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ABBREVIATIONS, SYMBOLS and UNITS 

The following are used throughout the text: 
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em . ::: 

alternating current 
cycle per second 
kilocycle per second 
resistance 
capacitance 
reactance 
frequency in cycle s per second 
27rf 

impedance 
microfarad 
picofarad ::: 

double silk covered 
standard wire gauge 
root-mean-square 
electrostatic unit 
volt 
General Radio 
cell constant 
demal ::: gram equivalent per cubic decimetre 
normal 
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I N T ROD U C T ION 

REVIEW 

The measurement of the conductivities of electrolytes 

has been the subject of much research during the past 

ninety years. With the introduction of alternating 

currents in the Wheatstone Bridge Network, the first step 

was taken by Kohlrausch, Wien and others towards increasing 

the accuracy of measurements by minimising errors due to 

polarisation. Subsequent research lay in: 

(a) Improving the source of the a.c. 

For an a.c. conductance bridge, the two conditions of 

balance may be shown to be functions of the frequency of 

the current applied to the network (see Section 1.1). 

Hence good balance in an accurate bridge (i.e. silence in 

the telephone - if the latter is used as null detector) can 

only be achieved if the source of current is chosen to have 

a steady frequency and a wave-form which is as nearly sinu-

soidal as possible. Now the induction coil ~ first used 

by Kohlrausch (1) - clearly does not satisfy these require-

ments. It produces a current of somewhat irregular wave-

form, which may be separated analytically into the sum of a 

number of sine waves of different frequencies. With such 

a source, the balance point is characterised by a poor 

minimum since, when the bridge is balanced for one frequency 

it is out of balance for another. As soon as this became 
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recognised, a series of papers were published which report­

ed investigations of the various sources of a.c. available, 

with a view to finding one with the desired characteristics. 

In 1913 Washburn and Bell (2) replaced the induction coil 

with a type of rotary generator; Taylor and Curtis (3) were 

led to the use of a Vreeland oscillator. In 1916, Taylor 

and Acree (4) studied the wave-forms of the induction coil, 

the 60 cycle mains supply, a rotary generator and a Vree­

land oscillator. They concluded that the Vreeland 

oscillator was the best available, but Morgan and Lammert 

(5) found it unreliable. Meanwhile, Hall and Adams (6) 

had introduced the vacuum-tube oscillator to the field of 

conductance measurements. Later workers e.g. Ulich (7), 

Woolcock and Murray-Rust (8), Jones and Josephs (9), re­

cognising its many advantages, also adopted it as a source 

of a.c. When properly designed and constructed, it con-

forms to the requirements of a good source; in addition, 

its frequency and output voltage are readily variable. 

Continued developments in electronics have made the vacuum­

tube oscillator vastly super i or to all other sources for 

accurate measurements. 

(b) Increasing the sensitivity of the null detector 

One of the factors determining the accuracy with which 

the bridge can be balanced is the sensitivity of the null 

point detector. The early work of Kohlrausch and others 
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established the use of the telephone as the detecting in~ 

strument. Viien effected an improvement in its sensitivity 

by designing an "optical telephone" which may be regarded 

as the forerunner of the vibration galvanometer. It was 

simply a magnetic telephone , of which the diaphragm could 

be tuned to be in resonance with the a.c. flowing in the 

telephone windings. In this way, the amplitude of motion 

was greatly magnified and was observed by reflecting a beam 

of light from a mirror operated by the moving diaphragm. 

Washburn and Bell (2) used a telephone tuned to the 

frequency of the a.c. source. Subsequent improvements, 

however, kept pace with those to the oscillator. Hall and 

Adams (6) considerably increased the sensitivity by adding 

a thermionic amplifier. This method has also been applied 

to improve the sensitivity of the various types of visual 

indicators now in use. Of these, the cathode~ray oscillo~ 

scope appears to have gained most favour. Its use as a 

phase~discriminating null detector was first described in 

1938 by Lamson (10). Thus, resistive and reactive com~ 

ponents can be balanced separately if the a.c. source is 

fed to the X plates in correct phase, and the voltage from 

the detector terminals (suitably amplified) is applied to 

the Y plates. At balance, a horizontal line is observed 

on the screen; resistive unbalance tilts this line through 

an angle while reactive unbalance converts the line to an 
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ellipse. Jones, Mysels and Juda (11) included this method 

of detection in a precision conductance bridge and claim to 

have attained a precision of 0 .0005% with it. Less popular 

are the "magic eye" tube described by Ulrey (12), 

Breazeale (13), Garman (14) and Koehler (15), and the a.c. 

galvanometer referred to by Quirk and Hall (16). Although 

the latter can be made phase selective, the instrument is 

subject, at maximum sensitivity, to transient disturbances 

which are annoying, as time is required for the galvanometer 

to return to its original state. 

Modern conductance bridges almost invariably include 

visual indicating devices. Since the observations are 

visual, they are les s nerve-racking and the bridge can be 

balanced even in noisy surroundings. Another advantage is 

that measurements may be carried out using supersonic 

frequencies. 

(c) Reducing errors inherent in the design of the bridge 

The design and construction of precision conductance 

bridges was initiated by Jone s and Josephs (9) in 1928, 

after they had subjected the conventional Kohlrausch method 

of measurement to an exhaustive examination. Various 

factors affecting the accuracy of measurements were in­

vestigated, and the conditions under which errors may 

become more significant were clearly defined. For in­

stance, they pointe d out that the general condition of 
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balance: 2124 = 2223 (see Section 1.1) is only true if no 

current escapes from the bridge arms. Since there are 

capacitances from each point of the bridge to earth, current 

may fiow away through these, and inequalities of capacitances 

on opposite sides of the bridge will cause errors in setting 

and probably make zero sound at balance unattainable. This 

at once threw suspicion on bridges with unequal ratio arms. 

A particularly troublesome capacity is that between the 

telephone coils and the head of the observer, which allows 

current to flow through the phones via this capacity to 

ground - to which the oscillator and other parts of the 

bridge are linked capacitatively, even when the bridge is 

in balance. Taylor and Curtis (3) had observed that these 

effects could be lessened by putting a high resistance 

shunt across the oscillator leads and earthing the centre 

point of this. Jones and Josephs found that the setting 

of their bridge depended on the setting of a reversing 

switch in the oscillator leads, and, having ' traced the error 

to inequality in the capacitances to earth from these leads, 

designed the grounding circuit shown in Fig. 1. This is 

a,ctually a Wagner earthing device (i 7). In use, the bridge 

was first balanced in the usual manner with r3 and C3 , and 

then the lower end of the phone was grounded by means of the 

switch Sl' This, in effect, completed a new bridge circuit 

consisting of r l , r 2 , r
5

, r6 and Cg • This bridge was 

balanced by adjusting the tap g (i.e. adjusting the ratio 
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FIG. I .YONES BRIDGE WITH 

WAGNER EARTH CIRCUIT 
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r 5/r6) and Cg , the latter being put across either r5 or r6' 

as necessary, by S2' The main bridge was then again 

balanced, then the ground bridge, and so on alternately 

until the bridge was balanced for both positions of the 

switch Sl' Now Band D were at the same potential, which, 

since g is grounded, is zero . Hence no current could go 

from B or D to ground, Jones and Josephs, while verifying 

experimentally that the grounding device introduced no 

er ror, did not give the underlying theory. 

After an examination of the effects produced by an 

earthed metal plate in various parts of the bridge, Jones 

and Josephs concluded that shielding of the bridge caused 

more error than it cured, and so built an unshielded bridge . 

Shielding had been in general use in radio-frequency 

measuring technique before this, however, and its theory had 

been developed by Campbell and others (18, 19); it had been 

shown that a grounded shield introduced no error in a 

properly grounded bridge, and it appears that their summary 

rejection of shielding in the conductance bridge was based 

on false conclusions. 

As they were building an unshielded bridge, the question 

arose as to whether or not the thermostat should be grounded. 

A conductance cell immersed in water which is .grounded is 

quite effectively shielded, and, after a series of experi­

ments, they recommended that oil should be used in place of 

. 
___ _ _ _ .-iII 
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water in the vessel. It did not appear to matter then 

whether the container was grounded or not. In addition 

to the grounding effect of a water thermostat, they 

suggested the presence of errors due to eddy-currents in 

the water and a shunt-path through the wall of the cell 

near one electrode, through the water in the thermostat, 

and back through the cell wall near the other electrode. 

Even in a grounded bridge there would be a possibility of 

error arising from these causes, and oil is therefore used 

in all precision measurements. 

The condensers used for C
3 

next came under scrutiny, 

and three points were raised. Firstly, losses in the di-

electric have the effect of a resistance in series with the 

condenser. A good air-dielectric condenser should be 

practically loss-free at 3 kc/s, provided that the support-

ing insulators are good. Secondly, there is a parallel 

leak-resistance from one set of plates along the surface of 

and through the supporting insulators to the other set of 

plates. This shunts r
3

, and may affect its value within 

the limit of accuracy aimed at. This leak is unfortunate­

ly, variable - depending on the temperature of the air and 

its humidity. It may be measured approximately, however, 

preferably on a damp day, and if its value exceeds 105r3 

it will not affect the readings within 0 . 001%. It may be 

minimised by coating ~he insulators with paraffin wax. 

---
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The leak cannot be eliminated completely, however, and so 

sets an upper limit to the resistances which may be measured 

with a bridge. Thirdly, Jones and Josephs drew attention 

to the factor (1 -w2c~r~) in eqn. 1 (see Section 1.1) 

which had been ignored by previous workers. It had been 

argued that the cell is a resistance in parallel with a 

capacitance - it is a well-known fact in a.c. theory that 

any condenser and resistance in series may be replaced by 

an equivalent pair in parallel - and that C
3 

out the capacitance, leaving r3 equal to the 

would balance 

resistance. 

This reasoning does not hold, because the values of the 

equivalent capacitance and resistance are not equal to those 

of the parallel combination; in any case, it is the equiv-

alent series resistance which is required for the Jones-

Christian polarisation correction (see p. 18), and so the 

factor must be used whenever that correction is to be 

applied. 

The only remaining portion of the circuit - the 

resistances - caused Jones and Josephs more trouble than 

the rest of the circuit together. Those available showed 

errors depending on the frequency of anything up to 0.02% 

at 2400 cis for special boxes, and much greater errors for 

ordinary boxes. They traced these errors to several 

causes, of which the two most important aret 
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(i) Losses due to the dielectric between the bind-

ing posts on which the resistance is mounted, due to 

leakage along the surface, actual loss in the di­

electric and the capacitative shunt between the two 

terminals. They recommended, apparently on empiri-

cal grounds, that the distance between two binding 

posts carrying a resistance R between them should be 
l 

at least 0.04R2 cm., in order to minimise these 

errors. 

(ii) Appended coils which are not in use have a 

capacity to those which are, and withdraw energy 

from the bridge on each cycle in the form of charging 

current. This error was found to be of importance 

only in coils of 10,000 ohms or more each, and they 

recommended that coils of this value should be mount-

ed so that only those actually in use have any 

connection with the bridge. 

Other causes of error were residual inductance in and cap-

acitance between individual coils in the resistance boxes, 

variable contact resistances, and losses in the cotton and 

silk insulation round the wires used to connect the various 

units in the boxes. Jones and Josephs designed and built 

new resistance boxes to their own specifications, and 

described a bridge incorporating all the above points, which 

was probablr the most accurate bridge in existence at the 

time. 
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In 1930 Shedlovsky (20) set out the - theory of the 

effect of earth capacity on a shielded conductor. Appli-

cation of the theory to the bridge network made it possible 

to explain the effects of various methods of grounding the 

bridge, and particularly, the method of action of the 

Wagner Earth. Subsequently; Shedlovsky designed a shield-

ed bridge embodying his developments. It is of interest 

to note that he sets the condition that the shielding of the 

j. h t measuring resistances shall not be closer than 22 lnc es a 

any point. He states: "this spacing proved to be suffi-

cient by actual test to make the effect of screen capacity 

on the resistance negligible ." The ratio arms may, how-

ever, be shielded closely provided that they are shielded 

symmetrically. Slight inequalities in the impedance of the 

arms may in any case be allowed for by reversing them and 

taking the mean (geometric) of the two results. 

An interesting point in Shedlovsky 's bridge is his use 

of a balanced oscillator. This is more stable than the 

normal single-ended type, and has the advantage that the 

capacitances from the output leads to earth may be made near-

ly equal. In spite of this feature, howeverj this type of 

oscillator does not appear to have been much favoured by 

later workers, who prefer to couple unsymmetrical oscillators 

up to the bridge by way of doubly-shielded transformers. 

It will be seen from Fig. 1 that it is not possible to 
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have one terminal of the detector grounded permanently in 

that type of bridge, because it must be possible to 

connect the detector across the bridge proper without 

grounding any point of it. Vacuum- tube amplifiers, how-

ever, particularly of the high-gain type , are troublesome 

to operate in the ungrounded condition, being liable to 

pick up hum from a.c . supply lines in the vicinity. In 

order to use a grounded high-gain amplifier in the bridge, 

it is customary therefore to balance the Wagner Earth 

against r l and r 2 by connecting the amplifier input to B, 

and then to balance arms 3 and 4 against Wagner Earth by 

switching the grid side of the amplifier input to D, leaving 

the other input terminal grounded all the time. This 

process, known as "separate terminal balancing", was in-

troduced by Astin (21) on a capacity bridge of the Schering 

type, and suggested for conductance bridges bv Luder (22). 

It has the disadvantage that the setting of the Wagner 

Earth must be as precise as that of the bridge proper, but 

this ' is soon overcome by experience, and is far outweighed 

by the S.ensi ti vi ty of a silent, high-gain amplifier. 

Further developments in the design of high-precision 

bridges were those made by Luder (loc. cit.). He describes 

a bridge incorporating a 10,000 ohm-per-step decade with 

knife switches. Thus, only those resistances required 

can be switched in while all the others in the decade are 
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left out of the circuit completely. Important points 

from his paper are the suggestion that the oscillator should 

be supplied from a voltage-stabilised power supply run off 

the a.c. mains, and the amplifier from batteries. If both 

are fed from the mains or from the same batteries, trouble 

is encountered from a note fed from the oscillator into the 

supply and thence to the plate of the first amplifier tube. 

High-gain amplifiers run from a.c. supply are also very 

likely to develop hum and pick up noises f rom electrical 

machinery in the neighbourhood. Hence it is better to 

run the amplifier off batteries and the oscillator from the 

mains than vice versa. 

It may be mentioned that precision conductance bridges, 

incorporating the improvements introduced by Jones and 

Josephs, Shedlovsky and Luder, were designed and constructed 

at this University - and for the first time in South Africa -

by Gledhill (23) in 1942 and later by Goddard and Faure 

(24, 25), 

(d) Decreasing errors associated with the design of the 

conductance cell 

In 1916, Washburn (26) derived equations for the design 

characteristics of the conductance cellon the assumption 

that heating of the cell by the current passing and the 

sensitivity of the telephones were limiting factors deter­

mining the accuracy. A series of cells of the pipette 
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type was then designed. These were soon recognised as be-

ing both convenient and reliable in use, and were employed 

practically exclusively for accurate work after that time. 

Although Washburn ' s equations have now fallen into disuse -

the heating effects and the sensitivity being no longer the 

limiting factors - his efforts may be regarded as the first 

attempt towards the really scientific design of cells. 

Prior to this, it was customary to use cells of either the 

Ostwald or Kohlrausch type with the electrode area and 

spacing such as , simple calculation and experience showed, 

would give a resistance of 50 to 1000 ohms when filled with 

the liquid in question . 

In the course of measurements on solutions of potassium 

chloride and hydrochloric acid , Parker (27) observed that 

determinations with different cells led to somewhat different 

conductance values. In 1923, therefore, he published two 

papers in which he r eported that the "cell constant " was 

not constant, but that it depended in a compJ'ica ted manner 

on the nature and. concentration of the measured solution. 

He ascribed this apparent variation to polarisation and to 

adsorption , as also did Randall and Scott (28) who made a 

thorough investigation of the effect. Shedlovsky (29), who 

made similar observat i ons, discounted adsorption as a 

possible cause but r eported that " measurements with 

bright Pt electrodes showed fluctuations of a nature suggest-

ing variable polarisation effects ' '. It was not until 
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Jones and Bollinger (30) published their third paper of the 

series on the measurement of the conductance of electrolytes, 

however, that a satisfactory explanation was advanced. 

They tracked down the variation which they called the 

"Parker effect ", to a capacitance by-pass through the 

leads of cells of the Washburn type. (In spection of cells 

with dipping electrodes show that a similar effect is 

present). Subs~quently, they proceeded to design cells 

in which the Parker effect was minimised bv separating the 

lead tubes as much as possible. See Figs. 2(a), (b), (c). 

Other methods for the elimination of the Parker effect 

have also been successfull y devised. Amongst these may be 

mentioned the cell designed by Thomas and Gledhill (23). 

Here, thin lead wi r es run do.m two relatively wide lead 

tubes, Which are well separated. Thus, a column of air 

serves to insulate the lead tubes from the outside liquid . 

(See Section 2.21) . Nichol and Fuoss (31) and Brody and 

Fuoss (32) have constructed cells - especially for use with 

dilute non-aqueous solutions , and which represent a depart­

ure from conventional cell design - in which the Parker 

effect becomes evident only at ~ery high values of the cel l 

r esistance (see Section 2.21). 

(e) Studies of electrolytic polarisation phenomena 

Up to the time of Kohlrausch, conduc t ance measurements 

had been hampered by the fact that the passage of direct 
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Flfr • .;),(a.) Pa.TkH E ffut in FIG. ~(I.) Pa:rke.r Effect 

\.!ASHBURN CELL \LItH DIPPING- ELECTRODES 

F=' I 6:. ~ (c) TONES CELL 
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current through the cell (with two electrodes, usually of 

platinum) caused electrolytic action at the electrodes, 

i.e, the formation of gas films on the electrode surfaces, 

and concentration changes in the vicinity of the electrode s 

due to transport phenomena (see Section 2.1). Hence 

results were obtained, which were hardly reproducible. 

Considerable improvement in accuracy was only made possible 

when, with t he introduction of D..c., these polarisati6n 

effects were reduced. Kohlrausch maintained, however, tha t 

with the use of such a current the cell no longer behaved 

like a pure resistance. He be l ieved that, with inert Pt 

electrodes, hydrogen and oxygen are deposited on the 

electrodes alter nately in every cycle - the e lectrolysis 

being strictly reversible chemically and thermodynamically. 

This reversible transformation of 21ec tric ~1 energy into 

chemical energy would then be electrically equivalent to an 

electrosta'tic condenser, whose capacitance (designated as 

C ) is in series with the resistanc e of the electrolyte. s 
Cs is referred to as the polarisation capacitance. 

The inclusion of a condenser in parallel with the resist ­

ance in the me a suring arm of the bridge - suggested by 

Kohlrausch to compensate for Cs and thus to improve the 

minimum at balance - did not, however, m::.ke for r e producible 

results. Consistent values could be obtained only when the 

electrodes were II platinised" i.e. giving them a thin 
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coat of platinum blackl other helpful factors were: increas~ 

ing the frequency of the a . c. to 1 kc/s or more and design­

ing the cell so that the resistance to be measured coul.d be 

100 ohms or more . 

In 1896, Wien (33) observed -whilst experimenting with 

Ni , Ag and bright Pt electrodes - that a . c . electrolysis 

gave rise to a resistance increase (6R) over the " true" 

r esistance (Rt ) of the cell i.e . the resistance calculated 

from the cell dimensions and the conductance of the electro-· 

lyte. The use of the compensating condenser was found to 

be ineffective against this polarisation resistance, 6R. 

It was then suggested by Wien that 6R might be the result 

of incomplete reversiblity of the electrode processes. 

Continued investigations by Wien showed 6R to be independ­

ent of frequency in the range 64 to 25'6 c / s, while C was , s 

almost independent of frequency although a slight decrease 

with frequency had been noted. 

Wien's researches were followed up by Warburg (34) who, 

in 1899, publi shed a paper in Ivhich he put forward the i Ci.ea 

that diffusion was responsible for the incomplete reversi -

bility of the electrode reactions. By applying Fick's Law 

of Diffusion, he concluded that polarisation causes a cap­

acitance in series with the resistance of the cell and that 
.1 

this capacitance (C ) varies indirectly with f4, and also 
s 

that there is a phase displacement of 45'° at the electrodes. 
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Now, it can be easily deduced from the diagram below that 

since 'l' = 45°. 

tan,+, = 6RC '-'-' = 1 s 

~'- -'-" ~-±-1\I'" y 6R - .. 
I X __ 

. I 

.~~ 
1 

w ·C s 

Note: a = phase displacement across complete cell 
Y = phase displacement across the electrodes 
~ = complement of Y and it, therefore, represents 

the change in phase displacement across the 

electrodes due to the irreversibility of the 
electrode processes. 

Warburg's theory was then extended to show that, if f = 45° 
.1 

and Cs is inversely propo~tional to f2, 6R must also be in-

versely proportional to f2. Experiments with Hg and Ag 

electrodes indicated that these relationships were valid as 

rough approximations . 

A paper which aroused considerable interest was pre-

sented by Jones and Christian (35) in 1935. In it, they 

reviewed the foregoing theories of Kohlrausch , Wien and 

Warburg, and proceeded to report on their measUrement~ of 

the conductance of electrolytes - particular attention 

being paid to galvanic polarisation effects . A most in-
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geniouscell was used, based on a design by Eiller (J6). 

The lat t er, in a new experimental attack on the problem of 

polarisation studies, had devised a cell with movable 

e l ectrodes, but the data he obtained were lacking in pre-

cision. Jones and Christian improved on the design and 

construction so that the spacing between the electrodes 

could be accurately measured and the area of cross-section 

was uniform. By moving the electrodes a distance d and 

subtracting the readings at either end, the resistance of 

a length d of electrolyte of known cross-section could be 

found, and hence Rtwas calculated, assuming that the differ­

ence behoreen the polarisa t i on effects for the two sets of 

readings was negligible. The data which they obta ined 

gave I 'definite evidence that polari sation causes a positive 

resistance which is not l ocated in the body of the solution 

but is one aspect of the phenomena which occur at the 

electrodes". They also concluded that I I polarisation 

resistance is inversely proportional to the square root of 

the frequency 'I and that' 'polar i sat i on causes a capacitance 

in series with the resistance which decreases with increasin g 

fre quency' , • Two interesting mathematical expressions were 

then derived, based on the above results: 

(i) = = ~ + 6R ax 

where R = equivalent series resistance 
s 

a = ~rea of crogs~section Of electrode, 

~ = specific conductance of electrolyte 
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Hence , a plot of Rs values at any frequency , against 

corresponding d values should give a straight line with the 

value of 6R given by the intercept on the R axis. 

(ii ) R s = + 6R 

where k is a constant . 

= d + 
aJ< 

1 

Hence , a plot of Rs values for any ~, against 1/ f2 should 

gi ve a st r aight line whose intercept on the R axis would be 

Ex~opt fo r.a small positive curvature observed when 
1 

Rs values were plotted aga i nst 1/f2 , Jones and Christian 

f ound the experimental points to lie approximately on a 

straight line. (It may be added that the solutions in-

vestigated han r esistances which varied between 50 and 

2000 ohms , whilst the frequency ranged from 50 to 4000 cis), 

Hence they recommended that Rs should be measured at a 

se r ies of frequencies (they suggested three frequencies) 
. 1 

and plotted against 1/f2 , and extrapolation to i nfinite 

frequency would yield Rt ' This has, therefore , been 

standard practice since 1935. 

Nichol and Fuoss (31) , in their measurements on dilute 

non-aqueous solutions, have found that " when the resistance 

i s of the order of 104 ohms, the curvature becomes extremely 
1 

pronounced and linear extrapolation on an R - f2 scale 

becomes impossible", These workers state , however , that 



t heir data can be repr esented by the quadratic equation 

_ .1 

= + af 2 + 

20 

Thus , when the coefficients a and b have been evaluated , 

Rt can be calculated directly from the above equation . 

I t wi ll be seen that this equation reduces to 

_.1 

= + af 2 

_ .1 

i f b = 0 , i. e . the higher terms in f 2 being negligible . 

Thi s is found to be so for aqueous solutions whic h do not 

have very hi gh resistances ; in such cases , then, the 

linear extrapolation recommended by Jones and Christian 

is applicable . 

Investigations carried out at this University 

(see p . 21) have shown that , in certain instances , l i near 
_.1 

extrapolation is only possible with R - f 4 plots , while , 

i n other cases , approximat 01y strai ght l i nes are obtained 
-1 on R - f plots. This strongly suggests that, unde r 

ce r tain conditions (see unde r Section 2 . 6 ), bot h a 
_.1 

and b 

become equal to zer.o, and a lovler te r m in f 2 must be 
_.1 

i n t roduced ; whilst , sometimes, a = 0 , making the term f 2 

neglig i ble . 
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PURPOSE OF PRESENT R~SEARCH 

Conductance r esearch pursued at this University has 

been greatly facilitated by the construction of precision 

conductance bridges by Gledhill (23) , . and by Goddard and 

A. Faure (24 , 25) . Coupled with improvements effected in 

cell design and in the methods of temperature control, it 

has been fOlmd possible to measure with gr eat accuracy the 

solubilities of sparingly soluble salts, the resistance of 

ultra-pure water, and the conductances of dilute potassium 

chloride solutions, an~ of mixed electrolytes . 

However , a r1.isturbing feature of the measurements 

noted by P,K . Faure (37) , Goddard (24) , A. Faure (25) and 

Taylor (38) , amongst others , is th~t the true resistance 

cannot always be reliably deduced by the Jones and 

Christian extrapolation procedure , due to a marked devi ation 

from linearity . Thi s "laS found to be particularly so Vii th 

the use of bright Pt electrodes and when the resistance 

measured is below 100 ohms . 

Further investigation into the problem is, therefore , 

necessary and the present research was undertaken with these 

aims in mind: 

(i) to construct a bridge capable of giving accurate read­

ings of resistance and capacitance over a wide range of 

frequencies , and thereby 

(ii) to develop a satisfactory theory to account for the 

variation of electrolyte resistance with frequency . 
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CON S T Rue T ION 

o F 

THE CON Due TAN C E B RID G E 



23 

1.1 THE DOUBLE-HETERODYNE - PRINCIPLE 

As has already been mentioned, one of the fac,tors 

influencing the accuracy of measurements with ~"n u,c, 'ilhe::t-

stone Bridge Network is the frequency of the current applied 

to the bridge. The reason for this becomes obvious on 

analysing the circuit, and hence examining the conditions 

for balance. 

Although the exact equivalent circuit of the conduct­

ance cell is not known, it is generally assumed that the 

cell can be represented by a resistance (i.e. the true 

resistance of the electrolyte) and a capacitance, Cs ' in 

series with it. On this basis, the circuit of the net-

work is as shown in Fig. 3 (a). 

The general condition for balance is obtained by 

applying the vector Ohm's Law, and is 

Now, = Z2 (approximately) 

At balance, therefore 

But, inspection-of the circuit shows that the expression 

for Z~ is complex. However, the solution may be Simplified 

by imagining Z~ to consist of an impedance Z~l with a 
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capacitance C4 connected in parallel and, similarly, imagine 

23 to consist of 23' with C4 in parallel. The network is 

thus transformed to the circuit shown in Fig. 3 (b). The 

complex impedances of 23 and 24 may then be written re­

spectively as 

= 

and = 
1 

1 ' 2' / 4 

+ 

+ 

Since 23= 24 at balance, it is obvious from the above 

equations that 23' = 24', and that the solution of this 

equation will give the conditions for balance of the bridge. 

Now let, C3 
C4 = C 

The complex impedances of 23 
, and 24' will be respectively, 

1/23 ' = 1/R3 
+ jWC 

R3 'WCR2 
or 23 

, = J 3 

+ J-C2R2 w.2C2R~ 1 1 + 3 

and . 24 I = R4 ....L 
t ~J C 

S 

On equating the resistive components, we get, 

= 
1 

R 
. 3 

Equating the reactive components, we have 

1 = 
1 



.' 

F/Cr.3(0.) SIMPLIFIED BRID0£ CIRCUIT 

~----~-~----~ 

FIG • .3 (h) EQUIVALENT C/R(U/T 
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Using the binomial theorem to clear of fractions and ignoring 

the higher powers of ,.JC2R~ in comparison with 1 gives for 

the final equations of balance 

= R3 (1 - W2C2R~) ••••••••••••• (1) 

and = ( -2 -2 -2 ( ) C 1 - (,,) C R3 ) •••••••••••• 2 

Since tw occurs in both equations, we may conclude 

that good balance of the bridge depends on the frequency. 

Although the vacuum-tube oscillator is capable of gen-

erating current having an excellent wave-form and good 

frequency stability, it is difficult to design one which 

will meet with these requirements over a r ange of frequencies, 

such as that in which measurements in the present research 

were contemplated i.e. over a r ange of 75 to 100 kC/s. 

Now Baker (39), it had been noted, successfully con­

structed a bridge -based on the double-heterodyne principle -

for measuring dielectric constants over a wide range of 

frequencies. It was suggested to the author, therefore, 

that this method could equally well be adapted and applied 

to the construction of a wide-frequency range conductance 

bridge. The principle, as i ncorporated in the present 

bridge assembly, is clearly illustrated in the block diagram 

shown in Fig. 4. 

The beat-frequency oscillator (consisting of a fixed-

frequency oscillator, a variable-frequency oscillator, the 

first mixer and a low-pass filter), together with the 
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bridge-input amplifier, constitutes the a.c. generator; 

while the detector comprises the bridge-output amplifier, 

the second mixer, the crystal filter with its amplifier and 

the cathode~ray oscilloscope. Here, the output from the 

variable-frequency oscillator is heterodyned with the bridge 

output in the second mixer to produce a constant difference­

frequency i.e. 100 kc/s. 

The above arrangement offers several advantages: 

(a) Although the frequency applied to the bridge can be 

varied at will, only a constant f requency is detected 

when balancing the bridge. A highly selective detect-

or tuned to this frequency can, therefore, be designed, 

and the presence of harmonics in the input to the bridge 

is thereby nullified. Thus accurate balance is possible 

at all frequencies - despite the fact that the current 

applied may not be a pure sine wave throughout the whole 

frequency range - since the crystal filter, if well 

designed, will only transmit a pure 100 kc/S signal 

which is detected. 

(b) A wide range of frequencies is obtainable by a simple 

adjustment of the tuning condenser in the variable­

frequency oscillator. 

(c) The combination of generator and detector in one 

apparatus makes for a compact assembly. 
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FIG. 5 CIRCUIT OF FIXED-FREQUENCY OSCILLATOR 

Rl ::: 500K ohms Cl 
::: 100 pF 

R2 ::: 47K ohms C2 
::: O.lFF 

R3 ::: 10K ohms C
3 

::: 50 pF + padding cap. 

R4 ::: 10K ohms C4 
::: O.lp,'F 

R5 ::: 'lOOK ohms C
5 

::: 40 pF 

R6 ::: 20K ohms C6 
::: 500 pF 

R7 ::: 50 OK ohms C
7 

::: 40 pF 

~8 ::: 20K ohms C8 
::: 500 pF 

PI ::: 100 kC/S Crystal Ll ::: 5 millihenries 

------------------------

FIG. 6 CIRCUIT OF VARIABLE-FREQUENCY OSCILLATOR 

R9 ::: 160 ohms C
9 

::: 1400 pF 

RIO ::: 10K ohms CIO 
::: 100 pF 

Rll ::: 20K ohms Cll ::: 100 pF 

R12 ::: 20K ohms C12 
::: 100 pF + padding C9.p .. 

C13 
::: 5000 pF 

L2 ::: 3.3 millihenries C14 
::: 1000 pF 

L3 ::: R.F. choke C15 
::: 0 .1 ! "F 

C16 
::: 40 pF 

S ::: S,P.D.T. switch C17 
::: 250 pF 

C18 
::: 40 pF 

C19 
::: 250 pF 
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1.2 DESIGN CHARACTERISTICS AND CIRCUIT DATA 

1.21 THE BEAT-FREQUENCY OSCILLATOR 

The output f rom a 100 kc/s crystal-controlled oscillator 

was heterodyned with that from a variable-frequency 

oscillator operating from about 100 kc/s to about 200 kC/S. 

The mixer output was then fed into a low-pass filter, which 

had been suitably designed to pass a range of frequencies 

covering the best part of 100 kC/S. 

1.211 THE FIXED-FREQUENCY OSCILLATOR (See Fig; 5) 

Excellent f requency stability is obtained with a crystal 

as the frequency-controlling component. Fig. 5 shows a 

simple tuned-grid tuned-plate circuit with the quartz crystal, 

PI' supplying the grid-tuned circuit. The condition for 

oscillation is obtained when the reactance in the plate cir­

cuit is induct ive at the crystal resonance i~e. at 100 kC/S. 

Thus was achieved by tuning the plate re sonant ci rcuit - with 

the aid of the trimmer condenser C
3 

- to a frequency slightly 

higher than 100 kc/s. 

The wave-form of the output was, at first, found to be 

slightly distorted: this was traced to the l arge amplitude 

of oscillation dri ving the grid positive. Insertion of the 

grid-limiting resistance R2 remedied this. 

The trimmer condensers Cl and C
3 

are located at the 

front end of the chassis and are easily adjustable with a 
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screw-driver which can be inserted through small openings in 

the front panel. Variation of the former condenser serves 

to bring the frequency into alignment with that of the crystal 

filter circuit. (See bandwidth measurement: p. 39)' 

The output was fed to the 1st mixer through a cathode­

follower which, as buffer amplifier, isolates the crystal 

oscillator from the variable-frequency oscillator so that 

cross-coupling through the mixer is negligible. Since the 

6SL7 is a twin-triode valve, half of it was used as the buffer 

tube. A separate cathode-follower (using a 6J5) has been 

added to feed the horizontal amplifier (see p. ~4). 

The oscillator is shielded from external fields by means 

of a copper box (containing separate compartments for the 

tube and crystal) which may be seen on the right-hand side 

of Plate 1. 

1.212 THE VARIABLE-FREQUENCY OSCILLATOR (See Fig. 6) 

The circuit is of the well-known Hartley type wherein 

enough positive feed-back to sustain oscillations is obtain­

ed by tapping a coil, which forms part of the grid tank-

circuit. It was essential to ground the rotor plates of the 

tuning condensers (C
9 

and CI1 ) to prevent the effect of hand­

capacity on the frequency. 

The resonant circuit was designed as follows: 

(i) The Coil: L2 

The former, on which the coil was wound, was taken from 



29 

, , 
an old radio-frequency choke, is 2 long and has a core 

.1 I i 
diameter of 2 • To reduc e self-capacitance, 660 turns of 

of No. 32 D.S.C. copper wire were wound onto six pie-sections, 

each section consisting of 110 turns. The number of turns 

and the tapping point were determined by experiment to give 

the desired range of frequencies, with a reasonably pure 

wave-form throughout. After impregnatir,g wi th wax, the 

coil was firmly bolted to the chassis and shielded with an 

aluminium can. The can may be seen on the left-hand side 

of Plate 1. 

(ii) The Tuning Condensers 

A range of frequencies from about 95 kc/s to about 

205 kc/s is generated by varying C
9

, which is an ordinary 

radio condenser. It was desired to take readings more 

closely spaced at the low frequencies - consequently, CII 
was included to enable precise set t ings of difference-

frequencies up to about 3.5 kC/s. Each condenser can be 

switched into the resonant circuit as required (by means of 

S), and is fitted with a slow-motion drive to facilitate 

accurate settings. 

In addition to the padding capacitances, there are 

two trimmer condensers CIO and C12 by means of which the 

frequency calibration may be standardised on the high- and 

low-frequency ranges respectively by setting to zero beat; 

the trimmers may be adjusted through openings in the front 
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panel. 

The oscillator gives an output with a reasonably con­

stant amplitude from about 2 kc/s to about 70 kc/s. Here 

again, the output is applied to the 1st mixer through a 

cathode follower. A separate cathode-follower, including 

a 6J5 tube, was added in order to feed the 2nd mixer (see 

p. 37). 

1.213 THE FIRST MIXER (See Fig. 7) 

The operation of frequency converter and mixers for 

super-heterodyne reception has been thoroughly investigated 

by Herold (40). The design considerations can be applied 

to low-frequency conversion as well , and optimum performance 

of the mixer constructed was, therefore , obtained by experi­

mentation along the lines suggested. 

The pentagrid converter tube 6SA7 was selected because 

of its special structural arrangement 1.>lhich permits of a 

comparatively high conversion transconductance, and consider­

ably reduces coupl ing between the circuits supplying the 

signal voltages. 

The plate and screen are operated at voltages prescribed 

for the tube (41), while the bias voltages on the grids were 

adjusted until maximum stability and good wave-form of the 

output frequencies were achieved. The 100 kc/s signal was 

injected on grid No.3 while the variable-frequency 

oscillator output was impressed on grid No .1. 
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FIG. 7 CIRCUIT OF FIRST MIXER 

Rl = 20K ohms Cl = O.l)t>F 

R2 = lOOK ohms C2 
:: 50/J.,F 

R3 = 10K ohms C
3 = O.l,u,F ,. 

R4 = 750 ohms C4 = 0.5/-"F 

R5 = 10K ohms 

R6 = 50K ohms 

-- ------~-- - -----~- - ----

FIG. S CIRCUIT OF LOW-PMlS FILTER 

L4 :: 10 millihenries C5 = 20 pF 

L5 = llO millihenries C6 = 30 pF 

C7 
:: 20 pF 

C8 = 20 pF 

C
9 = 20 pF 

C10 = 120 pF 
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An interesting feature of the circuit is the unusual 

biasing arrangement (42), which proved helpful in keeping 

the distortion of the mixer output down to a minimum. 

Although both grids are biased through a common cathode 

resistor R4 - which is a r heostat - the bias voltage on 

grid No.3 can be set at an independent value by means of 

potentiometer R3 connected across R4 • 

components (R
3 

and R4 ) were brought out 

The shafts of both 

through the front 

panel to enable the bias voltages to be adjusted when 

necessary . 

Note: The 100 kc/s input is about 1 volt r.m.s. as compared 

with the variable-frequency oscillator input which 

measures 5.5 volts r.m.s. These voltages were found 

to be optimum values for low distortion of the mixer 

output. 

1.214 THE LOW-PASS FILTER (See Fig. 8) 

The main considerations in designing such a filter 

were that it should: 

(i) pass dif~erence-frequencies covering the best part of 

100 kC/S 

(ii) offer high discrimination against frequencies in the 

range 100 kc/s to 300 kC/S. 

It was necessary that the latter requirement be satis­

fied in order to block the sum-frequencies and reduce 

possible leakages f r om the oscillators to a minimum. 
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A filter of the constant-k type was initially construct­

ed but an examination of its transmission characteristic re-

vealed that the attenuation did not increase rapidly enough 

beyond the cut- off frequency which was set, tentatively, at 

90 kC/s. Consequently, the circuit diagram in Fig. 8 was 

worked out according to Zobel's theory of wave filters (43). 

The filter is composed of two shunt-derived sections and 

proportioned to operate with a load resistance of 50,000 ohms. 

To ensure that the attenuation rose rapidly beyond the cut­

off frequency, and that high attenuation was maintained for 

the unwanted frequencies, the values of m for the two sections 

were fixed at 0.4 and 0.7 respectively. 

Langford-Smith (44) states that " it is generally de­

sirable for good attenuation characteristics, that the ratio 

of the cut-off frequency to the frequency of peak attenua­

tion in a low-pass filter, should be as low as possible and 

not greater than 0.8". On applying the suggestion, it was 

found that this lowered the cut-off frequency considerably, 

as can be seen from the transmission characteristic (Fig. 9). 

Nevertheless, the output - after amplification - is suffici­

ent to enable measurements to be. carried out at frequencies 

up to 75 kC/s. 

It is usual to terminate filter networks at either end 

with suitably designed half-sections in order to provide 

constant image impedance characteristics in the pass band. 

Omission of these half- sections (to simplify construction 
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of the filter), did not, however, affect its performance 

significantly. 

The coils, 14 and 1~, were wound onto the former of an 
S.v.J.G-

old intermediate-frequency transformer with No. 4l
A
enamelled 

wire, impregnated with wax and screened from each other with 

a strip of aluminium to prevent undesirable coupling. The 

whole filter was then enclosed in a steel box and suitably 

mounted on the underside of the chassis. 

1.22 MECHANICAL CONSTRUCTION OF THE BEAT-FREQUENCY 
OSCILLATOR 

The following are considerations, as to maximum stability 

of operation and minimum distortion of the output, which were 

borne in mind during the process of designing and construct-

ing the beat-frequency oscillator: 

1.221 CIRCUIT LAYOUT AND ~3CHANICAL STABILITY OF COMPONENTS 

(a) The oscillators were constructed on opposite ends of the 

chassis to reduce coupling and' 'pulling" at the low­

difference frequencies. 

(b) UndeSirable heating of the oscillators was avoided by 

placing the power supplies in a separate compartment. 

The minor heat sources in the oscillators themselves 

(i.e. tubes) were either screened or placed as far as 

possible away from the frequency-determining elements 

i.e. crystals, coils and tuning condensers. 
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(c) The frequency drift, due t o the internal effects of the 

tubes heating up, was minimis ed by the use of steatite 

bases. 

(d) The circuit wiring - especially of resonant circuits -

was restricted to short, thick leads. 

(e) All coils were impregnated with wax to offset the effect s 

of changes in humidity. 

(f) Good mica capacitors were used throughout. 

1.222 SHIELDING 

(a) The circuits of each stage on the underside of the 

chassis were screened from one another by transverse 

strips of aluminium. 

(b) Coils in the resonant and filter circuits were enclosed 

in shielding cans. 

(c) All inter stage connections were made with coaxial cable. 

Leads from one chassis to another were taken through 

coaxial (microphone) connectors. 

Note: All the compartments in the framework housing the 

complete double-heterodyne unit (see p. 47 and Plate 2 ) 

were lined with sheet copper and properly earthed to 

ensure electrostatic shielding from one another and 

from stray external fields. 
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1.23 THE BRIDGE-INPUT AHPLIFIER (See Fig. 10) 

The theory and design of wide-band amplifiers have been 

worked out by Wheeler, Everest and others (4-5, 4-6). By the 

addition of a network of resistive and reactive elements to 

the ordinary resistance-coupled audio-amplifier, the character­

istics at the low and high frequencies can be considerably 

improved, and constant amplification is obtained over a wide 

range of frequencies. 

Accordingly, an attempt was made to construct an amplifier 

with circuit proportions for a two-terminal network suggested 

by Terman (4-7). However, the frequency-response curve for 

this amplifier proved to be unsatisfactory since the fall-off 

in amplification was too gradual to give negligible output 

at a frequency of 100 kc/s . No doubt, the introduction of 

a four-terminal network would have given a sharper cut-off, 

but such networks are difficult to adjust and require more 

care in construction. 

Since the low-pass filter already constructed was shown 

to have the desired frequency response, it occurred to the 

author that a similar filter could be conveniently inserted 

in the plate circuit of the amplifier, in place of the two-

terminal network . The amplifier was, therefore, rebuilt on the 

lines just mentioned, and the frequency-response determined 

over the range 50 cis to 200 kC/S. This is shown in Fig. 11. 

The fall-off is seen to occur at about 30 kC/s, but the out­

put at about 75 kc/s is still large enough to permit measure-



! 
tJ 

I ~. 

w 
~ 

ac • 0-

fill 
,... 

v d 

W -
..0 C..I-

0' 
:;, 

I 

~ 

I ..J) , 
I I I 

I I I I 

<: 
" f-ei 

~ • 
Z 

V 

-, 
lJ...J 

8 
,... 

~ 

.J 

V 

Cc::' 
co 

b' ~ 
(J 

r--= 
:::> V 

. ~I 
'-....I " Ct: % 

r 
01 

-V 

o 



FIG. 10 CIRCUIT OF BRIDG~-INPUT AMPLIFIER 

Rl = 50K ohms C1 = 50 )LF 

R2 = lK ohms C2 = O.lpF 

R3 = 220K ohms C
3 

= 0.25 /J,F 

R4- = 50K ohms C4- = 20 pF 

R5 = 50K ohms C
5 

= 30 pF 

R6 = 15K ohms C6 = 20 pF 

R7 = 220K ohms C
7 

= 20 pF 

RS = 3K ohms Cs = 120 pF 

R9 = 2K ohms C
9 

= S )J.,F 

16 = 70 millihenrie s CI0 = S .LvF 

L7 = no millihenries Cn = S J.-~F 



r------------------------------,O 

ex 
lu 
-u.. -...J 

'" a.. 
0 l: - < 

f-
~ 
a.. 
'Z -I 

.., W - <0 
~ Cj 
0 v 

a 
co 

0 .~ 
tJ 

)- w 
v V) 

Z 2' 

'" w 0 
0 a. - ~ V') 

<J c..u 
w ~ 

t:i 
I 

>-u.. v 
Z 
UJ 

"- J 
<3 

<i W 
0 

0: 
CL 

-
• 

Ib 

lJ... 
g 

it ':1 0 00 ~ .:t ~ 0 

~Oll. VJ 1;;1 I1d,", Itt 3J\/J. "'3~ 



ments with the bridge. 

The output is applied to the bridge via the 6v6 which 

has been connected as cathode-follower to prevent changes in 

loading from affecting the frequency and stability of the 

oscillators. 

Rl is a wire-wound potentiometer, governing the input to 

the amplifier. Variation of it serves to regulate the out-

put of the beat-frequency oscillator. The maximum undistort-

ed output was found to be 15 volts r.m.s. - measured at the 

cathode of the buffer tube (6V6). 

To isolate the bridge from changes of electrostatic 

potential in the external circuit; the a.c. is supplied via 

two bridge-coupling transformers: 

(i) G.R. Type 578-B: Frequency Range~ 20 cis to 5 kC/S. 

(ii ) G.R. Type 578-c: Frequency Range: 2 kc /s to 500 kc / s. 

The transformers were connected in series with the cathodo 

resistor R6 - the coaxial cable being taken through a micro-

phone connector situated on the front panel. (See Plate 5). 

A multiple SWitch located immediately below the wooden flap 

attached to the Wheatstone Bridge section, connects the bridge 

across either of the transformers. [Distortion of the wave-

form results if the cathode resistor is shunted by the trans­

former through a capacitance - an effect also observed by 

Goddard and A. Faure (24, 25) ]. 

1 
.5 
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1.24 THE DETEr.TOR 

1.241 THE BRIDGE-OUTPUT AMPLIFIER (See Fig. 12) 

As it is convenient that this amplifier should have the 

same characteristics as the bridge-input amplifier, the cir­

cuit diagram is the same as that for the first stage of the 

latter. 

The amplifier was constructed towards the rear end of 

the chassis on which the beat-frequency oscillator had been 

built. Rl is a wire-wound potentiometer which regulates 

the input from the bridge. (See p. 46~ under description of 

Wheatstone Bridge Network). Connection is made through a 

coaxial connector which can be seen on the extreme left of 

chassis shown in Plate .1. 

1.242 THE SECOND MIXER (See Fig. 13) 

It has al ready been mentioned that the express function 

of the second mixer is to produce a constant difference-

frequency by heterodyning the bridge - output with that from 

the variable-frequency oscillator. 

In order to isolate the circuit from that of the first 

mixer, the input from the variable-frequency oscillator was 

taken from a s?parate cathode-follower using a 6J5 as the 

buffer tube - see Fig. 6 - and injected on grid No.3. 

The bridge output was applied to grid No.1. 

It must be noted that the coupling transformer, in the 

plate circuit, constitutes the first stage of the crystal 
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FIG. 12 CIRCUIT OF BRIDGE-OUTPUT AMPLIFIER 

Rl = 50K ohms Cl = 50 j"F 

R2 = lK ohms C2 = O.l""F 

R3 = 220K ohms C
3 = S /",F 

R4 = 50K ohms C4 = 0.25.J'F 

R5 = 2K ohms 

- - - - --~ - - ----~- - ----- - - - -

FIG . 13 CIRCUIT OF SECOND MIXER and 
1st STAGE OF CRYSTAL FILTER 

R6 = 50K ohms C
5 = O.l,..u-F 

R7 = lOOK ohms C6 = 50,." F 

RS = 10K ohms C
7 = O.l;vF 

R9 = 5K ohms Cs = 16 Ji,F 

RlO = 10K ohms C
9 = 250 pF 

Rll = 10K ohms CIO = 500 pF 

ke/ s Crystal Cll '" 500 pF P2 = 100 
C12 

=: 20 pF 
LS = 10 millihenries 

L9 = 10 millihenrie s 
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filter. R8 and R9 , the grid-biasing resistors,. were brought 

out through the rear end of the chassis as can be seen in 

·Plate 1 , to facilitate adjustments as required. 

1.243 THE CRYSTAL FILTER (See Fig. 13 and Fig. 14) 

It will be appreciated that the double-heterodyne prin­

ciple can be successfully applied only if the crystal filter 

is designed to serve as a highly selective detector i.e. it 

should have a very narrow bandwidth at the frequency to be 

transmitted - in this case 100 kC / S. 

To this end, considerable time was spent in examining 

circuits and constructing filters which would give the desired 

transmission characteristics. The analysis of crystal filter 

networks by Stanesby and Mason (48, 49) takes into account the 

val ues for the equivalent electrical constants of a crystal 

but, unfortunately, the se were not known for the crystals 

available. A further search of the literature (50) revealed 

that selective fixed amplifiers, used in wave analysers, in­

corporate filters having a bandwidth of only four cyclesl 

The circuit di agram, shown in Fig. 14 (and part of Fig. 13), 

is derived therefrom, and was the filter finally constructed . 

There are two stages of filtering - each being succeeded 

by a stage of amplification. The output is fed directly to 

the vertical plates of the cathode-ray oscilloscope. The 

amplifier and the second stage of the filter were constructed 

on the chassis housing the cathode-ray null detector. The 
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FIG . 14 CIRCUIT OF 2nd STAGE OF CRVSTAL FI LTER 
and AMPLIFIER 

Rl = 1 Megohm Cl = 0 . 05 p -,F 

R2 = 560 ohms C2 = 0.1 }tJF 

R3 = lOOK ohms C
5 = O.lp ,F 

R4 = 10K ohms C6 = 250 pF 

R5 = 2 Megohms C7 = 500 pF 

R6 = 600 ohms Cs - 500 pF 

R7 = lOOK ohms C9 
::: 20 pF 

RS = 10K ohms Ci o = 0 . 02pF 

Lio = 10 millihenri es Cll ::: O.lp .. F 

L11 == 10 millihenrie s C12 
::: 500 pF 

L12 ::: 9 rnillihenries P
3 = i oo kc/s Crystal 
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coaxial connector which is shown situated second from the 

right in Plate 1, serves to link the first stage of the filter 

with the amplifier. 

Old slug-tuned intermediate-frequency transformers were 

stripped off their coils and capacitors, and used as a basis 

for wiring the coupling transformers (shown in between dotted 

lines in the circuit diagram). The coils were wound with 

No. 41 S.W.G. enamelled wire to the required values of induc-

tance, and the capacitors soldered into position. Each 

transformer was then enclosed in a metal can and accurately 

tuned to 100 kc/s by adjusting the position of the movable 

slug. The tuned circuit - Ll ?C12 - in the final stage of 

the amplifier consists of a . . radio-frequency choke and a. 

compression trimmer which was used for tuning the circuit to 

100 kc/s. 

The coupling transformers can be clearly seen towards 

the rear end of the chassis shown in Plates 1 and 4. 

HEASUREMENT OF THE BANDWIDTH 

At zero beat-frequency, the variable-frequency oscillator 

is tuned to 100 kC / s. If the tuning condenser is moved 

slightly about the position of zero beat, i.e. a few cycles 

off 100 kc/s, the response of the filter can be detected on a 

vacuum-tube voltme ter (since the variable-frequency oscillator 

output is applied to the filter through the second mixer). 

The deviation from 100 kc / s (up to 50 cis on either side of 
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100 kC/S) can be accurately measured by means of Lissajous 

figures, if the beat-frequency is applied to the Y-plates 

of a cathode-ray oscilloscope, while a 50 cis signal (mains 

supply) is applied to the X-plates. 

Hence the following method was devised to assess the 

performance of the filter: 

(a) The apparatus is disconnected from the bridge, the variable-

frequency oscillator is disconnected from the second mixer 

by pulling the 6J5, and the filter output is applied to 

a vacuum-tube voltmeter . 

(b) Alignment of the filter is now effected as follows: 

With both crystals (P2 and P
3

) i n the filter short-circuited, 

the 100 kc/s output (taken from the crystal oscillator, 

preferably through a potentiometer to vary the amplitude 

9f the Signal as required) is linked to the grid of the 

the second 6SJ7 in the second stage of the amplifier, and 

the tuned circuit (Ll~C12) peaked for maximum response. 

Next, the output is connected to the grid of the first 

6SJ7 in the second stage of the amplifier, and the coupling 

transformer (LIOC6-LllC7CS) carefully tuned for maximum 

response. The same process is appl i ed to the coupling 

second mixer. The crystals are then switched in, and 

the crystal oscillator frequency varied a few cycles back 

and forth with the aid of the trimmer Cl in Fig. 5, until 

a sharp rise in the output of the filter is indicated. 
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Lastly, the neutralising trimmers C12 in Fig. 13 and C
9 

in Fig .14 Qr e adjusted for peak response. The tuned 

circuits should then be re-tested for alignment. 

(The necessary re-adjustments should be small if the 

initial alignments have been properly effected) . 

(c) The 100 kc / s input is now removed, and the 6J5 replaced. 

(d) By means of Lissajous figures (with the beat-frequency 

and a 50 cis signal applied to the Y- and X- plates of 

the cathode-ray oscilloscope), the tuning condenser is 

set to zero-beat position - adjustment of the trimmers 

CIa and C12 in Fig. 6 may also be necessary -

and the response in volts read on the meter. The tuning 

condenser is then carefully adjusted to give beat­

frequencies up to 50 c i s on either side of 100 kc / s and , 

the response in volts checked at each setting of the 

frequency. 

(e) Thus, from the response curve so obtained, the bandwidth 

may be determined at the half-power points, i.e 0.7 of 

the peak. voltage recorded. 

By following the procedure outlined, it was possible to 

adjust the filter to give a bandwidth of 8 cycles. However, 

since this was associated with an undesirably large decrease 

in amplification, the bandwidth was finally increased to 

about 20 ci s. The transmission characteristic of the filter 

is depicted in Fig. 15. It "Till observed that the curve is 
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unsymmetrical about the resonant frequency i.e. 100 kC/S: 

this was due to a slight maladjustment of the neutralising 

trimmers. 

1.25 THE POvlliR SUPP~I3S 

Two power packs were constructed on one chas sis as follo.ls: 

1.251 THE REGULATED Po\fER SUPPLY (See Fig. 16) 

This is used to supply a steady plnte voltage to the 

oscillators. The circuit makes use of a resistorless neon 

tube as stabiliser" and is conventional. Regulation was 

found to be within 1% for a variation of + 25% in the input 

voltage. 

Since the fixed-frequency oscillator is crystal­

controlled, the supply was restricted to 200 volts by ad~ust-

A voltmeter was wired into the circuit to enable 

checking of the voltage when the unit is switched on. 

1.252 THE UNREGULATED POWER SUPPLY (See Fig. 17) 

This supplies plate voltage, to the first and second 

mixers, and the bridge-input and bridge-output amplifiers. 

Heater voltago for all the tubes on the chassis, housing the 

beat-frequency oscillator, >vas tapped from the heavy-duty 

transformer T
3

• The circuit is a typical one for full-wave 

rectification. R7 is a high-wattage rheostat used for 

adjusting the output voltage as required. 

Note: The power switches Sl and S2' the pilot lights, the 



FIG. 16 CIRCUIT OF REGULAT~D POWER SUPPLY 

R1 = 250K ohms C1 = 16/.hF 

R2 = 500K ohms C2 = 16~F 

R3 = 2.5K ohms C
3 

= It.uF 

Rlj. = 10K ohms Clj. = 1,uF 

R~ = 10K ohms L1 = 20 henries 

R6 = 10K oh!').8 T1 = 2.5v transformer 

Sl = mains switch T2 = mains transformer 

N = resistor1ess neon 
tube 

FIG. 17 CIRCUIT OF mmEGULATBD POWER SUPPLY 

R7 = 10K ohms (100 watt) L2 =: 20 henries 

S2 = mains sWitch C5' =: 16 p-. F 

T3 =: heavy duty mains C6 = 16 J»F 
transformer 





rheostat R5 and the voltmeter have been brought out to the 

front panel, while the fuses were fitted into screw-type 

holders which were bolted to the rear end of the chassis. 

Plate 3 gives a rear view of the power packs. 

1.26 THE CATHODE-RAY NULL DETECTOR 

1.261 THE OSCILLOSCOPE (See Fig. 18) 

The Du Mont oscilloscope in the Goddard-Faure bridge is 

used simply as a null-point detector, but it is much more ' -, 

elaborate than necessary. Furthermore, it has proved to be a 

troublesome heat source. It had, therefore, been suggested 

that a small oscilloscope (of simple design) be constructed j 

which would dissipate the minimum amount of heat . 

The circuit is seen to be a straightforward one, and the 

absence of an internal time-base has much simplified the con-

struction. Four control potentiometers for adjusting the 

focus (R8 ) and intensity (RIO)' and for centering the beam 

horizontally (Rl ) and vertically (R2 ), are mounted - on the 

front panel - in pairs on each side of the face of the cathode-

ray tube. The blocking capacitors C
7 

and C8 isolate the 

vertical and horizontal inputs from the deflection plates, 

and are rated to stand 1000 volts. 

A rear view of the oscilloscope can be seen in Plate 4 

The cathode-ray tube was placed as far from the power trans-

former as possible, and shielded with a mu-metal screen to 

reduce the effects of the magnetic field on the electron beam. 
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FIG. 18 CIRCUIT OF CATHODE-RAY OSCILLOSCOPE 

Rl .- 2 Megohms Clt = 0.02p F 

R2 = 2 Megohms C
5 = 0.02f'-'F 

R3 = 82K ohms C6 = 0.5 ,.u.,-F 

Rlt = 82K ohms C
7 = 0.02,u;F 

R5 = 750K ohms C8 = 0.02j-vF 

R6 = 2.2 Megohms 

R7 '" 2.2 Megohms 

R8 = 250K ohms 

R9 = lOOK ohms 

RIO = 250K ohms 

RU = 250K OMS 
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As much time had already been spent in building the 

conductance bridge, a proposed electronic switching circuit 

to give a double-beam oscilloscope could not be included. 

Such a device would have enabled the operator to balance the 

Wagner Earth and measuring arm simultaneously. 

1.262 THE PHASE-SHIFTER AND HORIZONTAL AMPLIFIER (See Fig. 19) 

Circuits for phase-shifting up to 360 0 have been reviewed 

in a paper by Everest (51). An attempt was made to construct 

one of the phase-shifters suggested, but the effort had to 

abandoned in view of the time available. Instead, a phase-

shifter of simple design was used for balancing at frequencies 

up to about 60 kcjs. In order to isolate the circuit from 

the first mixer, the input was taken from the crystal oscilla­

tor through a separate cathode-f~llower which uses a 6J5 as 

its buffer tube (see Fig. 5). The coaxial connector seen on 

the extreme right in Plate 1 is used for this purpose. 

The circuit for the horizontal amplifier is identical 

with that for the last stage in the crystal filter amplifier. 

1.263 THE POWER SUPPLY (See Fig. 20) 

The transformer used in this power pack was especially 

wound so as to cater for the requirements of both the cathode­

ray tube and its amplifiers. 

The 600 volts necessary for operating the 2API tube is 

obtained by single-wave rectification, while the plate voltage 

is supplied to the amplifiers by the usual type of circuit. 
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Rl =: 

R2 =: 

R3 = 
Ry. = 

R5 =' 

R6 =: 

Ll = 
T = 
Sl = 
S2 = 

FIG. 19 CIRCUIT OF PHASE-SHIFTER and 
HORIZONTAL AMPLIFIER (100 kc/s) 

250K ohms Cl 
=: 50 pF 

250K ohms C2 
=: 50 pF 

250K ohms C
3 

=: 0.05;uF 

600 ohms Cy. = 0.02 p .F 

lOOK ohms C
5 

:: 750 pF 

10K ohms C6 = O.lfL'F 

L13 =: 9 millihenries 

FIG. 20 CIRCUIT OF POWER SUPPLY 

20 henries C
7 

=: ,-0.5 FF 

mains transformer Cs = S ,u-F 

mains switch C9 
=: S fl-F 

beam switch 
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The switch S2 was included to cut off the electron beam 

during the long periods when the cathode-ray oscilloscope was 

not in use. 

1. 27 THE lVHEATSTONE BRIDGE NETWORK (See Fig. 21) 

The bridge network constructed by Gledhill (23), in 

accordance ,.,i th the principles laid down by Shedlovsky, Dike 

and Luder (20, 22, 52), proved to be very satisfactory in 

use. This has been confirmed by Goddard and Faure (24, 25) 

who built their bridge on similar lines. Except for the 

following minor additions, of "rhich the first three were made 

because of the extended frequency range, the Wheatstone 

Network remains essentially the same as in the original 

Gledhill bridge: 

(a) A wire-wound 5000 ohm variable resistance (R
7

) was in­

cluded in the Wagner Earth circuit to enable balancing 

at , the higher frequencies. 

(b) Wherever. possible, ordinary shielded wiring was replaced 

with shorter lengths of coaxial cable to improve sensi-

tivity and give lower stray capacities. 

(c) In order to eliminate hand-capacity effects - which 

become more pronounced at higher frequencies ~ the rotor 

plates of the condensers C
3 

and C4 were insulated from 

the slow-motion drives with short lengths of ebonite rod. 

(d) Silver contacts viere riveted into the arms of the cell 

selector switch, the ratio arms switch and the first 
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FIG . 21 CIRCUIT OF WHEATSTONE BRIDGE 

Rl = 10 , 000 ohms C
3 

= 910 pF (max) 

R2 = 10,000 ohms C4- = 1 70 pF (max) 

R3 = Measuring arm: C
5 

= 1000 pF (max) 

(Max. 111 ,111 ohms) C6 = 100 pF (max) 

R5 = 10,000 ohms 

R6 = 10,000 ohms 

R7 = 5,000 ohms 

R8 = 4-00 ohms 

R9 = 6 ohms 



switch of the 10,000 ohm decade resistance, to reduce 

variable contact resistance. 

(e) The br i dge output was taken through a 50,000 ohm wire-

wound potentiometer (Rl in Fig. 12)~ At extreme un-

balance, it can be used to decrease the output, and 

thus ,avoid overloading the bridge-output amplifier. 

Note: Since the measuring arm resistances are mounted at a 

distance of 2~ 11 from the shielding which, in Shedlovsky1s 

opinion, is sufficient if the upper frequency range does not 

exceed 4 kc/s, the effect of this was carefully investigated 

at frequencies above the recommended limit. When testing 

the performance of the bridge, no effects became apparent. 

It might be mentioned that no errors were reported by 

A. Faure (25) who, however, only took measurements up to 

9 kc/s. 



1.3 THE BRIDGE ASSEMBLY 

The conductance bridge was assembled, as shown in Plate 5, 

in the constant-temperature room built by Gledhill (23). 

A wooden framework measuring 24" x 39" X 12" was 

erected alongside the Wheatstone Bridge section; it houses 

the following units: 

(a) Top compartment: Power supplies for the beat-frequency 

oscillator, the bridge-input and bridge-output amplifiers 

and . the second mixer. 

(b) Middle compartment: The cathode-ray null detector (with 

its power supply), the second stage of the crystal filter 

and its amplifier, the phase-shifter and the 100 kC/S 

horizontal amplifier to the oscilloscope. 

(c) Bottom compartment: The beat-frequency oscillator, 

the bridge-input and bridge-output amplifiers, the second 

mixer and the first stage of the crystal filter. 

This arrangement conveniently reduces undesirable heating 

of the oscillators, and possesses a distinct advantage over 

the Goddard-Faure bridge in that there is no heating of the 

Wheatstone Bridge components, since the latter are completely 

isolated from the power supplies. 

The two bridge-coupling transformers are located in the 

space immediately below the Wagner Earth section of the bridge, 

In the lower left-hand corner of Plate 5 can be seen a 

Du Mont ca thode-ray oscilloscope and a G.R. 1000 cis oscillato:::'" 
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which were used for checking the oscillator frequencies (see 

p. 55). 

Plate 2 gives a rear view of the double-heterodyne units 

in the wooden framework. It will be seen that, apart from 

the mains connection, there are only four inter-connecting 

leads: two supply power to the oscillators, the third connects 

the two stages of the crystal filter, while the fourth feeds 

a 100 kc/s signal to the cathode-ray oscilloscope horizontal 

amplifier. The leads are easily detachable and , once the 

front panel screws and earth leads are removed, each unit 

can be ' readily withdrawn for adjustments or repairs. 
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1.4 PERFOR}~NCE OF THE CONDUCTANCE BRIDGE 

With the crystal filter carefully aligned and accurately 

tuned to 100 kc/s, the bridge has proved to be satisfactory 

in operation over a wide range of frequencies. Since it 

was anticipated that the potassium chloride solutions -

which were to be used for measurements - would have resistance 

values well within the range 10 ohms to 10,000 ohms, pre­

liminary measurements, with a G. R. decade resistance box as 

standard, were confined to these limits. ThUS, it was de-

duced that an accuracy of, at most, 0.01% is attainable, in 

the resistance measurements . 

Attention should, however, be drawn to the following 

limitations: 

(a) Difficulty was experienced in balancing at frequencies 

<500 c i s due to unstable oscillations. , 

(b) Owing to the frequency-response of the low-pass filters 

- but this may be only one of the reasons - the bridge 

proved to be insensitive at frequencies higher than 

about 75 kc/s. 

Note: Subsequent calibration of the beat*frequency oscillator 

also provided a means of checking the performance of the 

bridge. 

1 
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1.5 MANIPULATION OF THE BRIDGE 

Experience has shown that the following procedure should 

be adopted when carrying out measurements: 

(a) The beat-frequency oscillator must be switched on and 

left to warm up for, at least, one hour, after which the 

frequency drift should be at a minimum. 

(b) By adjusting the tuning condenser, the oscillator is set 

at the desired frequency, which can be checked with the 

aid of Lissajous figures (see p. 55). 

(c) With the oscilloscope vertical amplifier set at low gain , 

the measuring arm resistances and capacitances are adjusted 

until the image on the oscilloscope is almost a horizontal 

line. (Additional capacitances may be necessary). 

(d) After s~Titching over to ,I Ratio Arms", the Wagne r Earth 

is approximately balanced. 

(e) The switch is then thrown back to "Measuring Arms" and, 

again, the l a t ter is adjusted to give balance. [This 

is the "separate terminal" balancing procedure suggested 

by Luder (22)}. 

(f) This alternate process of balancing is repeated until 

there is no change on switching from one position to the 

other. 

(g) At this juncture, the phase- shifte r is adjusted as follows: 

With the switch on "Ratio Arms", the coarse resistance 

(of the Wagner Earth section) is varied to give a large 

\ 
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unbalance. Ther e will now be a tilted ellipse ; by 

adjusting the phasing control, the ellipse can be made 

to collapse into a line . Then the coarse r esistance is 

used to return the line to its horizontal pos ition. 

(h ) The frequency should now be checked , and the tuning con­

denser adjus t ed if necessary - to get a steady Lissajous 

pattern. 

(i) Wi th the oscilloscope turned up to high gain, final 

balance is obtained by rapidly following the steps al­

ready outlined. 

(j) Further readings may be obtained by r epe ating t he balanci~~ 

with the voltage supply reversed, and then wi th the ratio 

arms reversed for the two positions of the supply voltage 

reversing switch. The average of all f our readings is 

taken as the measurement at the set frequency. 

(k) The whole bal ancing procedure is repeated for measur ements 

at othe r desired frequenc i es . It must be remembered, 

however , that the set frequency should be checked at the 

beginning and at the end of a parti cular measurement . 

, 
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1.6 CALIBRATION 

In view of the proposed application, it was necessary 

that the resistances and capacitances in the measuring arm -

as well as those used in conjunction with the bridge - and 

the beat-frequencies should have accurately known values. 

1.61 BRIDGE RESISTANCES 

The decade r esistances and the slide-wire in the measuring 

arm of the bridge had not been previously calibrated as an 

accurately known standard could not be obtained. Fortunately, 

a 10 ohm oil-immersed standard resistance became available, 

and this was sent to the S. A. Nat i onal Physical Laboratory 

for calibration. 

The procedure adopted for calibrating the resistances 

has been comprehensively dealt with by P.K. Faure (37), and 

will not, therefore, be given here . However, it might be 

stated t hat the method is analagous with that which is employ­

ed for calibrating weights, viz: by intercomparis~n. 

1.62 THE G.R. DECADE RESISTANCE BOX 

With the box placed in the cell arm, t he bridge was 

balanced at each step, from the lowest to the highest nominal 

value of resistance. Thus, with the absolute values of the 

resistances in the measuring arm known, the calibrated values 

for the box were obtained. 
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1 .63 BRIDGE CONDENSERS 

With the condenser in parallel with the cell arm dis­

connected (i . e . C4 in Fig. 21) , balance was obtained for 

various settings of C
3 

(i.e. condenser in paralle l with the 

measuring arm ) agai nst a standard Cambridge variable conden-

ser. The latter was connected across the cell ar m and in 

paral lel with a G.R. 10,000 ohm non-inductive resistor 

(Type 500-J). The standard condenser was then removed, C4 

reconnected, and the bridge balanced for various settings of 

C4' This gave the calibrat i on of C4 in terms of that for C3• 

Hence calibration curves were plotted for each of the conden-

s er s. 

Note: In us ing these curves, it must be remembered that the 

values ~lhich correspond to the scale readings are not ne C-

essarily the absolute capacitances, since the condensers do 

not gene r al ly have zero capacitance at a setting of zero. 

The capacitances r ead off from the curves are actually in-

crements above the ' ' zero val ue " as the setting is changed 

from zero position. As P.K. Faure (37) points out, " the 

'in situ ' method (which was used for calibration ) does not 

allOYl the r esidual capacitances of the i ndivi dual condensers, 

at zero setting, to be measured. Fortunately, however, such 

values are of no real significance: the only important fac tor 

is the difference between the zero values of the condensers 

i n the two arms, and this can be determined" . This differ-

ence was found by setting C
3 

at zero position and balancing 
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with C4-: the value obtained Was 13 pf. For any given settings 

of the two condensers, therefore, the effective capacitance in 

parallel with the measuring arm is 

C = + 13 pf 

This is the value to be used in the (1 - ~2C2R2) correction t e rm 

1.64- ADDITIONAL CAPACITANCES 

(a) TWo G.R . decade condenser boxes - type 219M and 219K -

were calibrated by the method of intercomparison. A 

G.R. O . l~F capacitor was used as a standard for this , 
purpose. 

(b) Small mica capacitors were connected in parallel with C
3 

(set at a specified value) and the bridge balanced for 

various settings of a standard condenser in the cell arm . 

Note: The calibrated values of the decade resistances, the 

slide-wire and the decade condenser boxes are given in the 

Appendix . 

1.65 THE BEAT-FREQUENCY OSCILLATOR 

Robinson (53) and Kurokawa and Hoashi (54-) have shown that 

the Wi en Bridge (~network used for comparing two condensers) 

can be made to afford a simple , yet accurate method for deter-

mining the frequency of the a.c. source. Although a direc t 

reading frequency bridge was not actually set up as suggested 

by these workers, the basic Wien Bridge Network was , neverthe-

less, used for purposes of calibrating the oscillator. 



FIG . .2.2. CIRCUIT of W/EN BRIDGf 
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The bridge network is shown in Fig. 22. 

Applying the general equation for balance, we have 

(l(Rl + jWGl ) (R
2 + 1!jWG2) = R4/R3 

and, if R4 is made equal to R
3

, we may write 

R21Rl + j c...I Gl R2 + GIl G2 + 1/ j ",) C2Rl = 1 

On equating reals and imaginaries, we get 

R2/Rl + Gl /C 2 = 1 •• II • II ••• 0) •••••• II (1) 

and w 2 = 1/CI G2RI R2 ••••••••.•.•..•• (2) 
1 

or f = Ij2TT (Cl G 2Rl R2 ) 2 

whence the second condition for balance is seen to be dependent 

on frequency. Hence, by noting the values of 

R2 at balance, the frequency may be calculated 

GI , C2 , Rl and 

from equation (2)0 

When calibrating the beat-frequency oscillator, therefore, 

the Wheatstone Bridge vlaS converted to the Wien Bridge as 

follows: 

The G.R. resistance box and one of the decade condenser 

boxes - both previously calibrated - were connected in series 

in the cell arm to represent R2 and G2 reppectively (see Fig. 22). 

The other calibrated condenser box was connected across the 

measuring arm as Cl - thus, giving the parallel GIRl combina-

tion. The ratio arms were regarded as R3 and R
4

• 

By observing Lissajous figures on a Du Mont oscilloscope 

(which had been eSpecially introduced for frequency-checking), 

the tuning condenser was set at a particular value of the 
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beat-frequency. The bridge was then rapidly balanced, and 

the frequency checked by glancing at the Du Mont oscilloscope . 

A slight re-adjustment of the tIming condenser - to obtain a 

steady pattern - became necessary, if a drift in the frequency 

was detected. Thereupon, balancing was rapidly repeated, 

and from the values of Cl , C2 , Rl and R2 noted, the frequency 

~las computed. For frequencies up to 10 kc IS, the signal 

from a calibrated G.R. 1000 c i s oscillator was applied to the 

X-plates of the Du Mont oscilloscope; thereafter , the signal 

was replaced with the output from the crystal osci.Hator. 

A sampl e of the readings obtained for frequencies up to 

75 kc/s is given in the table on p. 57. 

Note: The 10 kc / s fre quency-measurement was determined firstly 

with the 1000 ciS oscillator, and subsequently with the 

100 kc/s output (from the crystal oscillator). Hence a 

correction term was applied to all calculated frequencies 

below 10 kc/s. The corrected freque ncies are recorded in 

the column under fl. 

~f/f ll % represents the deviation of the calculated value 

from the fr equency as given by the Lissajous figures (i.e. fll). 

The results, as shown in the table, wer e ohtained for the follow­

ing settings of the frequency: 500 Cis, 1 kc/s, 2 kc/S, 3 kc / s, 

5 k~ / s, 7 kc/s, 10 kc/s, 20 kc/s, 25 kc/s, 50 kc/s, 75 kc/s . 

It will be seen that frequencies in the range 2 kc is to 50 kc I s 

can be set to an accuracy of, at least, 0.1%. 



--- _.- --~----------

I M~ Rl R2 C1 
C . f fl 2 I f ·' • ohms ohms ,u .. F (;~F kc / s ~ kc/s / 

8692.1 5095r2 0.030895 0.075335 0.4967 T-~-~66 0.4957 I 

6539 .4 , . 2518 .1 .030783 . 050325 .9964 I . 9984 -0.16 

5749-3 1799.3 .020520 .030005 1.9942 1. 9982 -0.09 
I 

3825.2 I 1199.1 . 020525 . 030005 2.9943 3.0002 +0.00 , 

2282 .0 729.93 .020380 . 030005 4.9863 4.9963 -0.07 

1643.3 509 . 91 .020645 .030005 6.9855 6 . 9995 -0.00 

1148.0 359.92 . 020535 .030005 9.9737 9.9943 - 0,05 

1112.0 719.91 . 010555 . 030005 9 . 9943 -0.05 

810 . 01 370.00 .010680 .019965 20.018 +0.09 
i 

607.70 300.01 . 010595 I . 020996 24.989 - 0 . 04 

I I 
318.50 150 . 00 .010610 .019965 50.023 +0.05 I 

I 178.02 
I 

.024014 74.919 VI 100.00 .010555 ! -0.11 --J 
1 
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1.7 SUGGESTED IMPROVEMENTS TO THE BRIDGE 

Measurements effected with the conductance bridge show 

that the double-heterodyne principle has been applied with 

a fair degree of success. Attention is now drawn to a few 

ways in which the apparatus might be improved in its per­

formance, particularly if it 'is intended to carry out measure­

ments over a wider range of frequencies: 

(a) The ·present phase-shifter should be replaced, since it 

is found to operate over only a restricted range of 

frequencies. Circuits are known which are capable of 

giving a phase-shift of 360 0 , although many of these are 

of elaborate design, it 10J0uld be worthwhile if a suitable 

one were incorporated in the bridge. 

(b) Recent research (55) has established that polystyrene 

is far superior to mica as a dielectric for precision 

c.s.pacitors. It possesses very nearly ideal character-

istics, viz: a dielectric constant and low diSSipation 

factor which are practically invariant with frequency . 

Mica, it is maintained, exhibits marked polarisations 

at frequencies below the audio range, and measurements 

on high-quality silvered-mica capacitors show rises in 

capacitance as much as 30% while similar measurments on 

polystyrene ones indicate increases of only a few tenths 

per cent. The latter, therefore, make excellent com-

ponents for measuring circuits, filters and tuned circuits. 
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Now capacitance measurements made with the br idge cannot 

be guaranteed to the same degree of accuracy as the resist­

ance measurements, and t here is no doubt that some errors 

have been introduced through the use of the G.R. decade 

condensers which consist chiefly of mica-dielectric cap­

acitors. [This observation has also been made by A. Faure 

(25)}. It is suggested, therefore. that polystyrene units 

be used instead. 

(c) A suitable electronic switching device should be included 

to give a double-beam oscilloscope. This would facilitate 

rapid measurements since measuring arms and Wagner Earth 

can then be balanced simultaneously. 

(d) An automatic gain control in the bridge-output amplifier 

would serve to limit the maximum signal when the bridge 

is far from balance. At present, this is effected by 

means of the potentiometer Rl (in Fig. 12), but it is 

inconvenient to adjust Rl repeatedJy while balancing. 

Although the last two recommended additions are not 

absolutely essential, the author feels that they would, never­

theles s, prove to be useful . 

In conclusion, it is suggested that the cause of unstable 

oscillations below 500 cis be investigated. 



60 

A N I N V EST I GAT ION 

o F 

POL A R I SAT ION ERR 0 R S 

I N 

CO P. Due TAN C E MEA SUR E MEN T S 



61 

2.1 INTRODUCTION 

Electrolytic polarisation is frequently described as the 

departure of the electrode potential from its equilibrium 

value, when a current is passed through a chemical cell. 

The formation of gas films at the electrodes and concentration 

changes due to transport phenomena are, in many instances, the 

causes of polarisation; whilst other contributing factors are 

believed to "be electron transfer or some other slow step at 

the electrode surface. 

Modern research in electrochemistry has directed its 

efforts to investigating the true state of affairs at the 

electrode-solution interface. It will be realised, that a 

thorough understanding of electrode effects is necessary to 

account for polarisation errors in conductance measurements. 

So far, the problem has been dealt with from two experimental 

viewpoints. Grahame and others (56, 57) have found electro­

capillarity measurements particularly rewarding. In a 

classical review, Grahame gives a strikingly clear account of 

the so-called "electrical double layer" on the basis of the 

theory of electrocapillarity. On the other hand; Frumkin 

and his school (58, 59) have tried to elucidate the structure 

of the double layer from studies of hydrogen overvoltage 

phenomena. In spite of the prevailing uncertainty as to the 

rate-determining step in overvoltage phenomena, much valuable 

data on the nature of polarisation is being gained from such 

investigations. 
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An interesting feature of these researches is the develop­

ment of a schematic representation of electrode processes -

commonly referred to as lIthe equivalent circuit of the half-

cell I I • According to Grahame (60), the circuit may be depict-

ed as shown in Fig. 23 . Since the double layer behaves like 

a capacitor when a potential is applied across it, Cd is callen. 

the "double layer capacitance " or the "differential capact­

tance" . Cd is, however, unlike an ordinary physical capaci ­

tance since it is a funcUon of the applied voltage. Chemical 

transformations, brought about by an ~pplied voltage, are 

repre sented in the " faradaic branch I I • Here e is the "trans-

fer" or "transition" resistance which is that component of 

the polarisation resistance due to slow electron transfer at 

the electrode. 1>1 is i ncluded as the " Warburg impedance " 

which results from the diffusion of primary reaction products 

avlay from the electrode. It is some times expressed as a 

series combination of a diffusion resistance and a diffusion 

capacitance. The 

circuit by Remick 

element RL has been added to the equivalen t 

and HcCormick (61) who, from their experi-

mental studies of platinum electrodes in a poised ferrocyani de ­

ferricyanide solution, showed the existence of electrode layer 

resistance; 

From investigations into the electrochemical reaction a t 

an amalgam electrode, when subj ected to a small alternating 

potential, Randles (62) has proposed a circuit similar to that 

suggested by Grahame. Rozental and Ershler (63) and 
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Gerischer (64 ) have been led to similar conclusions . It is 

worth mentioning that Breyer and Gutmann (65) introduced the 

terms " dynamic resistance " and' 'dynamic capacitance" in 

their electrical network representing the electrochemical 

process when a small a.c . potential , superimposed onto the 

direct potential, is applied to a reversible electrode. In 

later papers by Breyer and Hacobian (66), a quantity, giving 

the thickness of the' ' active space " wherein the electrode 

process is believed to occur , is derived from considerations 

of the diffusion process . Although, as the authors maintain, 

" the quant i ty has been given a rather firm theoretical 

foundation " , the concept does not appear to have gained favour. 

The " faradaic branch" is found to have special value in 

reaction mechanism studies . Applying the mathematical theor~T 

of the faradaic impedance , developed by Grahame, et al (60 , 63 ) , 

it is possible to calculate e and the Warburg impedance for 

certain classes of substances defined by Grahame . Randles ( .J') ) 

has used e for calculatin~ the rate constants of rapid electro0e 

processes, whi le Parsons (67) finds 8 values helpful in com­

puting the heats of activation for reactions involving hydro gel: 

evolution on platinum electrodes . Remick (68) states that 

j ' iri order to demonstrate that the mechanism of an electro­

chemical reaction falls in any given mechanistic class) the 

mathematical requirements of that mechanism must first be 

deduced from basic principles (ofte1an imposing task l ) and 

then the reaction must be shown experimentally to be in accord 



with these requirements. In working toward this goal, 

Grahame has considered a number of different classes of sub­

stances and has shown that Fig. 24 conveniently represents 

the faradaic branch of the equivalent circuit •••••••••••• " 

This circuit illustrates reactions involving certain classes 

of sUbstances and "the additlonal impedance X is not a con­

ventional circuit impedance" and has "different mathematical 

properties for each different class of substances l '. 

In order to measure accurately the conductances of 

electrolytes, workers have attempted, amongst other things, 

to reduce electrode effects - polarisation - to a minimum. 

The use of platinised platinum electrodes,to reduce the 

frequency dependence of platinum electrodes, has been the 

standard procedure for some time past. Modern conductance 

research is now producing ingenious methods of eliminating 

electrode effects altogether. Amongst these may be mentioned: 

(a) The use of electrodeless conductance cells 

This has called for radicle departure from normal cell 

design. Griffiths (69) does this by employing the principle 

of a three-terminal transformer ratio-arm bridge. Measure­

ments are made by using a loop of the solution contained in 

one arm of an annular cell as the transformer core. A 

somewhat similar method is resorted to by Gupta and Hills (70) 

who also make use of a transformer bridge. Here, coupling 

between two toroidal transformers is provided by a closed 



65 

loop which threads both coils - the loop containing the solu­

tion whose conductance is required. The coupling is found 

to depend directly on the conductivity of the loop and hence, 

on the conductivity of the solution, which is determined by 

comparing it with- a standard. Lavagnino and Alby (71) have 

also devised a similar method. Hinkelmann (7~)~ on the other 

hand, describes a probe for conductance measurements which 

consists essentially of two coils, hooked up in such a way 

that differences in conductivity are transformed into 

frequency differences of an auxiliary oscillating ci-rcuit. 

Another method, which virtually eliminates electrodes, 

is achieved by the double cell design of Feates, Ives and 

Pryor (73). Two cells are constructed with identical 

electrodes but with different lengths of solution between them. 

The difference in the r eSistances of the two cells measured, 

is found to show only a small residual fr equency dependence. 

The author has noted two further methods devised by 

Huber and Cruse (74) and by Salomon and Svitok (75) where 

measurements are made without the use of electrodes. 

of these methods could not, however, be obtained 

Detail s 

Note: As far back as 1930, Shedlovsky (29) designed a cell 

in which electrode effects were successfully eliminated. He 

used a cylindrical cell which was fitted with electrodes of 

the ordinary type at each end and, in addition, two (or more) 

platinum loops were sealed to the inner surface of the cell 
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at intermediate positions. The cell was connected to the 

bridge in such a way (by connecting the detector between the 

junction of the ratio arms and one of the loops) that the four 

arms of the bridge consisted of two ratio arms, a known resist­

ance plus part of the electrolyte resistance and the remainder 

of the cell. When the bridge was balanced, no current flowed 

through the detector loop which was presumably free from 

electrode effects, while the two conducting electrodes were in 

opposite branches of the bridge. If the disturbances at these 

two electrodes gave rise to errors of equal magnitude, the 

resistance found in this way would be free from errors due to 

electrode effects. Even if they were not equal, their effect 

could be eliminated by taking a second resistance reading with 

a different loop in use and combining the two. Every such 

electrode combination was, of course, calibrated with a solu­

tion of known conductance. 

(b) The d.c. method of conductince measurements 

Since reactances only become significant with a.c., this 

method is free of impedance difficulties associated with 

electrode processes. Thus, Lim (76) obtained fairly accurate 

conductance values for sodium chloride and potassium chloride 

solutions. Gordon and his collaborators (77, 78) have 

developed the method to yield high precision data on dilute 

halide solutions in water and in methanol. However, the 

method is restricted in its applicability to solutions for 

which sui table reversible electrodes are available .• 
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2.2 DESCRIPTION OF APPARATUS 

2.21 THE CONDUCTANCE CELLS 

Two types of Pyrex .conductance cells, with bright platinum 

electrodes, were used during the course of the present research: 

(a) THOMAS-GLEDHILL CEL.L - hereinafter, referred to as the 

T-G Cell . See Fig. 25. 

Complete descriptions of the design of this cell and its 

construction are given by Gledhill (23) and P.K. Faure (37). 

The latter had the nitrogen inlet capillary tube brought in 

to a point eccentric to the bottom of the electrode vessel. 

This served to promote better stirring and also to minimise 

the risk of nitrogen bubbles displacing the electrodes. 

Measurements carried out by various workers in this 

laboratory have shown the cell to be free from the Parker 

effect and, possibly, other errors arising from faulty cell 

design. However, it was noted that A. Faure (25) makes 

mention of inaccurate readings· obtained when the cell WaS used 

for measuring the conductance of dilute potassium chloride 

solutions. The author has made similar observations (see 

Section 2.5). 

Two T-G cells were used: one was reserved for measure­

ments on conductance water, while the other was employed 

only for measurements on potassium chloride solutions. 
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(b) NICHOL-FUOSS CELL - hereinafter, referred to as the 

N-F Cell. See Plate 6. 

In order to obtain reliable conductance data on very 

dilute non-aqueous systems, Nichol and Fuoss (31) found that 

a departure from normal cell design was necessary. The 

design incorporates electrodes which are concentric cylinders, 

with the lead to the outer electrode being a platinum tube 

which acts as an electrical shield for the lead to the inner 

electrode. Thus, it is maintained, stray electrical paths 

are eliminated. 

The contemplated measurements at high frequencies - when 

stray electrical paths assume greater significance - warranted 

the use of such a cell and, it was felt, that it would be 

worthwhile constructing one along the lines suggested by 

Nichol and Fuoss. 

Two factors were borne in mind while designing the cell, 

viz: the desired cell constant and the dimensions of the 

electrodes. The latter had to be such that the assembly 

would fit easily into an electrode vessel such as that which 

was used for the T-G Cell. Now for a cell of the N-F type, 

the cell constant is given by the approximate relationship 

Q = (l! 27rh)ln (bja) 

where h is the length of the cylinders and b and a are the 

radii of the outer and inner electrodes respectively. Hence, 

for a cell constant of 0.15 - which was the value desired --



PLATE: b 
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it was required to have £ = 3 cms and b = 1 cm. Much care 

was taken in constructing the assembly so th~t the inner 

electrode would not be easily displaced with respect to the 

outer one. A Teflon plug, carrying the electrode assembly, 

was machined to fit the electrode vessel which had ,a standard 

ground-glass joint. Fig. 26 shows the electrode assembly in 

diagrammatic form. With one set of electrodes, therefore, 

measurements could be made on conductance water and potassium 

chloride solutions contained in two different electrode 

vessels. 

Note: 

(1) This cell was used with satisfactory results by Clur (79) 

for the determination of the solubility of mercurous chloride 

in water . 

(2) A search of the abstracts revealed that coaxial, concen-

tric, cylindrical electrodes have also been incorporated in 

cells used by Nagaura and Karaki (80), Uggla (81) and Munson 

(82). Unfortunately, their papers were not available for 

study . 

(3) Nichol and Fuoss have shown that their type of cell has 

excellent frequency characteristics if Q < 0.1 cm- l • For 

solutions having low specific conductance values, such cells 

would give too Iowa resistance to be measured with precision. 

Hence Brody and Fuoss (32) have designed two new types of cell s 

with dir~: ng olectrodes, and with a vi ew to increa sing Q, while , 

at the same time, maintaining the satisfactory performance 
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of the N-F type of cell. A brief description follows: 

The electrodes are flat rings of bright Pt mounted on an in­

sulating tube (which was glass in the one type and Teflon 

in the other). The electrode assembly fits into a cylindri-

cal vessel which is slightly larger than the outRr diameter 

of the electrodes. The electrolyte is located in the 

annular space between the tube and the cylinder. By varying 

the electrode spacing and/or the electrolyte layer, Q could 
\, -1 be made to assume any value betweem 0.3 and ~.O cm • The 

Parker effect is negligible (except for very high cell resist­

ances) since the lead to the lower electrode is shielded by 

the cylindrical lead to the top electrode, and both are made 

to run inside the central insulating tube. 

2.22 TEHPERATURE CONTROL APPARATUS 

In view of the fact that many electrolyte solutions hav~ 

a temperature coefficient of conductivity greater than 2% per 

degree at 25°C, a high degree of temperature control is 

required, so that measured conductance values can be guarantee, 

to an accuracy of at least 0.01%. Past workers in this 

laboratory have achieved this by housing the conductance bridg? 

and the thermostat in a room maintained at a temperature of 

2lt°C + 0.20
• 

2.221 ROOM CONTROL 

The present investigat ions were, as mentioned, carried 

out in a constant-temperature room built by Gledhill. 
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The room temperature had, or i ginally , been ' controlled by 

means of a paraffin thermoregulator based on a design by 

Deighton (83). Much difficulty was experienced by the 

author, however , in operating the regulator successfully 

since the main source of trouble lay in the presence of air. 

bubbles in the tube . Goddard and Faure (24, 25 ), who attempt ·· 

ed the same type of control in a room which they built, en­

countered similar difficulties. They then resorted to the 

use of an electronic thermoregulator adapted from a circuit 

by s turtevant (84). Although the system is much more 

elaborate , it is easier to put into operation and requires 

less maintenance. For these reasons, it was decided to 

change over to the electronic method of control . During 

the course of experimentation, it was found that two minor 

changes could be made without lessening the degree of control. 

Consequently, the regulator constructed differs from that of 

Goddard and Faure in the following respects: 

(a) The amplifier was coupled to the thyratron by a resist­

ance-capacitance combination instead of a transformer . This 

did not cause the relay to chatter - as was reported by 

Faure (loc. cit .). 

(b) Six wooden f rames - onto which copper wire (No. 35 S. W. G., 

0 . 33 ohm pe r foot) had been wound - were distributed about 

the ceiling of the room, and these made up the temperature 

sensitive arm. This arrangement , it was felt, afforded a 

better means of controlling the over-all temperature of the 
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room. 

Observations made from time to time showed that the 

room could be maintained at 2lt°C + 0.2° for long periods, 

and without any difficulty. 

2 . 222 THE THERMOSTAT 

The construction of the thermostat and the method of 

temperature control is adequately described by A. Faure (25), 

amongst others. To prevent corrosion , the outer thermostat 

- used for the present series of measurements - was made of 

copper instead of galvanised iron, which had been used by 

previous workers. The temperature was checked on a 5°C 

Beckmann thermometer which was periodically compared with a 

Baird and Tatlock solid-stem, mercury in glass thermometer 

(No. 55312), calibrated by the S.A. National Phys~cal Lab-

oratory. Since, according to Benson and Gordon (85), the 

temperature coefficients of conductivity of potassium chloride 

solutions of various concentrations are .very nearly the same, 

it was not necessary to set the temperature to 25.000oC. 

A temperature reading of 4.1080 on the Beckmann was found to 

correspond to 24.972oC + 0.0020 on the calibrated thermometer. 

At this temperature, conductance measurements could still be 

made with the desired accuracy of 0.01%, as long as the 

temperature remained constant. The temperature variation 

of the inner thermostat was observed to be not more than 

+ ° - 0.003 c. 
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2.23 BALANCES AND WEIGHT$ 

The follo.ring balances and sets of weights were used 

for the preparation of potassium chloride solutions: 

B I is a Sartorius microbalance (Model MD4). Maximum 

load: 20 g, accuracy: 0.001 mg with loads> 2 mg 

B II is a large Sartorius balance, with a maximum load of 

1400 g. 

W I is a box of Grade A Sartorius weights (10 mg to 100 g). 

This was used with B I. 

W II is a box of brass weights (10 mg to 1000 g) which was 

used with B II. 

W III is a set of riders supplied with B I, consisting of 

a beam rider (10 mg) and ring riders (10 mg to 50 mg). 

Note: 

(1) All the weights were calibrated by the method of inter-

comparison. 

(2) A box of Oertling micro-weights (1 mg to 500 mg) whose 

calibrated values were known, was used for calibrating the 

riders supplied with B I. 

(3) The difference in the length of arms of each balance 

was determined by the double - weighing method; 

2.24 FLASKS AND BURETTES 

Four flasks, varying in capacity from 250 ml to 1 litre, 

were used for preparing and storing the solutions. The, flasks 

were fitted with ground-glass joints and stoppers. Two 50 ml 
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Normax Grade A burettes were also used - but with ungreased 

taps to prevent contamination of the conductance water. 

2.3. EXPERIMENTAL 

2.31 PURIFICATION OF MATERIALS 

2.311 POTASSIUM CHLORIDE 

About 300 g of Merck G.R. potassium chloride were 

crystallised, once from distilled water and twice from 

conductance water. Prior to the first recrystallisation, 

the hot solution was filtered through clean glass wool. 

The final recrystallised product was collected in a platinum 

dish and dried in an electric oven, initially at 1500 C and 

then at 250oc. Since investigations into the removal of 

water from potassium chloride by Addink (86) showed that 

heating to 9000 C was unnecessary, the usual procedure of 

fusing the salt was dispensed with. Instead, small amounts 

of potassium chloride, as required, were placed in a; platinum 

boat and heated in a silica tube to about 600oc in an 

atmosphere of pure, dry nitrogeni 

2.312 WATER 

Ultra-pure conductance water was obtained from a still 

contrived and set up by Gledhill, Faure and Faure (87). 

The water was stored in Pyrex flasks fitted with ground-glass 

stoppers. The flasks had previously been leached out with 

conductance water. 
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2.313 NITROGEN 

Nitrogen was rendered pure and dry, by passing it 

through a train consisting of pure sulphuric acid to remove 

traces of moisture, then through soda-lime to remove carbon 

dioxide, and finally over meta-phosphoric acid to remove 

ammonia. 

To prevent the dry gas from absorbing water, and thus 

altering the concentration of the s61utions in the cell, it 

was allowed to bubble through conductance water at 24°c so 

as to saturate it with water vapour at that temperature , and 

subsequently through potash bulbs in the thermostat to 

saturate it at 2'5°C. 

2.32 PREPARATION OF POTASSIUM CHLORIDE SOLUTIONS 

In order to determine the conductance of solutions with 

an accuracy of, at least, O.Ol%,it is important that, amongst 

other things, the concentrations of the solutions be known to 

an equal deg ree of accuracy. Much care and special tech-

niques are, therefore, essential. Shedlovsky ( 88), Jones 

and Bradshaw (89) and - in this laboratory - A. Faure and 

P.K. Faure were able to obtain highly accurate results by 

developing cautious weighing procedures and minimising errors 

due to loss of solution by evaporation during transfer. As 

far as necessary, the recommended precautions were observed. 
-{o If 0"""';"$ 

Solutions of the~nominal concentrations were made up 

for the preliminary runs: O. I N, O. O'5N and O.OOIN . For the 

accurate runs, an approximately O.OlD solution was prepared 
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according to Jones and Bradshaw (loc. cit.), and subsequently, 

solutions of the following nominal concentrations were used: 

0.005N, O.OOIN and 0.0005N. 

All solutions were prepared by weight. The barometric 

pressure and room temperature were recorded during the course 

of vleighing for conversion of weights to vacuo. This was 

done according to a simple procedure published by Gledhill 

and Faure (90). 

Except for the O.OlD solution, all concentrations wer e 

expressed in gram-equivalents per litre. In making up the 

solutions, Li and Fang 's formula (91) for the density d of 

potassium chloride solutions was use d : 

d ~ 0.99707 + 0.00635f g per ml 

where f = weight per cent of KCl 

2.33 CONDUCTANCE MEASUREMENTS 

2.331 POTASSIUM CHLORIDE SOLUTIONS 

As has already been mentioned, preliminary measurements 

were carried out before the accura te runs were attempted. 

Thus, it was hoped to: 

(a) develop a standard procedure for taking readings; 

(b) see whether both types of cells gave reproducible readings 

over the whole frequency range; 

(c) gain some idea as to the extent of polarisation. 

From the experience gathered, the following procedure 
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was adopted when taking readings: 

At the outset , the room fan was svli tched off to prevent 

loss of solution by e vaporation . The cell was rinsed once 

with the solut i on in question (after having been ' seasoned ' 

with a solution of roughly the same concentration) , filled to 

the mark and placed in the thermostat. Nitrogen was then 

allowed to pass over the top of the solution and , after a 

whi le , it was bubbled through at the rate of five bubbles per 

second. Thi s vlaS continued for two to three hours . About 

an hour before the actual readings were taken , the oscillator 

and accessory units were switched on . The thermostat temp­

erature was noted, and the oscillator set at the desired 

frequency . Thereafter , the bridge was rapidly balanced, the 

frequency checked and the balancing repeated . In this 

sequence, resistance and capacitance readings were taken over 

the whole frequency r ange . On the average, a run lasted for 

about 25 minutes, after which the thermostat temperature was 

rechecked . 

Readings wer e taken, first with the solution in, say, 

the T-G cell and , immediately thereafter; with a solution of 

the same concentration in the N- F cell - since it was desirabls 

to obtain results with both cells under the same conditions . 

2.332 CONDUCTANCE \'iATER 

Following the method standardised by Malan (92) and 

Faure (37) , the resistance was measured at various time inter-

vals , at one frequency only , viz: 2 kc/s. From the resistance-
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time curve so obtained, the conductance of the water was 

de t e r mined . 

2.4 RESULTS 

2.41 POTASSIUM CHLORIDS SOLUTIONS 

Measurements were effected over a ser i es of 15 to 20 

frequencie s from 250 cis to 75 kc/s. To check fo r re-

produc i bility, the readings we r e repeated at about 5 frequencies 

over this range . 

The results are gi ven in the Appendix. 

Note: 
I 

(a ) Unfortunately , the readings obtained for the O. OO WN solution 

in the N-F cell we r e found to be in e rror due to a slight film 

of the solution ha ving been, somehow, introduced between the 

leads to the elect rodes . Hence, t he se results we r e discarded . 

(b) Since an approximately O.OlD solution was prepared, the 

value used i n calculating the cell constants was found by making 

\. 8 -1-1 a proportional correction to the value 0.001~0 77 ohm cm 

(given by Jones and Bradshaw ) for an exactly O. Ol D solution. 

2 .42 CONDUCTANCE WATER 

The wat er used in making up the solutions had conductance 

values ranging from 70 to 105 nm per cm. 

Note: 

Conductance readings "ere al so taken at a number of diffe r-

ent frequencies over the range. However, since only one such 
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run was attempted , the results were not consider ed conclusive 

enough to merit their inclusion in this thesis . 

2 . 5 DISCUSSION 

2 .51 PRELIMINARY OBSERVATIONS 

While th~ measurements taken during the pr eliminary runs 

showed that reproducible results could be obtained wi th cells 

of both types , i t became clear that: 

(a) the extent of polarisation ,,,as greater with the N- F cell; 

(b) with the more dilute solutions , and at higher f re quencies , 

the T- G cell behaved in a pecul iar manner . 

These results were to be expected for , with regard to t he 

l - F cell, ~Tichol and Fuoss (31) observed a marked increase jn 

po l a risation when the diameter of the inner cylindr ical 

electro de was reduced to dimensions such as that which obtains 

in the cell constructed ; whilst A. Faure (25) detected s i g-

n ificant errors in the equivalent conductance values fo r dilute 

potassium chloride solutions when the T-G type of cell I'!as used . 

2.52 - 1 R - f GraDhs . 
Fo llowing the procedure adopted by P. K. Faure , A. Faur e 

and Ta ylo r (37, 25 , 93) for conductance measurements with 

bright Pt electrodes , all readine s were , at first , plotted on 

h f R f -l. gr ap s 0 vs The observed resistances had , of course , 

been corrected for bri dge calibrat i on , bridge leqd and cell 

lead resistances. In addition , a frequency correction term 

was applied to each reading . (See Appendix ). 
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Figs. 27 - 33 are such graphs fo r the results obtained 

from the accurate runs . On examining these curves, the 

following characteristics are revealed: 

(a) With the T-G cell: Figs . 27 - 30 

The graph for the approx. O.OlD KCl solution shows that, 

up to 3 kc/s, the points lie on a fairly straight line; there­

after, a distinct negative slope is observed which becomes 

more pronounced at the higher frequencies. In the 0.005N 

KCl ~raph , there is a sudden upward trend at about 10 kc/s, 

While the O.OOIN KCl graph shows the negative slope commencing 

at 2 kc/s, with the minimum once again appearing in the region 

of 10 kc/s, Lastly, the 0.0005N KCl graph exhjbits marked 

curvature throughout - the upward slope starting at an even 

i ower frequency, viz: 4 kc/s . 

(b) With the N-F cell: Figs. 31 - 33 

All the graphs illustrating the behaviour of this cell 

show that the apparent resistance changes rapidly with 

f r equency . In the case of the 0.0005N KCl solution, a st?ep 

downward plunge is found to occur at about 10 kc/s. 

therefore, that none of the curves can be It is obvious, 
-1 extrapolated to f = 0, with any degree of confidence . An 

~~~~~~~~~~ 

interesting point, however, is that when the readings at the 

higher frequencies are ignored and, the best straight line -

drawn through the points at the lower frequencies - is extra­

polated to infinite frequency , the T-G cell is found to have 
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Q = 0.1320. This was determined from Fig. 27. 

(cf Q = 0.1319 which was the value obtained by other workers 

who used the same cell in conjunction with the Goddard-Faure 

bridge) • Similarly from Fig. 31 , the N-F cell was found to 

have Q = 0 .1451. 

2.53 R - X Diagrams 

Since the Jones and Christian extrapol ation procedure 

is seen to fail hopelessly when applied to readi ngs taken 

over an extended frequency- range, the problem of determining 

the true resistance was approached by way of R - X diagrams . 

This is a method commonly used in the analysis of electrical 

networks. By plotting a graph shOoTing the resistance and 

reactance at each frequency, the response of a network -

containing resistive and reactive elements - to a . c . can be 

accurately demonstrated . 

2.531 THEORBMS 

The method may best be illustrated by conSide ring the 

following theorems which deal with vari.ous combinations of 

resistances and capacitances: 

1. SERIES R - C CIRCUIT [See Fig . 34 (a)} . 

On applying the normal vector method, and in terms of 

a.c . notation, the. complex impedance of the circuit is given by 

z = + 

whence , the effective resistance and reactance are, respectively 

R = and X = 
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If now, for this circuit, R and X values are plotted 

for various frequencies, a diagram such as that shown in 

Fig. 34 (b) will be obtained. The locus is seen to be a 

straight line parallel to the X axis, passing through R = Rl 

and lying only on the negative side of the X axis. We may 

represent the impedance Z by the vecto r shown, the head of 

which lies on the locus at -1/L.JC1 , 

It is obvious from the equJ.tions .on p. 81. th::lt·, . 

as W -> 0 , X -> -00 and Z -> -00 

and as w -> =, X -> a and Z -> Rl 

II PA.RALLSL R - C CIRCUIT [See Fig. 35 (a) } 

The impedance of this circuit may be expressed in the 

form 

1 
= 

Z 

On inverting thi s, and r ealising the denominator, vIe find 

Z = 

= 

Rl - jWCIRi 

1 + <.,J 2ciRi 

1 + 
C2R2 

1 1 

'w 1 J -
Cl , dividing through by 

C2R2 
1 1 

Now let the relaxation frequency, ~l' for this circuit 

be defined as 

= 



z 

i 08. : R + jX 

We have thus R 

and x 

= 

= 

= 

= 

1 
C (JJ 1 . 1 

1 W1 

1 
'w-
J C 

1 

C1 W~ "+ GJ 2 
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1 
j 

<) • 0 " " • 0 • " " • <) 0 " " • " • " (1) 

W1C1' wi + w 2 

w 2 

= RIO 21 2.000."".00 ••••••• 00(2) 
w 1 + UJ 

1 
= 

Fr om equations (1) and (3), we find , 

x = (,\ 

• R • <)" ••• <)" 0"""""""""" (4) 
Gl

1 

2 
Hence 

2 X2 
w • - 2 

1 R 
= 

and , on substituting for (".)2 in equation (2), we see 

R = 

= 

= 



v4 

i.e. 1 = 

or + = o 

This is the equation of a circle, with origin on the circum­
.1 

ference and centre on the R axis at the point R = 2Rl ' 

See Fig. 3" (b) 

The phase angle e is given by 

e = -1 tan X 
R = t -1 w an -

Note: Inspection of equation (J) shows that if ''-'«wl' 

III PARALLEL R - C and S~RIES R [See Fig, 36 (a)} 

For the total impedance of this circuit, we may vTri te 

z = + 

using equations (2) and (3), 

The r esistive and reactive components are , r espectively 

2 
R = R2 + R 

'.0 1 
1 f.,) 2 2 

1 + '...> 

• •• lIj •••• •••• oooo(6) 

and X 1 ( ... ) 
- - • 2 w2 Cl (..,J 1 + 

•••• 0 '" '" ., .. '" 0 II •••••• 0 0 • o. '" (7 ) 
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As it can be seen from Fi g . 36 (b ), the effect is t o add 

R2 to all pr evious R values, while leaving X unchanged . 

IV PARALLELR - C and SERIES C [See Fig. 37(a ) } 

The total impedance of this circuit is given by 

z = J
' 1 W 

. 2 2 
Cl w'l + W 

j 

whence , the resistive and reactive components a r e seen to be 

w2 
R = Rl 2 

1 
o • 0 0 •• • • 0 0 .. .... 0 • 0 • " " .. 0 .. 0 (8) 2 w l + UJ 

and X 1 w + - l - l ~ ••• • •••• • •••• •••••• • (9) = - -. 2 w2 C1 w l + W C
2J 

Thus we see that, while R is left unchanged, the effect is to 

add ~ values to all previous X values . Also as W ... 0, 
W C2 x ~ - 00. 

This is i l lustrated in Fi g. 37 (b)' 

V SERIES R - C and PARALLEL R [See Fi g . 38 (a ) } 

The expression for the total impedance of this circuit 

is 

1 = 1 + 1 

Z R2 Rl + lfjwCl 

1 
= 

Inverting this, and realising the denominato r gives 

• 
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z = 

Let us write for the re1~xation frequency 

l.I-l12 = 
1 

Then z = R + jX 

= 

Hence, we find 

2 + (...12 R1 
G.l 12 

R1 + R2 
R = R2 , 2 2 ••• II 0 II 0 ,. II II •••• II .. (10) 

(,.)12 + t>l 

1"')(-"12 
R2 

R1 + R2 
and X = R2 , .0 •••• 000 •••••• ,,(11) 2 u.)2 

t"-' 12 + 

Now at ()...\ = co · X = 0 and R = Roo = 
R1R2 , 

R1 + R2 

Then R 

L,2 (;J 2 
R 

+ 
00 

\ 12 
R = R2 , 

2 + 0J2 
LA) 12 

•• 0 ••• • 0 .... " •••• (12) 

I\x, 
t •. ' t.!>12 • 

R1 
= -R2 , 2 w 2 w 12 + " 

and X • II II II" 11.0 II II II II II. II II. II. II (13) 
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From equation (12), we see that 

2 ( 2) 2 R 
R( 1'.112 + = R2 (W 12 + I.,,}~) 

R2 

(,.) 2 (;.)2 R2 - R 
whence = 12 ' R - 'h, 

Now on substituting for 2 in equation (13) and simplifying, w 

we find that 
.1 

X = - {(R2 R) (R R )]2 
00 

x2 = _R2 + R(R2 + RcJ R2Roo 

or + 

This is the equation of a circle with the centre at 
.1 .1 . 
2(R2 + RcJ and radiUS 2(R2 - 'h,). See Fig. 38 (b). 

The minimum in X may be found from equation (13) to 

occur at 

dX + = o 
dvJ 

i. e. at = 

VI SERIES COMBINATION OF TWO PARALLEL R ~ CCIRCUITS 
e . ! . 

[See Fig. 39 (a)] 

Using equations (2) and (3), we find that the net 

effective resistance and reactance of this combination 
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are respectively, 

l0 2 u.; 2 
R = R' + R' I = R · 1 + 

. R2 ec) ~ 
2 

2' . ... (15) 1(;.,2 ( ,2 
· 1 + >... + u) 

X X' + X" 1 (,J 1 W 2 ..... (16) = = - C .2 ,2 l . 2 
1 "·'1 + v. .. C2 ·" 2 + ( cl 

Note: 

(a) Suppose that Rl> R2 , each parallel R-C circuit may be 

represented graphically as shown in Fig. 39 (b) and 

Fig. 39 (c) with vectors Zl and Z2 respectively. The 

series combination effect of these is shown in Fig. 39 (d) 

where Z is the resultant vector. 

(b) The resultant locus will depend on the values of uJ l 
and Ld 2 • 

If l0 1»cu2 , the vector Zl has almost got round semicircl e 

2 before it starts to move round semicircle 1. See 

Fig. 39 (e) . 
I 

If L'\ > (02' but 0..1 11> 0.)2' the R-X diagram will be as 

shown in Fig: 39 (f). 

If (01 = w 2 , we get a semicircle, with centre at ~ (Rl + R2 ) 
.1 

and radius 2 (Rl + R2 ), since 

R = 

X 

See Fig. 39 (g). 
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2.5'32 APPLICATION TO EXPERIM3NTAL VALUES OF R and X 

In the course of investigating the response of a con­

ductance cell to long pulses, Allison (94) proposed a number 

of various R - C networks which, it was hoped, would 

simulate cell behaviour. The present approach can be re­

cognised as an alternative method for elucidating cell 

behaviour, since R - X diagrams were drawn for the experi-

mental readings and correlated with the different types of 

R - C combinations just considered. It may be noted that, 

since the measuring arm of the bridge is a parallel R - C 

circuit, the effective resistance and reactance values -

used in plotting the diagrams - were calculated from the 

following well-known relationships: 

R = R' 
I + ,2C2R,2 u·.·· 

X = 
1J.~CR,2 

where R' is the observed resistance corrected for bridge 

calibration and for bridge and cell lead resistances; C is 

the observed capacitance corrected for capacitance in the 

cell-arm of the bridge. 
b 

On carefully scrutinising the diagrams (see Figs. 40 - 4~), 

the following interesting features became obvious: 

(a) A minimum is found to occur in each case. 
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(b) Each diagram is seen to consist of two : 1branches l ; but 

this is not very clear in Figs. 44 snd 46 (diagrams depicting 

the behaviour of 0.005N and 0.0005N solutions in the T-G cel l ), 

where a peculiar type of curve is obtained at the high 

frequencies - which seems to confirm the observations made 

during the course of preliminary measurements. 

(In order to distinguish between the branches, the terms 

thigh relaxation frequency branch! and flow relaxation frequency 

branch I are introduced). 

(c) For measurements made in the N-F cell, the minimum apoears 

to be in the region of 7 kc/s in the case of the 0.0005N 

solution and hence, there is much more of the high rel~x2tiQn 

frequency branch here, than there is for the approx. O.OID 

and 0.005N solutions where the minimum occurs in the region 

of 30 to 40 kC/s. 

(d) A striking resemblance is observed between the low relax­

ation frequency branch and Fig. 37 (b), whilst the high relax­

ation frequency branch is strongly suggestive of Fig. 35 (b). 

The R-X diagram illustrating the behaviour of the O.0005N 

solution in the N-F cell (i.e. Fig. 42) is a clear demonstration 

of these similarities. 

2.54 EQUIVALENT CIRCUITS 

In view of the foregoing obse rvations, it was felt that 

it would be justifiable to assume that , for all the solutions 

investigated in the N-F cell and also for the approx. O.OID 
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solution - and to a Ie sser extent - the O •. OOIN solution in 

the T-G cell, the experimental curves represent the combined 

effect of two networks, viz: a parallel R-C and a parallel 

R-C with series C. Thus, the circuit shown in Fig. 47 was 

tentatively proposed as a basis for explaining the results 

obtained. 

2.541 METHODS FOR DEDUCING NEAR~ST TYP~ OF EQUIVALENT CIRCUIT 

Initial attempts in this direction were made by the 

method of trial and error, but this proved to be too tedious. 

Nevertheless, much useful information was gained as regards 

the relative magnitudes of the relaxation frequencies. Thus, 

Cl (in Fig. 47) was found to be of the order of picofarads, 

whilst C2 and C
3 

were of the order of microfarads - indicating 

that the high and low relaxation frequencies were of the order 

of megacycles and kilocycles, respe~tively. 

Subsequently, a more exact method was developed by 

analysing the circuit (Fig. 47) along the following lines: 

Consider measurements carried out at frequencies high 

compared with the low relaxation frequency i.e. w » <.° 2 , 

Equations (15) and (16) - see p. 88 - show that, under these 

conditions, the effects of the low relaxation frequency branch 

become negligible. As a result, the circuit is reduced to 

the parallel RI-Cl combination, whose effective resistance 

is given by 

R = 
1 + 
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Writing equation (17) in its reciprocal form, we find 

= 

N01'i, this is the equation of a straight line with slope 
2 CIRI and intercept 1/R1 , Hence, by plotting reciprocal 

values of the observed resistances against corresponding c..,2 

values, Rl can be computed from the intercept and Cl from the 

slope. 

For measurements at low frequencies i.e. when l 0 « l.)1 
, 

but W1< ~)2' the reactance due to the high relaxation frequency 

branch is negligible i.e . the effect of Cl may be ignored, 

The equivalent circuit, therefore, becomes effectively Rl in 

series with parallel R2-C2 with series C
3

, 

this network may be shown to be 

The complex of 

z = +. 
1 

whence, the resistive and reactive components are respectively, 

R = + . . .........•...•..•...• (19) 
1 

1 
x + .00 •• 0 •••••• e ••••••• (20 ) 

The reciprocal of equation (19) may be written in; the form 
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I = I 
~ + 

R 

which is the equation of a straight line with slope C~R2 and 

intercept I/R2·• Hence, C2 and R2 can be determined from the 

graph, drawn by plotting reciprocal values of the difference 

between R (the observed resistance) and RI (whose value has 

already been determined) versus the corresponding ~)2 values. 

It will be seen that C
3 

can be calculated from equation 

(20) provided that a value for X (the observed reactance) is 

chosen at a relatively low frequency, say, I kc/s. 

2.542 PROPOSED CIRCUITS 

Applying the methods outlined above, the circuits suggest­

ed in the following pages were derived for all the solutions, 

except the 0.005N, O. OOIN and 0.0005N solutions measured in 

the T-G cell. No re ~ sonable expl ,n~tion ~ in terms of an 

equivalent circuit - could be found t ~ account for the 

behaviour of the latter solutions at the high frwquencies; 

some resemblance was, however, noted between these curves and 

those for the other solutions - there appears to be a very 

definite probability that the curves have low relaxation 

frequency branches, which can also be represented by a 

parallel R-C with series C network. 

Attention is drawn to a slight modification made to 

the equivalent circuit originally proposed. In order to 

include the inter-electrode capacitance of the conductance 



cell, Fig. 47 was changed to the fo r m shown in Fig. 48. 

Here ~ represents the inter-electrode capacitance, which 

is significant only at high frequencies i . e. when the 

high relaxation frequency branch becomes operative. It 

should be remembered, however, that this electrostatic 

capac itance constitutes only part of the shunting capacitance 

in the high relaxation frequency branch, and that it has a 

constant value as long as measurements are carried out with 

the same cell. We may write, therefore 

C' + c = 

AcoJrding to a theorem derived by A. Faure (25), the 

inter-electrode capacitance is related to the cell cons tant 

by the formula: 

LC = k 

where k is the dielectric .constant of the solvent and c 

is in absolute e.s,u. 

Using this equation , the respective values of ~ for 

the N-F and T-G cells were found t o be 49 pF and 53 pF. 

Note: 

In the Tables that follow, the behaviour of the proposed 

circuit over the range of frequencies, at which measurements 

were effected, is compared with the experimental readings in 

order to show how closely. the cell containing the solution in 

question is simulated, 
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SOLUTIONS I NVEST IGATED IN THE N-F CELL 

0.0005N KCl 

The results obtained for this solution were subjected 

to analysis first, since the R-X diagram drawn was found to 

show both branches clearly. Fig. 4-9 shows the graph used 

for determinip.g Rl and Cl and Fig. 50 that for R2 and C2 • 

The equivalent circuit thus derived is given in Fig. 51. 

TAB L E 1 

-; -r- RESISTANCE =h R"~TANCE ---I 
kC/ s 1 calcuiate~J:r Ob~erved--- ' n calculat:~ml_-.?b~~;;~·d· -· I 

4-7.152 4-5.712 
I 

0.5 2025.0 2024-.9 I 1.0 2019.8 2019.8 35.301 26.125 

1.5 2017.8 2017.8 21. 505 21.4-91 
2.0 2016.9 2017.1 18.325 19.073 
3~'0 2016.2 2016.4- 16.057 17.091 
5.0 2015.8 2015.9 16.778 16.980 I 

10.0 2015.5 2015.3 25.055 24-.755 
I 20.0 2014-.6 2014- .4- 4-5.816 4-3.873 

25.0 2014-.1 2014-.0 56.711 51.638 
50.0 2009.5 2009.3 111.36 103.00 
75.0 2002.0 2001.6 165.91 153.83 

---'----_._----_ ...• _-.----

High relaxation frequency: 5.703 x 106 cIs (hl,) 

Low relaxation fr equency: 3.679 x 103 cIs 
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0.005N KCl 

Fig. 52 shows the equivalent circuit derived for this 

solution. · The network may now be seen to consist of thr ee 

parallel R-C combinations. With the additional R
3

-C
3 

circuit, a better fit was obtained over the low frequencies . 

TABLE 2 

f RESISTANCE ; REACTANCE 
kc/s ohms ohms 

I i 
.. - ._ -_ .. 

; Calculated Observed Calculated ! I , , 

0.5 214.34 214.41 30.53 

1. 0 211.07 211.08 16.55 

3.0 208.43 208.23 7.11 

5. 0 207.56 207.63 4.78 

10.0 207.01 207.00 2.82 

25.0 206 .82 206.83 2.01 

50.0 206.77 206 . 76 2.59 

75.0 206.74 I 206 . 74 3.47 

High relaxation frequency: "'1 = 3.100 x 107 cis 

Low relaxation frequencies: (')2 = 1.537 x 104 cis 

(""'3 = 6.298 x 102 cis 

Obser 

-1 
I 

ved I 
--

30. 

16. 

6. 

4. 

2. 

1. 

2. 

2. 

04 

70 

57 

23 

~~ I 

57 I I 
48 (?)! 
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O.OlD KCl 

The equivalent circuit derived for this solution may be 

seen in Fig. 53. Here too, the addition of a further R-C 

network improved the behaviour of the circuit at the low 

frequencies. 

TABLE 3 - - - --

f RESISTANCE 

kc/s ohms 
. - - -- .. .. . --"-" .". - ----i-----··--·-··- - - ----- -

Calculated , Observed , 
I - -
I 

0,5 110.89 ! 110.80 

1.0 107.65 107.65 

3.0 105.11 10lt.85 

5.0 10lt.33 10lt.17 

10.0 103.32 103.29 

25.0 102.67 102.66 

50.0 102.lt9 102.lt5 

75.0 102.38 102.36 

High relaxation frequency : 

Low relaxation frequencies: 

, REACTA¥CE -I 

ohms 
------ -. . - r-------- ---

Calculated Observed 
----------

20.51 

l2.lt3 

5.62 

It.28 

3.11 

2.5lt 

3032 

It.lt7 

= 1.190 x 107 cis 
= 3.895 x 10lt cis 
= 3.55lt x 103 cis 

23.72 

12.95 

5.63 

3.75 

2.3lt 

1.62 

2.07 

2.ltl 
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SOLUTION MEASURED IN THE T-G CELL 

O.OlD KCl 

The equivalent circuit derived for this solution is 

shown in Fig. 5~. 

TAB L E ~ 

f RESI STANCE 

kc/s ohms I 
I 

Calculated I Observed I -

0,5 96.200 96.~7~ 

1.0 95.298 95.236 
3.0 9~.511 9~.50~ 

5.0 9~.386 9~.322 

10.0 9~.2~2 94. 232 
20.0 9~.096 9~.085 

I 
50.0 93.991 93. 968 

I 75.0 93.952 93.9~0 

High relaxation frequency : 

Low relaxation frequencies: 

jJo:!;.El,: 

, 
I 

, \ 
, ~. 2 

C,,' 3 

REACTANCE 
ohms 

._- -- - ---
Calculated I Observed -, 

6.09 
3.7~ 

1.59 
1.l~ 

0.910 
0.9')7 
1.59 
2.2~ 

= 2.09~ x 107 cis 
= 7.615 x 10~ cis 
= ~.~77 x 103 cis 

5' .87 
3.73 
1.51 
1.05 
0.697 
0.699 
1.28 
1.83 

(a) Despite the addi tion of a further R-C network, there is 

still a relatively large discre pancy between t he calculated and 

observed resistance at 500 cis. 
(b) Tables 1 - ~ show t hat the deviation of the observed 

reactances from the calculated values is greater than in it i s 

in the case of the resistances, since the Wheatstone Bridge is 

primarily designed to take accurate readings of resistance. 
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2.6 CONCLUSION 

From the foregoing discussion, we may infer that: 

(a) Conductance cells of the N-F type - and to a degree those 

of the T-G type - may be simulated by an electrical network 

of resistive and capacitive elements, the equivalent circuit 

being such as that shown in Fig. 48. The circuits derived, 

however, only approximate to actual cell behaviour. With 

the more concentrated solutions and at the l~wer frequenci es , 

additional R-C combinations are essential to obtain a better 

fit with the experimental data. Hence, it may be assumed 

that only an infinite number of R-C networks could completely 

describe the behaviour of the conductance cell. 

As regards the R-X diagrams for the O.005N and O.0005N 

solutions in the T-G cell, where the curve turns over complete­

ly and then approaches the R axis, it appears that only the 

introduction of an inductive element can account fo r this 

behaviour. Until confirmation has been obtained for this 

peculiar type of graph, no satisfactory explanation can be 

offered. 

(b) The increase of reactance with frequency - at the high 

frequencies - is clearly due to the shunting of the electrolyte 

resistance by the capacitance in the high relaxation frequency 

branch, which - it must be remembered - includes the inter­

electrode capacitance of the cell. This may, however, be 

only one of the contributing factors, since the measured 
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reactances are not strictly proportional to the frequency 

in this region. Perhaps, the Parker effect is also 

responsible for this behaviour. No confirmation of this 

can be advanced from the present series of investigations. 

(c) Since the inter-electrode capacitance is the same as 

long as measurements are carried out with the same cell, the 

high relaxation frequency must ~e inversely proportional to 

the electrolyte resistance. One would, therefore, expect 

the minimum to occur at progressively lower frequencies as 

the solution becomes less concentrated. This is certainly 

borne out by observation. 

(d) The Jones and Christian extrapolation procedure is of 

doubtful validity - when bright platinum electrodes are used. 

Only if one can extrapolate out the residual effects of the 

high relaxation frequency branch can the method be considered 

to be satisfactory. Consequently, we see why the extra-
_1 

plot R vs f 2, polation for polarisation sometimes 

at other times R vs f- l and even R 

works if we _ 1 

vs f "" in a few cases . 

It depends on the relative magnitudes of the relaxation 

frequencies of the two branches, both of which are seen to 

change from solution to solution and from cell to cell. 

Consider, for example, the R-X diagram for the O.OOO)N solution 

in the N-F cell. If the low relaxation frequency were of 

the order of 2 to 3 kc/s, we should be near the maximum of 

the low relaxation frequency branch when the high relaxation 

frequency branch takes over, and it is understandable that 
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the resistance-frequency graphs would not look the same. 

Hence, it may be deduced that there is no simple relationship 

between Rand f. 

(e) In general, the high frequency branch is decided mainly 

by the configuration of the cell, while the low frequency 

branch represents the effects of the electrode processes i.e 

polarisation. 

(f) The occurrence of a minimum in the diagrams may be 

explained along the following lines: measurements indicate 

that the cell geometry effect reaches its maximum at high 

frequencies (of the order of 10 megacycles per second or more ) 

whereas the electrode processes have relaxation frequencies 

of the order of seconds. Between these two limits, therefore, 

there must be a region where these effects are reduced to a 

very small value, viz: at the minimum of the graph. The 

determining factors in this connection would obviously be: 

cell design, the nature of the electrolyte and the electrode 

material. 

(g) The problem of how to find the true resistance of the 

electrolyte does now appear to be solved - at l east, for 

solutions investigated in cells of the N-F type. An R-X 

diagram of the readings is plotted, and a very good approxi ­

mation to the true resistance of the electrolyte is given by 

the value of R at the minimum of the graph . Alternatively, 

if readings are taken at high frequencies i.e. where the low 

relaxation frequency branc h has neglieible effect, the 



102 

following methods may be employed: 

(i) Accurately fit a semicircle onto the points on an R-X 

diagram, and the point of intersection on the R axis will 

give the true resistance of the electrolyte. 

(ii) Plot l/R (where R is the observed resistance) vs ",\2. 

The true resistance may then be determi.ned from the intercept 

(see p. 92 and Fig. 49) . As has already been shown, this 

method was applied with a fair measure of success. 

(h) Finally, it o3.n now be stated with certainty that the 

equivalent circuit of the conductance cell contains non­

linear elements - which confirms the conclusion reached by 

Gledhill and Allison (9)). 

2.7 SUGGESTIONS FOR FURTHER WORK 

Since the data collected during the course of the present 

series of measurements can be regarded as a definite contribution 

towards the development of a satisfactory theory of the variation 

of observed resistance with frequency, it is suggested that 

future research be pursued along the following lines: 

(1) Accurate measurements of resistance and capacitance should 

be carried out over an even wider range of frequencies. ThUS, 

from readings taken at very low frequencies (in the region of 

1 cycle per thousand seconds) useful information will be derived 

with regard to electrode processes, and the Warburg impedance 
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in particular. The very high frequency data (i.e. readings 

taken at 10 megacycles per second 2nd more) can be used to 

provide additional information as regards the cell geometry. 

Note: Extension of the frequency-range would, no doubt, call 

for modification in the design of the bridge. 

(2) It is recommended that factors, in addition to the 

frequency of the a.c., be varied in order to gain further 

insight into the behaviour of the cell. This would involve: 

(a) Varying the potential applied to the cell - which will 

permit a study of the non-linear elements. 

(b) Varying the electrode spacing - so as to throw more light 

on the effects of the cell geometry. 

(c) Varying the temperature at which measurements are effecten 

- which should enable one to investigate the rate of the 

electrode processes. 

(3) Lastly, all the effects mentioned should be investigated 

with various electrolytes, at different concentrations, 

contained in various forms of conductance cells and with 

different electrode materials. 



104-

APPEND IX 



105 

OPTIMUM OPERATING VOLTAGES 

The Table below will be found useful in making any 

adjustments which may become necessary. or i n cases of 

'trouble-shooting' • 

UNIT i TUBE PLATE 

I CRYSTAL 

I , , i , 
~6SL7 OSCILLATOR 

, 
180v 1 I I CATHODE-FOLLOWER ~6SL7 180v ! 

i 
~6SL7 V-F OSCILLATOR 160v 

CATHODE-FOLL01;JER ~6SL7 160v 
I 

FIRST HIXER 6SA7 n5v 

; I 

BRIDGE-INPUT AMP. 6AC7 150v I CATHODE-FOLLOWER 6'.'5 185v 
, , 

SCREEN I 
I 

-
-

-
- I 

I 
100v 

130v 

170v 

GRID I --- ._ - ~ 

-4.4v 

- lOv 
------_.-

-0.5v 

-2.5v 

-5.8v 
-1.5v 

-3.0v 

-21v 

I 

--J 
Cl 
(3 
--

) i 

) I 
----I 

I 
I 
I 
! 

IBRIDGE-OUTPUT AMP. 6AC7 I 145v 130v -3.2v I 
---------~-----------'---- -+---------- --- -1 

I I SECOND MIXER 6SA7 150v nov -5.6v (1) 1 

-1.4v (3) 

CRYSTAL FILTER 
1st Stage of Amp. 6SJ7 150v 100v -2.1v 

2nd stage 6SJ7 150v 100v -2.1v I 
- --- -1 

100 kc/s HORIZONTAL 
AMPLIFIER 6SJ7 150v 100v -2.1v 

---
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BRIDGE CALIBRATION 

The values given below were obtained when the resistance ~ 

in the measuring arm were cali bra ted I in situ I by the method 0 .: 

intercomparison (see Section 1.61). 

DECADE RESISTANCES (G.R. Type 510-A, -B, -C, -D, -E) 

r-T_E_N_T_H_S,-__ C_O_R_R~C_T_IQN __ -. 
1 i 
2 

3 
4-

5 
6 

7 
8 

9 
10 

+ 0.0005 ohm 
+ 0.0010 
+ 0.0015 
+ 0.0010 
+ 0.0025 
+ 0.0020 
+ 0.0035 
+ 0.0021 
+ 0.0026 

+ 0.0031 ,--------------"'_.- -- --- . 

TENS CORRECTION 
1 + 0.004-9 ohm 
2 + 0.0050 
3 + 0.0090 
4- + 0.0013 
5 - 0.0004-
6 + 0.0073 
7 + 0.0094-
8 + 0.014-2 
9 + 0.0182 

~~1~0~~_+~0~.~0~2J~ __ . _ _ . 

I 

UNITS 
1 

2 

3 
4-

5 
6 

7 
8 

9 
10 

HUNDRSDS 
1 

2 

3 
4-

5 
6 

7 
8 

9 
10 

CORRECTION 
- 0.0008 ohm 

- 0.0005 
- 0.0023 
- 0.0030 
- 0.004-8 
- 0.004-6 
- 0.0064-
- 0.0071 

- 0.0059 
- 0.0057 

CORRECTION 
+ 0.099 ohm 

+ 0.139 
+ 0.214-
+ 0.265 
+ 0.311 
+ 0.335 
+ 0.377 
+ 0.4-04-
+ 0.4-31 
+ 0.4-57 



THE SLIDE-WIRE 

THOUSANDS 

I 1 

I 2 

I ~ 
5 
6 

7 
8 

9 
10 
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CORRECTION 
- ------ ---------i 

- O.olt ohm 
- 0.20 
- It.65 
- It.80 
- It.9lt 
- It.69 
- 5. 2lt 
- 5.10 
- 5.66 
- 7.31 

The values given below are set out in the same way as 

in logarithm tables: 

ohms x 10 -It . _----, 
o I 0 1 2 3 It 5 6 7 8 _ .. -
0 0000 0010 0019 0029 0039 00lt9 0058 0068 0078 
1 0097 0107 0116 0126 0135 014-5 0155 016lt 017lt 
2 0193 0203 0213 0222 0232 02ltl 0251 0261 0270 
3 0290 0299 0309 0319 0328 0338 03lt7 0357 0367 
4- 0386 0396 olt05 olt15 olt25 Olt3lt oltltlt olt53 olt63 
5 olt83 Olt92 0502 0511 0521 05'31 05lto 05lt9 0559 
6 0579 0589 0598 0608 0617 0627 0636 06lt6 0655 
7 0675 0685 0695 070lt 071lt 0723 0733 0742 0752 
8 0771 0781 0791 0801 0810 0819 0829 0839 08lt9 
9 0868 0877 0887 0897 0907 0916 0926 0935 09lt5 

10 0965 097lt 0983 0993 1003 1013 1023 

9 
0088 
018lt 
0280 
0376 
olt73 
0')69 
0665 
0762 
08 "'0-- / . 

09,)r,' - ~ ! 
, 
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CALIBRATION OF DECADE CONDENS.ERS 

G.R. Type 219-K: effe ctive zero capacitance : 35 pF 

I.l1IDJIBANmHf- _-.C.QRR~CJ'~QIL_ .. II i - 0. 000004- / LF 

2 I + 0 . 000007 

3 - 0 . 000002 
4- +' 0. 000014-

5 + 0 . 00001 5 

6 + 0 . 000006 

7 - 0 . 000008 

8 0 . 000027 

9 
10 

- O. OOOOll 
- 0 . 000020 

)UINPEEDT.HS·r ____ ··_J;QREEC.T.LON _ _ . 
I ' 
I 1 + 0 . 000050 I 'F i 
I I 

: 2 - 0 . 000070 i 
I ! 

I 3 - 0 . 000030 

I 4- + 0 . 000310 
5 + 0 . 000290 

6 + 0 . 000270 

7 + 0 . 000250 

8 + 0 . 000230 

9 
10 

+ 0 .000210 

+ 0 . 000100 

G. R. Type 21 9- M: e f fective ze ro capaci t an ce: 30 pF 

THOUSANDTHS 

I 1 
2 

3 
4-

5 
6 

7 
8 
9 

10 

CORRECTI ON --, 
0 . 000002 p F 
0 . 000016 

- 0 . 000020 

+ 0 . 000006 

+ 0 .000007 

- 0 . 000022 

- 0 . 000021 

- 0 . 00004-0 

- 0 . 000039 

- 0 . 000053 

HUNDREDTHS 
I 1 

2 

3 
4-

5 
6 

7 
8 
9 

10 

CO 
+ 0 . 000022 rF 

0 . 000178 

+ 0 . 00018 2 

- 0 . 000003 

- 0 .0000 23 

- 0. 000073 
+ 0 . 000132 

+ 0 . 00011 2 

+ 0 . 000035 

- 0 . 000083 
-----'---- -

I 

I 
i 
! 
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BRIDGE LEAD RES ISTANCE 

Readings taken with Cell Selector on R.H.S: · + 0.013 ohm 

RATIO ARMS INEQUALITY 

Readings taken with the ratio arms r eversed were found to be 

0.026% higher than those with the ratio arms direct. Hence 

all observed resistances (taken with the ratio arms direct) 

were increased by 0.013%. 

CALIBRATION OF WEIGHTS 

W I 

Nominal Correction 

Wgt (g ).---.:_-----'-(m.....,g"-"-) ___ 1 

100 + 0 .62: 

50 + 0.04-

20 + 0.02 

10 + 0.06 

10' + 0.15 

5 
2 

1 

- 0.01 

+ 0.05 

0.00 
l' + 0.02 

I" + 0.03 

Nominal I; 

Wgt (mg) 

500 
200 

100 
100' 

50 

20 

10 
10' 

Correcffon-- ; 

(mg) 

0.060 

+ 0.04-5 

+ 0.011 

+ 0.032 
+ 0.010 

- 0.050 

- 0.021 

- 0.070 , ,------..!....------_ . ...! 
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WII 

Nominal Correction Nominal Correction 
Wgt (g) (mg) Wgt (g) (mg) 

--_._--_ . __ . 

lOCO - 5.8 0.5 + 1.0 
500 -3.5 0.2 0 
200 - 2.6 0.1 0 
100 - 0 . 5 0.1 • 0 
100' - 1.2 0.05 0 

50 + 1.5 0.02 0 
I 

20 0 0,01 0 

J 10 0 0.01' 0 
10' 0 

5 0 

2 O. 
1 0 
l' 0 

V.r III 

Beam Rider (10 mg): Correction: + O,O~l mg 

Ring Riders 

;- Nomin~~---l--- correcti~~ --I 
Wgt (mg)1 (mg) 

90 - 0 . 028 

80 - 0.025 

70 - 0.036 

60 - 0.026 

50 - 0.019 ,----- --'---- -------

--,--------_ . .. -. ----

Nominal I 
Wgt (mg) 

~O 

30 
20 

10 

Correction 
(mg ) ____ _ 

- 0.009 

- 0.006 

- 0.017 

- 0.007 
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CORRECTIONS FOR INEQUALITY OF LENGTH OF BALANCE ARMS 

B I 

Brr 
0.003% 

+ 0.003% 

EXPERIMENTAL READINGS 

In the readings that follow: 

RI = observed resistance corrected for bridge calibration, 
bridge and cell lead resistances and ratio arms inequalitv. 

C = observed capacitance corrected for capacitance in the ce l l 
arm of the bridge and G. R. decade condenser calibration. 

R and X are the eff ective resistance and r eactance - calculated 
from values of RI and C as shown in Section 2.532. 

SOLUTIONS MEASURED I N THE N-F CELL 

O. OlD KCl 

f 

kc/S 
0 .50 
0.75 
1.00 
1.50 
2.00 
2.50 
3.00 
4-.00 
5.00 
7.00 

10.00 
25.00 
50.00 
75.00 

RI 

ohms 

115.87 
111.28 
109.21 
107.08 
106.09 
105.51 
105.16 
104-.68 
104-.31 
103.79 
103.34-
102.68 
102.4-9 
102 .4-1 

R 

ohms 

110 .80 
108.81 
107.65 
106.16 
105.53 
105.11 
104-.85 
104-.4-8 
104-.17 
103.71 
103.29 
102.66 
102.4-5 
102.36 

0 .588203 
.287222 
.175265 
'.092217 
.055305 
.037161 
.027080 
.016374-
.010991 
.006129 
.0034-91 
.000976 
. 000628 
.0004-88 

X 

ohms "'-'---_. 

23.722 
16.388 
12.94-6 

9.8799 
7.7803 
6.4-736 
5 .6285 
4-.5009 
3.7521 
2.9017 
2.34-13 
1.6161 
2.0716 
2.4-104-L-____ ~ ________ ~ _________ ~ __________ ~ _________ _ 



0.005N KCl 

f 

kc/s 

0 . 25 I 
0 .50 
0 . 66 
0.75 
1.00 
1.25 
1.50 
2.00 
2.50 
3 . 00 
4,00 
5.00 
7.00 

10 . 00 
20.00 
2,) . 00 
33 . 33 
50.00 
75. 00 

0.0005N KCl 

f 

kc/s I 
0 . 25 I 

I 0 .50 
0 . 66 
0 .75 
1.00 
1.25 
1.50 
2 . 00 
2.50 
3 . 00 
4.00 
5.00 
7.00 

10 . 00 
20 . 00 
25. 00 
33.33 
50 . 00 
66.66 
75.00 
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H' H C x 
ohms ohms p.F ! ohms _ ._ -_._-------- ------_. __ ._*---

233.75 219.92 0.683228 
218.61 214.41 .204014 
215 . 35 212.74 .122928 
214.39 212.27 . 099199 
212.41 211..08 . 059279 
211.30 210,42 .0389')9 
210 . 54 209.89 .027903 
209.45 209 . 03 . 016761 
208.89 208. 6-: . 011126 
208.43 208 . 23 . 008031 
207 . 99 207.86 .004712 
207.71 207.63 . 003121 
207.40 207.36 .001711 
207.02 207.00 . 0009::'0 
206.88 206.86 . 000348 
206 . 85 206 . 83 . 000;'.58 
206 . 82 206 . 80 . 000210 
206 . 81 206 . 76 . 000191 
206.76 206 . 74 .000123 

C H' R 

I 
I 

ohms ohms I p. .. F 
-- -

2037 . 7 I 2034.5 I 0 .012485 I 
2025.9 2024 . 9 . 003<)47 
2023.3 2022.7 . 002110 
2022.2 2021.7 . 001694 
2020. 2 2019.8 . 001019 
2018 . 8 2018.5 . 000738 
2018 . 0 2017.8 .000560 
2017 .3 2017 .1 . 000373 
2016.8 2016.7 . 000274 
2016.5 2016 .4 . 000223 
2016. 1 2016.0 . 000168 
2016.0 2015.9 .000133 
2015.7 2015 . 5 . 000113 
2015.5 2015 . 3 . 000097 
2015 . 3 2014 . 4 . 000086 
2015.2 2014.0 .000081 
2015. 0 2012 . 6 . 000081 
2014.5 2009.3 . 000081 
2014 . 3 2005.0 . 000081 
2013.4 

I 
2001.6 . 000081 

; 

! 

I 
I , 

I 

I 

-5,).170 
30.041 
23.566 
21.273 
16.699 
13.607 
11.621 

9.2216 
7.6162 
6.5699 
4.1200 

.2285 
3.2364 
2.4502 
1.8715 
1. 7339 
1.8811 
2'4658 
2. 777 

x 
ohm 

81. 30 
45.71 
36.13 
32.63 
26.12 
23.62 
21.49 
19.07 
17.50 
17.09 
17.16 
16.98 
20.22 

s 
-
2 
2 
4 
5 
g 
1 

g 
1 
1 
o 
o 
5 
3 
8 
o 

24.75 
43.8 7 
51.63 
68.80 

103.00 I 136.89 
153.83 ___ I 
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SOLUTIONS MEASURED IN THE T-G CELL 

O.OlD KC1 

I f i R' R C 

I 
X , 

I 
I 

kc/s I i ohms ohms 1ti.,F ohms 
I 
I j 

, 

I 
I 

0 . 25 ! 99.481 98.293 0 .705015 10.829 
0,50 

I 96.830 96 .474 .200000 5.8695 
0.75 95.825 95.615 .102998 4,5507 
1.00 9~.377 9'5.236 .065285 3.7261 
1.50 9 .9~1 94.866 .032968 2.7988 
2. 00 94.'7 0 94.692 .019039 2.1464 
2.50 94.623 94 .586 .03.3048 1.8344-
3.00 94.532 94.504 .008989 1.5137 
4.00 94.393 94.374 .005398 1.2085 
5.00 94.329 94.322 . 003766 1.0527 
7. 00 94.284 94 . 276 .002400 .93828 

10 . 00 94.240 94.232 .001249 .69692 
20 .00 94 .094 94 .085 .000628 .69863 
33.33 94.023 94 . 016 .000493 .91274 
50.00 93.984 93.968 . 000462 1.2818 
75.00 93.974 93 .940 .000440 1.8303 

o .005'N KC1 

f R' 
I 

R 
I 

C I X I 

I I 
I 

kC/S ohms ohms pF ohms I I , 
- ---

i 

0.25 
, 

188.39 187.23 0. 265285 i 14.698 
8,50 185 -39 18~.00 . 07923 9 8.5380 
0.66 184.62 18 -38 .047302 6.7449 
0.75 184.38 184.18 . 037943 6.0719 
1.00 183.68 183 . 55 . 022928 4.8569 
1.25 183.45 183 . 35 .015338 4 .0521 
1.50 183.18 183 .11 .011342 3.5855 
2.00 183.02 182.98 . 006302 2.6522 
2.50 182.84 182 .80 . 004487 2. 3557 
3.00 182.76 182.74 .003131 1.9710 
4.00 182 . 64 182 .62 . 001904 1.5962 
5.00 182 .45 182.45 .001036 1.0834 
7. 00 182.42 182 .42 .000733 1.0728 

10. 00 182. 35 182.35 . 000406 0.84826 
20 . 00 182 . 19 182.19 .000233 0 .97190 
25.00 182.19 182.19 . 000210 1.0950 
33-33 182.34 182.34 .000145 1.0095 
50. 00 182.36 182 . 36 . 000113 1.1806 
66.66 182.54 182.54 .000091 1.2702 
75.00 182.58 182.58 .000058 0.95957 
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O.OOlN KCl 

,------~--------c_--------r_--------,,----------' 
i f ' r R' 

kc/s ._ l 
i 

ohms 
. . _--

0.25 905.00 
0.50 902.35 
0.66 901.47 
0.75 901.23 
1.00 900.77 
1.25 900.34 
1.50 900.01 

I 
2.00 899.67 
2.50 898.77 
3.00 897.02 
4.00 896.66 
5.00 896.43 
7.00 896.11 

10.00 895.95 
20.00 895.48 
25.00 895.69 
33.33 895.74 
<)0.00 895.89 
66.66 895.99 
75.00 896.02 I 

R C 

ohms .A LF 
904.54 0.016189 
902 .18 .004672 
901.40 .002685 
901.18 . 002170 
900.74 .001313 
900.34 .000901 
900.01 .000688 
899.67 .000417 
898.77 .000308 
897.02 .000243 
896.66 .000168 
896.43 .000133 
896.11 .000103 
895.95 .000083 
895.44 .000070 
895.62 .000068 
895.64 .000063 
895.69 .000058 
895.70 .000058 
895.75 .000058 

I 
I X 

0 

20.8 
hms 

17 
49 
392 
052 
935 
362 
523 
414 
080 
856 
948 
191 
378 
862 
536 
682 
83 
21 
44 
29 

11.9 
9.1 
8 .3 
6.6 
5.7 
5.2 
4.2 
3.9 
3.6 
3.3 
3.3 
3.6 
4.1 
7.0 
8.5 

10.5 
14.6 
17.1 
15.1 

O.OOO5'N KCl 
~=====-------------:-----·i 

f R' R C X , 
kc/s ohms ohms lAF ohms , ... 

0.25 1787.3 
, 

1787.0 
I 

0 .004857 I 23.272 i 
I I 0.50 1782.8 1782.7 . 001355 13.529 

0.66 1782.2 1782.2 . 000828 11.005 
0.75 1781. 7 1781. 7 .000713 10.666 
1.00 1780.4 1780.4 .000448 8.9221 
1.25 1778.9 1778.9 .000328 8.1

4
42 

1.50 1778.5 1778.5 . 000253 7'4 24 
2.00 1778.0 1778.0 . 000188 7. 685 
2.50 1777.8 1777.8 .000138 6.8511 

._j 

3.00 1777.7 1777.7 .000123 7.3270 
4.00 1777.7 1777.7 .000103 8.1808 
5.00 1777.9 1777.9 .000090 8.937 
7.00 1778.4 1778 .3 .000083 11.546 

10.00 1779.3 1779 .1 . 000080 15.913 
20.00 1779.6 1779.3 .000070 27.852 
25.00 1779.7 1779.4 .000070 34.815 
33.33 1779.8 1779.4 . 000070 46.412 
50.00 1780.2 1780.0 .000070 69.588 
66.66 1780.4 1780.3 .000070 92.624 
75.00 1780.5 1780.3 .000070 104.22 
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CONCENTRATIONS OF POTASSIUM CHLORIDE SOLUTIONS PREPARED 

Note: 

__ N_om __ in_a_l ____ +-______ Actu~a~l~ __ __ 

0.005N 

O.OOIN 

1 __ ~·0~?5N 

o.0050465N 

0.00099392N 

0.00049860N 

The specific conductance of the approx. O.OlD solution 

= 1.4027 x 10-3 ohm-l cm- l 

DATA re CONDUCTANCE CELLS 

CELL LEAD RSSISTANCE Q 
-1 _______________ ___ __ _____ ~O~hm~ ______ _ . ____ ~llL ________ _ 

NICHOL-FUOSS 0.046 0.14381 

THOHAS-GLEDHILL 0.060 0.13184 

Note: 

The true resistance values for the approx. O.OlD KCl 

solutions measured in the N-F and T-G cells were 

determined by the proposed graphical method mentioned on 

p. 102 (Le. by plotting l/R vs ,-,)2). Hence 

In the N-F cell, true res istance 
In the T-G cell, true resistance 

93.990 ohms 
102.52 ohms 

These values were used in calculating the Q values given above. 
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SUM MAR Y 

(1) Developments in a.c. conductance techniques during the 

past ninety years have been reviewed, and a brief outline is 

given of the older theories regarding electrolytic 

polarisation. 

(2) A conductance bridge - incorporating the double hetero­

dyne principle - has been constructed, capable of giving 

resistance readings to an accuracy of 0.01% over a range of 

frequencies covering the best part of 100 kc/s. It has 

also been found possible to calibrate the oscillator so that 

frequency settings can be guaranteed to an accuracy of , at 

least, 0.1% in the range: 2 kC/S to 50 kC/S. 

(3) The Wheatstone Bridge Network has been slightly modified 

to enable measurements at the high frequencies. 

(~) Resistances in the measuring arm of the bridge have been 

calibrated 'in !itu' by the method of intercomparison. 

(5) A brief description is given of the modern theories 

regarding electrode processes and modern methods of 

eliminating electrode effects. 

(6) Two type s of conductance cell s, vli th bright Pt electrode s, 

have been used to carry out measurements on potassium chloride 

solutions: (a) Thomas- Gledhill Cell (b) Nichol-Fuoss Cell. 

The latter incorporates concentric, cylindrical electrodes 

with the lead to the outer electrode acting as an electrical 

shield for the lead to the inner electrode. This cell was 

constructed and used for the first time in this laboratory. 
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(7) From resistance-frequency graphs plotted, it is shown 

that the Jones and Christian extrapolation procedure cannot 

be applied (with any degree of confidence) to obtain the true 

resistance, when measurements are effected over an extended 

range of frequencies. 

(8) The method of resistance-reactance diagrams is discussed 

and applied to various networks of resistances and capacitance s . 

(9) By drawing resistance-reactance diagrams for the experi­

mental readings obtained, equivalent circuits have been derived 

- for all the solutions investigated in the N-F cell, and for 

the approx. O.OlD solution in the T-G cell - which approximate 

to cell behaviour in the range: 500 cis to 75 kc/s. The l ess 

concentrated solutions in the T-G cell show peculiar behaviour 

at the high frequencies. 

(10) Probable reasons are advanced for deviations from linear­

ity on resistance-frequency graphs. 

(11) A new method is proposed for determining the true 

resistance of solutions measured in cells of the N-F type. 
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