) giving

the results shown in table #1 and graph #1.

TABLE #1
C + Ry Ry Remarks
. pp} ohms ohms
128421 | 2 | 6972.0 11 M = 7.77 mH (set
1287556 | 3 | 774.81 | 100 L-M = 10,00 mH (1)
128916 | 3 | 387.47 | 200 f =800 ¢/s
120081 | 9 | 258.43 | 300 C, = 0.1 uF (8)°
129264 | 9 | 193.83 | 400
129423 | 6 | 155,12 | 500
129592 |12 | 129.29 | 600

General Remarks -- Abbreviations

The + columms give the uncertainty of balance
and the figures refer to the last significant
figures given in the pertinent column.

Henry

millihenry

microhenry

Farad

microfarad

micromicrofarad

frequency
cycles per second

1+

S PEETRAS

Temperature. During ell of the experiments the temperature range

o
was 22.2 OC to 23.6 Oc., Most of the work;was done between 23.0 “C

and 23.2 °C. During any one experiment the temperature remained

constent. D.C. resistance values were corrected from the given
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and measured values using a temperature coefficient of resistivity
of +0.00382 ohms/ohm/ °C.
From graph #1 the slope is found to be 1.68 x 10-12 E/ohm.
The term [ro - is therefore 1.68 & Cz_ x 10-12 which gives 3,34
r & e
To reduce the slope to nearly zero add extra conductance 8e to
C; such that %ﬁ 2 3.34
5 [ "7
& 3.34 x 10 mhos

ofl

0 rg= 1 £3x10% (3 megohms)

-

g
A carbon resistor of this value was added in parallel with c5 and

the results of table #la were found and plotted on graph #1. This
carbon resistor does not add appfziable capacitance to the arm #3
as was pointed out as a requirement in the theory. It is seen
that the results are indicative of expectations.'*

Next a test was made using equation (14) again but this
time treating (L + £ - M) as the independent variable. The £ used

was an astatically connected variable self inductance (3)%: M was

maintained constent. The results are given in table #2 and graph #2.

X TABLE #la

Cl + R% R4 Remarks

MNAF ohm ohms
1285645 2 774.07 100 Settings similar to
128639 3 387.49 200 table #1.
128634 4 258.43 300 Cs paralleled by a
1285641 6 193.85 400 3 m?gohm carbon
128535 |19 165,14 500 resistor
128535 |19 129,31 600

The slope of curve #l, graph #2, from formula (14) is ﬁs and the

intercept is C3 lzz - %334. It is readily realized that in this

form the results are of no help since Cz and M (giving the slope)

ere known to much greater then plotting accuracy and the intercept
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reading accuracy will be much less then required.

TABLE
L+E-M | ©C R, + Gy Remarks
mH MF ohms mhos
20 |0.2570 110,761 | © 0.00902845) M = 7.77mH
30 ]0.3860 | 110.777 | O | 0,00902714| £ = 80C o/s
40 |0.5156 110,798 | © 0,00902543| Cz = 0.1 uF (8)%
50 |0.6454 110.822 | © 0,00902348| Ry = 700 ohms (14)3
60 [0.7737 110.835 | 0 | 0.00902242

As expected, curve #1 is a straight line. The slope and
intercept for curve #2 are determined for insertion on graph #2
from equetion (16). This curve is not a straight line due to the
fact that as £ is varied in (L+£-M) the value of Ry (the resistance
of the variable self inductence) and therefore R, total is varied:
the effect of this is shown on inspection of equation (16).

By careful reconnection and placement of bridge elements,
sensitivity was maintained and extraneous influences reduced to &
minimum.

Tests made showed repetitive discrepancies from simple
straight line graphs. The bridge elements were suspected of
being the cause so a test was run on the basis of equation (14)
giving the results of table #3 and graph #3 which instead of
being plotted as a continuous straight line has been plotted as

s broken line to show the significance of a series of findings.

consider equation (15) in the form which includes the

reactance effect of R4.

cl% %(L*“t"CRe" M) 0000-....0(22)
M

The inductive reactance value of Ry (+ or -) affects C, inversely

(assuming a negative inductive reactence as was the case in these

tests) since R; was over 300 ohms.




- 19 =

As R, is increased from a small value the ii-caz term

2

diminishes end so the (L + L - CR” - M) term diminishes and thus

C, is less.

Recapitulating:- In each case for a balance condition
the greater Ry the smaller Cy will be; the greater R, the smaller
Cy will be. This assumes that balancing is done by means of Ry

R_and Cl only.

4
TABLE
Rq Cy [+ Ry | + Remarks
ohms MUF ohms
100 1279291 [778.547 | 3| M = 7.77 nH
110 1279252 | 707.934 | 3| £ = 800 ¢/s
120 127918]2 | 648.653 | 3 | €z = 0.1 mF (8)°
130 127926[1 | 598.835 | 3 | Ry....(15)°
140 127922|2 |556.147 | 3 | Rg....(14)°
150 127919|3 |519.126 | 3 | L-M = 10.00 mH
160 127932|4 |486.660 | 3
170 127928|3 | 458.083 | 2
180 127925)2 | 432,654 | 2
190 127924|2 |409.914 | 2
200 1279403 [389.322 | 2
210 127936| 2 [370.790 | 2
220 1279242 |353.887 | 1
230 127922|2 |338.539 | O
240 127920| 2 |324.436 | O
250 1279163 | 311.461 | ©
260 1279393 |299.516 | O
270 127938| 3 |288.431 | O
280 127936|3 |278.141 | ©

Referring to graph #3, at each of the points A, B, C,
D, and F the graph tends to jump up since R, is is lowered by a
"hundreds" dial setting. This requires more Cy to balance.

However, et points A end E where the "hundreds" dial of R, was

chenged, the graph tends to jump down. This requires less Cy

to balance. At A the two effects tend to balance out. A liberty
was teken here in drawing the straight line through one point
between A and B. The R, box settings were the values given in

table #3, column Rq, minus 11.33 ohms for M end leads.
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To see, graphically, the effect of frequency wvariation,

readings were taken at 400, 800, and 1200 c¢/s and listed together

in table # 4.

All three results are plotted on graph # 4.

TABLE # 4
_In_thi 127000 myF,
= 800 ¢/s £ = 1200 ¢/s ,
Ry 1 1 Ry t el B t
ohms || upF ohms JpF ohms JARF ‘ohms
100} 871] 4 778,325 5 922} 2 776.049 | 3 942] 1 778,614 | 2
110|| 859| 4 707.7356 5 917 2 705,664 | 3 9391 1 707.999 | 2
120| 847] 4 648,478 ) g9l0f 2 647.119 | 3 935] 1 648,718 | 2
130]] 855] 6 598.672 5 916| 3 597.604 | 3 943] 1 598,897 2
140 |} 840} 6 556,987 4 911)] 2 555,067 3 940] 1 556,196 | 2
150} 828 7 518.972 5 908] 2 518.133 | 3 939 1 519.172 | 2
160 || 834} 3 486,514 | 4 916| 3 485,817 | 3 9631 1 486,703 2
170} 827] S 457.944 | 4 9121 3 457.312 3 952] 2 468,125 | 2
180 |} 814] 6 432,523 4 909} 2 431,931 2 980] 2 432.698 | 2
190 |} 805 4 409,789 4 904} 4 409,236 | 3 9621 2 409,954 | 2
2001 813] 4 389,205 | 3 218} 3 388,831 2 268) 1 389,365 | 2
210]] 804}) 4 370,677 p 912 3 370,320 2 968| 2 370.828 2
2201 795] 6 353.8564 2 9041 3 363.699 2 969 1 363,999 2

It wil) be noted in these cases that no jump in the graph

is experienced between Ry = 210 ohms and Ry = 220 ohms as in graph # 3.

‘ 1
This was accomplished by using the 10 position on the 10 ohms decade

and using the 1 position of the 10% ohm decade instead of, as

previously, using the zero position on the 10

using the 2 position on the 10

1

ohm decade and

of the total Ry resistence being made up of 11.2 ohms for the

1

2 ohm decade -- the remaining amount

primary of M end 8.8 ohms on the 10O and 107~ ohms decades.

While the resistance values are the seme in each case, the inductive

reactance values are different and show up, as previously explained,

in & different value of C . This difference will be shown in a (p.33)

later graph by overlapping. Operating conditions were the same es

for table-# 3 except that boxes used for Rl and R4 were interchanged.
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So far only gz in the bracketed term of equation (14)
has been altered, and this to correct the slope which was positive
on first trial (see graph # 1). As will be seen later on, using
a standard condenser with a poor power factor for C3 gives a
negative slope. At this point a trial‘was . made at 400, 800 and
1600 q/s with the present set-up to make the slope more positive
(while leaving the 3 megohm resistor across 03). |

This can be accomplished by altering ro slightly, such as
by connecting the secondary of the mutual inductometer at the primary
terminal on the instrument instead of connecting it to the point T

(see sketch, graph # 1) of the skeleton bridge, thereby effectively

shifting T elong a lead wire with a resultent increase in ro

. TABLE # 5 .
I =200 ¢/s ¥ = 800 ¢/s T = 1800 c/s
Cy 2 Ty Ry T Ry
ohm PUF ohms MuF ohins }dﬁ‘ ohms
100 ||129410 779,136 || 128310 & 779.423 || 128038 779.688
110 || 129552 708.408& || 128342 708.660 | 128042 708.916
120 J|129695 649.035 || 128374 649,260 || 128047 649. 504
130 [|129851 599,150 || 128419 599,348 || 128066 599, 682
140 }1129995 556,406 || 128453 556,577 || 128076 566, 811
150 ||130137 519,341 || 128488 519,498 || 128084 519.721
160 J|130236 486.837 || 128536 486.992 || 128108 487,207
170 || 130380 458,233 || 1285873 458,373 || 128119 458,579
180 J|130519 432.788 || 128608 432,914 " 128126 433,114
190 1130661 410.015 || 128641 410,136 || 128136 410,328
200 1130828 389.424 || 128697 389,534 || 128165 389.721
210 J|130978 370,879 || 128734 370,985 || 128173 371.162
220 [1131109 354,040 || 128768 354.138 || 128184 354,311
1 —U_

The + settings of €y awd Ry were of the order as shown in table # 4.

i

C3z

used was (12)°%.

7.77 mH
(10)® + (1
(8

0.1 uF

Ry used was (15)8

L-M = 10,00 mH

lga in parallel
)

Table # 5 lists the results of this experiment and they are

plotted as graph # 5.
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As expected, the slopes of graph # 6 have become positive.

Note here that the higher the frequency of the tests (see graphs

# 4 and # 5), no matter whether the slopes are positive or negative,

the closer to zero slope requirement they come,as predicted (for.14).

Using equation (16), tests were run changing (L + £ - M)
by means of the variable self inductance (3)3 L. Readings were
teken at 400, 800,end 1600 ¢/s end the resultent Gy values were
calculated and plotted. See table # 6 and graph # 6.

TABLE # 6

£ = | 400 ¢/s | 800 ¢/s | 1600 ¢/s| 1600 ¢/s &

L+L-M G G G
mH 10"8ml.'Llos 10'81?1%03 10"8mixos 10"8m}ios

15,2 | 128269 128393 128963 129081

20 128245 128421 129179 129266
25 128215 128407 129206 129278
30 128152 128333 1295098 129180
35 128123 128316 129141 129222
40 128107 128385 129613 129589
45 128075 128434 129881 129966
90 128053 128456 130064 130129
09 128028 128481 130285 130363
60 128008 128555 130787 130861

&% £ was put at a greater distance using longer leads thus increasing

R, (and hence the intercept).

The results shown in graph # 6 can be misleading. The

first impréssion is that the slope (used very liberally here) is

positive whereas it shows up later to be negative. As 2 increases

R, increases too so that the resultant effect on the slope in

4
equation # 16 is indeterminate so far.

To determine values of i and Rl at various settings of

the varigble self inductance (3)® and at frequencies of 400, 800,

and 1600 ¢/s & Heeviside-Campbell Ratio Bridge (1)® was set up and

the combined results are given in table # 7. Graph # 7 is also
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given for the 1600 ¢/s case to show the similar hump form.of graph #6.

TABLE # 7

T = 400 o/s £ = 800 cfs " f f = 1600 o/s

5o T Rf E4 “Rg 2 R
mH mH ohms mH ohms mH ohmg/
5.2 || 5.221 9,292 5.218 9,417 54210 9,916
10 || 9.995 9.299 9.991 9,458 9.976 10.090
15 [l15.005 9,299 || 14.993 9.462 || 14.977 10.098
20 [l19.978 9,296 [| 19.97 9.451 || 19.954 10,047
25 [|25.096 9.299 || 25.084 9,463 || 25.055 10.095
30 ||30.054 9.319 | 30.043 9.536 || 30.013 10.391
35 [|35.104 9,340 || 35.087 9.623 || 35.061 10.730
40 ||40.140 9,350 || 40.140 9.662 || 40.106 10.879
45 ||45.104 9.361 || 45.094 9,716 || 45.060 11.107
50 f150.139 9.390 | 50.123 9.822 [I 50.104 11,538

A

Equation 16 is

Gy = CzR, - Czfr, - (L + £ - M) where

P is added in series in arm # 4. gimul taneous variations in 2

and R4 produce superposed effects on Gy (slope remains constant).

To correct for unwanted Ry variations effect the following artifice

g - - ’
AGy .%5&1% gsﬁ.‘dz aﬂaﬁ

Therefore if this

is used.

That part of‘A(}1 due to R, change is ﬁsARzp
partial increase is subtracted from the total G1 value of eguation
16 the resultant remaining change is due to the 1%3 %2 - %3 ¥4
term alone. Basic R, is taken at f =0 o/s (the D:C. resistance).
The combined results from tables # 6 and # 7 are given in table # 8

and the corrected curves (of graph # 6) are shown in graph # 8.

For visual inspection the AGy = %;ARQ values for the 1600 c¢/s

case are plotted on graph # 7 as curve # 2.

From curve # 1 graph # 7 it is logicel to expect it is

the R£ term variation which causes the curve form of graph # 6.
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TABLE # 8

Remarks

D.C. Resistence of £ is 9,278 ohms at 23 °C
js the difference between the effective (table #7) and D.C.

ARy
resistence in ohms.
§G1 is the corresponding difference in gonductance in 10"8 mhos.,
G} 1is the corrected conductence in 107° mhos of values in Table #7
f = 400 ¢/s f = 800 ¢/s f = 1600 c¢/s
L+2-u[lAR | AG.[°G1 R 6 d °6 °
foks| 15-8 T [ A%-4 13-sffE %o 13-
mH {Johms mhos| mhos [Jjohms mhog mhos [phms mhos] mhos
15.2[j0.014 18 |128251 ||0.139 | 179 [128214|} 0.638 | 821 [128142
20 [Jlo.021 27 1128218 ||0.180 | 232 28189 0.812 |1044 [ 28135
25 |l0.021 27 |128188 ||[0.184 | 237 [L28170]] 0.820 |1054 p28152
30 |Ji6.018 23 128129 ||0,173 | 222 [128111J 0.769 | 989 [L28109
35 [|0,021 27 |128096 ||0.185 | 238 [128078|f 0,817 |1050 (128091
40 ||0.041 53 1128054 [j0.258 | 332 [128053 || 1,113 [1432 [128081
45 |l0.062 80 127995 |l0.345 | 444 [127990|f 1.452 |1870 R28011
50 [lo.072 93 |127960 ||l0.384 | 494 [127962|] 1.601 [2060 [127994
55 |[0.083 | 107 |127921 |l0.438 | 564 [127917|| 1.829 2350 [127935
60 [|I0.112 | 144 |127864 ﬂ0.544 700 [27855]| 2.260 |2905 p27882
4 —

a slight negative slops.

and connections (see graphs # 5 and # 6) are the same.

1t is seen from graph # 8 that the corrected curves have

This is to be expected since conditions

Positive

slope of lines in graph # 6 corresponds to the negative slope

_of lines in graph # 8 as inspection of equetions (N;)' and (N5) !

anticipate.

The Maxwell bridge was set up using thé seme variable

ijs used) as before. At 23 ¢

self inductence (3)® (here symbol Ly

the D.C. resistance for L4 and leads is 9,288 ohmss 9.3 ohms used.

Equation (Mz)' will be studied to avoid the unnecessary compli-

cations already shown for Ly variable as in equetion (M;)' and

equation (Nz)" It is to be remembered that Ry is to have a
e negative inductive reactance

positive jnductive reactance and Rg

(i.e.,lfz and Cz components respectively) so R, should be say

5x 102 ohms or more. A trial test was

102 ohms or less and Rz
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made to see nature of slope of equation (Mz)"

and graph # 9A.
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See table # 9A

TABLE # 9A
Rz = 100 ohms R3 = 10,000 ohms
R C
4 1 + R + Remearks
ohms MpF oh%s i}
%8g 28089 1| 9903.6 | 1 | £ = 800 ¢/s
200 50825 2 4975,2 1 L = 50,0 mH set (3)3
300 500 1 2 3321.3 0 R,...(12)8
400 47 2| 2493.1 | 0o | RY...9.3 ohms
500 50029 2 1996.0 0 RL = + (14)3
600 Zggéz 2 1663.5 0 04...(5‘0)8 + (11)8
800 49978 g 1323'2 0 R2 o g
900 49953 2 1109:§ ? Radio plig resistors
1000 49932 3 998,73 | 2
1100 49945 6 908.70 | 2
1200 49926 3 832.97 | 2

In the light of the resultant negative slope another trial test

was ma i 1
de with R; smeller making the oz term smaller so the bracketed

t .
erm (end slope) will tend towards a less negative value. Results for

a smaller range are shown in table # 9B and graph # 9B.

TABLE 9B
%%h- 100 ohms R. = 1,000 ohms
er factors remain as 11sted in Remarks column
of table 9SA
R c + R +
ohmg p%p = ohm% =
10 501478 4 9124.0 10
20 501484 4 4772.4 4
30 501484 4 323060 2
40 501484 4 2441.3 2
50 501482 4 1962.7 0
60 501481 4 1640.3 0
70 501481 4 1408.9 0
80 501481 4 1234.8 0
90 501482 4 1098.9 0
100 501472 4 990, 89 1
110 501471 6 901. 64 2
100 + 10 | 501460 4 901.32 2
120 501460 5 826.86 2
130 501457 4 763,65 1
140 501456 5 709,54 1l

/A
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The slope of graph # 9A is agein a superposition of
two effects, the true slope and the inductive reactance chenges
of the dial resistance boxes. The direction of slope due to this
latter effect is shown by graph # 9B where the balance condition
is satisfied by two different box dial settings giving the same
resistence reading (between points T and U).

As a matter of interest, an attempt was made to increase
the slope of equation (My) ' for the Maxwell bridge by including
a8 0.001 uF high grade mica condenser standerd (7)® across RS.

Table # 10 and sketch graph # 10 show results obtained.

TABLE # 1 f I T | TS
Ly 10 | 54 ’ il ” it
Bl o [+ m e ElEHESshofon o Skehehiaoh g BEEEE
oams(  upF ohms g i nes t 32 : - R el
. Bkt [exwelll bridge increased| = = |
10| 501466| 3| 10322.8 |2 s lope by mddition pf og.|
60[ 501958 2| 1675.2 |o | |EP02QOL L L - ot
1201502546/ 3|  835,55|2 - H el Gy ‘ i
faoo) i ;
]

Rlooo-(12)a _"U"“l 4
Ro = 100 ohms e i it
R3 = 1000 ohms § o | |
7o (4)f -3
HEHEE i

The results are R i ' e RIS, S

eI L ap: | 60 8D 100 120

as expected., As already i j "R@-Si btanice| Ry in| dfﬂi[is}f' SSFisks i

syealinccs Seeshabgeioaghy dRund bdaigo Ik ' \ o 1

explained it would be more
difficult to elter the slope appreciably in the other direction.

A sample of the effect of using & standard condenser

of poor power factor for C3 in the new bridge is given in table # 11
and sketch greph # 11. In this case the rectifying action is to
increase r, or use s standard condenser with a better power factor.

In plotting balence conditions results of the new bridge

it is possible to break the already broken lines of graphs # 4 and
# 5 into smaller groups. One example showed definitely series of

straight lines broken at every 101 dial chenge. It might be



possible to echeck the same effect on the 10O dial.

was not tried.
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TABLE_frll
R Cl i R
o}n%s /u’lF ohr%s

501 776122] 15] 203.26

100} 7747172 30 99.161
1501 773183] 90 66.055
f = 800 q/s
Cs = (9)3
M= 10,0C mH
L-M = 7,77 mH
R4.C LR ‘15)8
R100-0(12)

EXPERIMENTAL RESULTS

A. Determination of primary inductence L,

f
|
|

_“;Tw,mm“

R Pl A =l - il
Cepacitence £y in mmF |

}
i
1
I

Standard Mutual Inductometer (1)8-

hwunn

elle

800
100

R Ro

Cy

.
o

1000 ohms)%
O. l7(308}ﬁ‘

=

This lest

‘ 1 l 1 ’
| U
i | Bketch Graph ﬁ Lhihod
__i._._..a- L ety — { p 'T‘wl’,ﬂ-..,u_.i_‘
i b ew bridge with C,l L
prsoooh_ T poer Bover uctor |
T ke o SR TR T ——~h—*ﬁ~i
Rt N ! o

775000 |

_— | f' : !
|73 | et 5
B B ; |
774000 | |

| ‘j #

L

¥73000 855 E

e, ANEEREEE TR 15
TPy Realptance R4 1nJOth ;_gr

17,73 mH

s) ( giving practically)
zero slope
set reading)

J

which agrees

of the Campbell

favourably with the value given for the instrument of 17.77 mH

since R, and Rz are 0.1% grade.

B. Determination of inductance L of 1 H nominal self
inductance (2)®. GSee table # 12. (Maxwell'ts Bridge).
TABLE 12
Ry Cy * Ry + Remarks
ohms luF ohms
116,4| 1.000141]| 16 | 8515 2 g - ?88 gﬁ;s
180 1,000169] 12 5526 g Rz; R e

o
7
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Since Rs is raised of necessity the slope leaves its zero value.
The resultant effect of the error term can be seen from inspection
of table #12. L, £ RpR3Cy = 1.000 H
Given value = 1,0002 H at 800 ¢/s and 24 °C.
C. A test was run on the Maxwell bridge, which, while

not conclusive, is indicative of limiting measurements of low value.

The L, leads were shorted and the bridge balanced to get table # 13

neglecting requirements of Ry (over 300 ohms).
TABLE § 13
» L, = 102(244 x 10719 4 x,)
Rz RsJ c:l Remarks X -10
ohms| ohm{ mnF L, = 50 (490 x 10 + xs)
10 100 2090] The slope of
the error term So xg = 200 MuF , where Xg
10 | 10]24400] will not be zero
since Rz not is the effective stray
10 9]49000] set at 1000 ohms
I B cepacitance in arm # 1.

Now considering Rz to be 1000 ohms, then the minimum L, measamable

4y 200 x 10712 op 2 .

L, =10
Check on constancy of resistance of the inductometer

18 4

D.
used (1)® showed that over a range of frequencies 200 ¢/s to

2000 c/s the resistance did not vary more than 0.0l ohms in
11.2 ohms which matches the accuracy of the resi stance boxes used.
+ts on some inductences measured

Some comparative resul
Pertinent jnformation is given here.

are given in table # 14.

Inductance Remarks
tE (2)" t 23 °C
i e of 116,32 ohms a
D.g. i::;::zicc:e of 120 ohms at 24 gc and ggg c/s
' %ﬁd\lctance 1.0002 H at 24 “C and c/s
4 S
Lo 7o M ]g.()J resistance 0.17 ohms
pial setting error of 1% possible

D.C. resistance of 0.02 ohms

R.F, coil
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TABLE # 14

Nomi Bridge Units, requency jin c¢/s

Tooanal | B es 200 800 1600 2000
lH new H 1.00 10004 1'016 l.024
1,756 uH Maxwell | uH -———— 1.89 1.92 1.82
R.F.coil| new MH 0.76 0.80 0.79 0.82
RoFoCOil M&xwell FH bl ok g 00 87 0.81 l 0082

A A

CONCLUSIONS.

Range:- Theory predicts and experiment tends to indicate
that using the apparatus listed and aiming for an accuracy of 0.1%
with normel operation, the range of the new bridge is 10 pH to 10 H
while the range of the Maxwell bridge is 10 mH to 1 H, keeping in
mind that the adjustment sensitivity of C; is nearly 1 part in 105
as shown in the tables. It is easier to measure large inductors
with the new bridge since it is easier to render the "error" term
negligible by corrective measures, and the product term W/Cz is
more readily variable over a greater range with less variation in
this error term. than the RoRz term in the Maxwell bridge.

For intermediate ranges the Mexwell bridge seems superior

in thet the error term is more likely to be smaller especially at

low frequencies and for high‘y/R ratios.

Error term adjustmentss- Both bridges require some

error term adjustments for changes in range settings. The error

+ of the new bridge has greeter flexibility in adjustments than

berm

the Maxwell though it rejuires more adjustment. Both the ry, and g3
e

£ the new bridge can be sltered readily by the inclusion of
terms O -

dded resistance in arm 5 in the first case and by the addition
an & |

£ a conductance in arm 3 in the second case. Unfortunately, gz
o



- 38 -

is frequency dependent being smallest at low frequencies. Hence

readjustment should be made if the frequency is changed.

of the two terms 22 and ¢, of the Maxwell, the second is

3
readily altered by the inclusion of extra capacitence. However,
the alteration of the first term introduces unwented extraneous
complications as shown in the text and is a practice to be avoided.
This complication is usually met at the upper range of the bridge.
The adjustment requirements for the new bridge error term
may vary from condenser to condenser even if of like capacitance.
Two different Cz's, each of 1.0 pF, gave two different correction
terms as shorn by the slopes of graphs # 1 and # 11. This is not
so likely to happen in the case of replacement resister units
used in the Maxwell bridge.
For both bridges the value of the error term x 102 is
the percentage error to be expected in the results due to imperfact

adjustments of slope. Experiment shows that without adjustments

the new bridge is inferior to the Mexwell except at higher frequen-

cies and lower L/R ratios. But, if adjustment of the error term

is made, it is easily accomplished, positively and negatively, with

the new bridge as mentioned above.

Sensitivity:- The sensitivity of the two bridges, as used,

rt in 10° as
is the seme in that a balance is detectable to + 1 part in a

shown in the tebles at higher frequencies, and further exemplified

in the graphs It has been shown, distinctly, that the residual
n .
h £ so-called non-reactive resistors are readily discernable
changes o -

though these are far smaller then the guaranteed accuracy (0.1%)
even thoug

£ the bridge components, and so the bridge sensitivity is con-
o e

sidered to be ample.
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The sensitivity of the new bridge is somewhat frequency

dependent (see equations of Appendix I) in that Z, and Zz are
frequency dependent whereas Rz and R3 in the Maxwell are not.
Generally speaking, for maximum sensitivity the four arm impedances
should be equal. This condition is reached with a rapidity
proportional to ‘2 in the new bridge and to w in Mexwell's bridge

as a study of 24/Z3 = Zp/Z; shows in these two cases.
Measurement of L's and C's:- Essentially, both bridges

measure L's in terms of C's more easily than C's in terms of L's.
This fact results from the unreliability of the effective resistence
of the variable self inductances with various dial settings.

If capacitances are to be measured, the best method would seem

to be by substitution in Y; in which case the unknown C is really

measured in terms of another capacitance.

Equipment:- The equipment for the new bridge is more

expensive than for the Maxwell bridge for similar use.

A refinement suggests a mutual inductor with one of its

L's equal to M so that the term L-M in arm #4 equals zero. Thus

the Z; arm is called upon to balance out the added L, only.

In the new bridge e knowledge of the exact value of the

L of the primary of the mutual is not necessary when measuring
an inductence since a zero reading can be made and then a differ-
ence value used to determine the unknown L.

D.C. in inductors. Om completing this thesis it was real-

ized that this new bridge seems to have marked adventages over other

bridges (Owen's and Hey's) in the measurement of inductors with super-
ri .

jmposed direct current. One is thet it seems easier to get accuracy

4th large sinductors; the other that heating troubles are less
“' S S

pbecause the direct current flows through circuits of much lower

resistance (the mutual inductor and the unknown),
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IX 11
APPEND

Following is & list of the apparatus used for experimental work.
Oollowlng 1is

INSTRUMENT MAKER
1. d Mutual Inductometer Cambridge Instrument Co., Ltd.
;:an gf§5175 (Campbell Patent) England

Range 0 - II,IOSﬂH

2. Self Inductance (Fixed) Cambridge Instrument Co., Ltd.
Type A No. L= 32721 England
1 Henry at 800 o/s

3. Self Inductance (Variable) Leeds & Northrup Co.,
No. 56629 Philadelphie, U.S.A.
Range 5.2 - 52 mH
Continuous

4, Variable Inductor Generel Radio Co.,

Type 107 Ser. No. 680 Cambridge, Mass., U.Cl.A.
Range 1.756 - 53 FH
5. Mica Condenser . H.W. Sulliven Ltd.,
Ser. No. 45229/1948 London
1.0 uF (Abs.)

(True 0.9995 MF) certificate

6. Mica Condenser H.W, Sullivan Ltd.,

Ser. No, 47471/1947 London
0.01 uF (Abs.)
(True 0.009997 uF) certificate

H.W. Sullivan Ltd.,

7. Mica Condensen London
on

Ser. No. 47472/1947

0.001 uF (Abs.)

(True 0,00100, uF) certificate
Nalder Bros. & COe.,

8. Plug Condenser London

No. 3663

1.11 MF in 0.001 mF steps

H. Tinsley & COe,

9. Standard Condenser (Mica) London, S.E.

No. 8893

L HE gambridge Instrument Co., Ltd-
10. Decade Condenser . of 24 MpF) England

. L-31571 (zero c&pP
?0111‘;11? in 0.001 MF steps | madio Co
* Genera )
F . S A
. 2 denser 1500 Pp C&Jﬂbrldge, Mass., UeSehe
11. Precision con
Sere No.

Type 222 o1
Renge 48 - 14 1({312:337. s 60 )1)1?)

(continuous .
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APPENDIX II (concluded)

INSTRUMENT

12. Dual pial Non-Reactive Resistance

Ser. No. 1146/1947 0.1% grade

111,110 ohms in 1.0 ohnm steps
or 11,111.0 ohms in 0.1 ohnp steps
or 1,111.10 ohms in 0,01 ohpy steps
or 111,110 ohms in 0,001 ohm.steps

13. Non-Reactive Resistange

14,

15,

16,

17.

18,

19,

20,

Ser. No. 1138/1947 0.1% grade
11,111.10 ohms in 0«01 ohm steps

Decade Resistence

Type A-25-N No, 140904
11,111.0 ohms in 0.1 ohm steps
Decade Resistance (6 dial)

Ser. No., 374332

11,111.10 ohmg in 0,01 ohm steps

Audio Oscillator
Model 200-T

Range 5,9 - 6,300 q/s
(Continuous)

Audio Oscillator

Mod. 79 D ger. 2217A
Range 25 - 15,000 c/s
(COntinuous)

1000 ¢/s Vacuum-Tube Fork
Type No. 723-A Ser. No. 171

Amplifier & Null Detector
Type No. 1231-B ser. No. 375

Wheatstone Bridge
No. 294690

Dial and Ratio arm range of
108 to0 105 ohms

MAKER

HQW} SUllivan Ltdo,
London

HaW. Sulliven Ltd.,
London

Muirheaq & Co. Ltd.

Le&ds & Northrup co.,
Philadelphia, U.S.A.

Hewlett Packard
California, U.S.A.

The Clough-Brengle Co.,
Chicago, U.S.A,

General Radio Co.,
Cambridge, Mass., U.S.A,

General Radio Co.,
Cambr‘idge, M&SS-, U.S.A.

Leeds & Northrup Co.,
Phil&delphia, UOSOA.

s~ S itive galvanometer, batter s
111 aratus such as:- Sensiti r, ‘
ggzzé:a;nggzance boxes, decade capacitance boxes, shielding

transformers, thermometer, plug-in unit capacitors, plug-in
3

unit resistors.

hid

Text references are shown as (



1.

2,

6.

Hegue, B,

Sullivan Ltd.

Generel Radio
Company

Owen, David

Steinmetz, ¢.p,

Campbell, A,
and Childs,E,cC.
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