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Abstract 

For the purpose of determining by an absolute method the 

electrical conductivity of aqueous solutions of representative l - 1 

and 2 - 2 valent strong neutral salts over as great a range of 

concentrations and at as high frequencies as fee.sible, a new method, 

which·· is more general in applioabili ty than the usual simple resonanoe 
/ 

method, has been developed, tested and used. Solutions of NaCl and 

MgS04 were studied at wave lengths of 45.5, 27.4, 16.4 and 4.04 meters. 

The concentration range ·covered the interval from 10•3 to l gram equiva-, 

lents per liter ot solution. Fractional inoreases in the high trequency 

conduoti vi ty compared with the low frequency conducU vi ty, oonsidered 

as a !'unction ot the oonoentration with frequency constant, have been 

found to have a max~ of the order of 15% at approximately 10•2 gram 

equivalents per liter of solution. This maximUm shifted to greater 

concentrations as the frequency increased. The accuracy of the method 

was insufficient to show the small difference in high frequency conduc

tivity of the two salt solutions having the same low frequency conduc

tivity. Many relative methods have ascertained this difference, which 

is well predicted by the Debye-Fallcenhagen theory. The results do not 

agree with the absolute values predicted by the theory for either salt 

in that concentration range {perhaps as great as 10-2 gram equivalents 

per liter of soiution) for which the theory was designed. For concen

trations of the order or one normal, the results indicate only a small 

increase, if any, in conductivity at the frequencies employed. 
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Chapter 1. Introduction 

Section 1.1 Purpose of research 

The purpose of this research was to determine the eleot~ical 

conductivity of aqueous solutions of representative 1 - 1 and 2 ~ 2 

vs.lent strong neutral salts over as great /a',, range of concentrations 

and at as high frequencies as feasible using the so-called simple reson

ance method. 

Section 1.2 Basic concepts of electrolytic conduction 

A brief statement of the basic concepts of electrolytic conduc

tion may be in order. The discovery of Faraday's law and the fact that 

electrolytic conduction obeys Ohm's law for ordinarily applied field 

strengths suggested the following expression for the equivalent conduc

tivity /\ in terms of~the specific conductivity a- , the concentration 

in milligram equivalents per liter ot solution r*, Avogadro's number 

N, the electronic charge e, the ionic mobilities 1 and 6 and the + ...i._ , 

degree of dissociation °' 

A-

The equivalent conductivity /\ would be independent of the concentration 

if (1) CC:: were independent of the concentration and if (2) 

were also independent of the concentration. 

i and ,£_ 
+ 
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That one or the other or both of these assumptions is incorrect 

is well known. Arrhenius retained assumption (2) and rejected assump

tion (1). This classical theory of electrolytic solutions 1a quite 

suocess:tul. tor weak electrolytes, but leads to incorrect :results tor 

strong electrolytes. 

It assumption (2) be rejected and a41sumption (1) retained, even 
_/ 

tor solutions as concent::ated perhaps as 0.01 N, we are led to the 

fellowing concepts of the Debye-Huckel-Onsager-Falkenhagen theory which 

is applicable to the prese'nt research for sufficiently dilute solutions. 

We oonoeive of tour a1tterent forces aoting _upon any individual 

ion in a solution. First there is the Stokes resietanoe. Second there 

ia'the force due to the applied electric field. Third there is the 

retarding force due to the ionic atmosphere ot opposite sign to the 

charge on tlle central ion - which is aptly called the force ot relaxation. 

And lastly there is· the electrophoretic force due to the tact that the 

central ion moves thru a solvent which is not at rest relative to the 

oontainer but which is being dr$gged in the opposite direction by the 

ionio atmosphere surrou.nding the central ion. 

The nathematical application of these concepts to a study ot the 

electrical conductivity of dilute solutions ot strong electrolytes gave 

rise to the theory of diapersion of electrical conductivity (among other 

results) which is attributable to Debye end Falkenhagen. 

This theory uses as a model of suoh a solution the concept of 
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small charged metallic spheres in a continuous visoous medium. It is 

applicable only to dilute solutions of strong electrolytes sinoe com

plete dissociation is assumed and also because the charged spheres are 

likened to point charges in their electrostatic action on neighboring 

ions. (For a concentration of the order 0.01 N, the distance between 

ions is ot the order of ten ionic diameters.} 

Dispersion results at frequencies great enough such that dis

symmetry of the ionic atmosphere occurs - an increase in conductivity 

is then expected because- the retarding forces on the central ion become 

smaller. At still higher frequencies the conductivity ceases due to 

the inertia of the central ion and we arrive at the connection with the 

optical phenomenon of transparency of such a solution as NaCl in water. 

It should be mentioned that the same model for an electrolytic 

solution which leads to the above conclusions concerning the dispersion 

of conductivity, also leads to the conclusion that at appropriate fre

quencies there will be an increase of the dielectric constant. However, 

in Debye's treatment * of the dielectric constant of ionic solutions the 

effect known aa electrical saturation played an important role. A 

consideration or such a model led Debye to the conclusion that the 

dielectric constant of an ionic solution should be somewhat less than 

the dielectric constant of the solvent. 

* Debye, Polar Molecules 
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Section l.3 Previous work in the 1'ield 

Several methods have been used to test the Debye-Falkenhagen 

theory. Nearly all these methods are relative in character, the hi;gh 

frequency conductivity of MgS04 for example being measured in terms 

of the high frequency conductivity of KCl solutions. 

As early as 1927 M. Wien obtained evidence of the dispersion · 
- / 

effect. Sack, however, was the first to obtain results ot a.ey accuracy 

at sufficiently high :trequenoiee. 

The method employe~ by Sack, Mittelstaedt and Brendel involved 

observation .of the resonance current when a teat cell was filled success

ively with a standard KCl solution and then with the comparison solution. 

The conductivities of solutions having concentrations of the order o:t 

10-3 or less gram moles per liter of solution. were measured at wave

lengths between 30 and 10 meters with an accuracy of the order of 0.2%. 

The dispersion effect predicted by the theory is or the order of 1% for 

these wave lengths. Agreement between experiment and theory was consid

ered satisfactory for MgS04, CuS04, K'4Fe(CN)5, La(N03)3, HCl and H2S04. 

Deubner's method consisted of so adjusting a vacuum tube oscillator 

circuit that small changes in the conductivity of the solution filling a 

test cell in parallel with the principal capacitance produced large 

changes in the intensity of oscillation. A change in conductivity of 

· 2% produced a change in galvanometer ·deflexion of 60 divisions. An 

accuracy of 0.03% is claimed. The effect predicted is of the order of 
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1%. Agreement with the theory was claimed, although small deTiations 

were tound. 

Zahn's method consisted in observing the etteot due to losses 

in the test solution subjected to a high frequency magnetic field. A 

schematic diagram of his arrangement is shown at the top ot the tollow

ing plate! The data obtained tor MgS04 and MnS04 in terms or KCl as 

standard at a wave length of about 1 meter are shown in Chapter 5. 

Agreement with the theory is claimed, the effect predicted being of the 

order ot 10%. 

M. Wien and his co-workers have used extensively a method which 

is evident from the following plate. A resonance curve plotting barretter 

deflection against c1 was tirst obtained using NaCl or HCl solution as 

standard in the teat cell (c,R1). Using then a second eleotrolyte in 

the test , oell, it was possible to obtain a second resonance curve 

identical with the first by altering R1 (changing the concentration 

slightly) and by altering o. MgS04 and Ba3 (Fe(CN) 6] 2 at concentrations 

of the order of 10-2 and less gram moles per liter of solution were 

studied at wave lengths of 40, 20, and 10 meters. Again agreement with 

the dispersion theory is claimed. 

* This plate shows material selected from the English Tersion or 
Falkenhagen: Eleotrolytea. 
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The methods so far mentioned are relative methods. A method 

described by Deubner and used by Mal.sob for solutions of AgN03 and 

FeCl3 in C2H50H is an absolute method. The test cell was converted 

into a thermometer by using a capillary and the rate of rise of liquid 

in the capillary was observed at high and low frequencies, the applied 

voltage being also observed. The data in Table 1.3 - 3 was obtained, 

agreement with the Debye-Fal.kenhagen dispersion theory- being claimed. 

Table 1.3 - 3 O"w ._ o; 
/00 

Solution Moles per liter 
o;, 

--A = 1e m. A .. 48 m~ A. 20 m. 

AgN03 1/300 0.2 + 0.5 0.1 + o.5 o.o + Oo5 
AgN03 1/1000 0.6 + 0.5 0.2 + o.5 0.7 + o.5 
FeCl3 1/100 o.s + 0.5 0.7 + 0.5 1.7 + 0.5 
FeCl3 1/300 0&3 + 0.5 0.3 + o.5 o.e + 0.5 

The figure at the bottom of the accompanying plate shows the 

Debye-Falkenhagen dispersion ourva ~00 for MgS04 

at 10° c. at a concentration of 0.001 gram moles per liter of solution. 

The points represent experimental data. The figure ie due to Geest. 

In the region of greater concentrations we may mention the 

results of Feldman given in Table 1.3 - 5 and of Smith-Rose given in 

Table 1.3 - 6. 
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Table 1.3 - 5 

Specific oonductivities at 210 C in number of 10-ll e.m.u. 

Sample A= 130 m. 100 m. 60 m. 35 m. 30 m. 23 m. 

Deep ocean water 4.4 4.4 4.4 4.6 5.0 5.0 

Beaoh water 4.7 5.0 

3.5% NaCl 5.6 5.1 

0.1 N KCl* 1.18 1.23 

* Handbook of chemistry and physics gives CT= 1.19 x 10-11 e.m.u. 
at 21° C {14th ed., p. 944). 

Table 1.3 - 6 

Specific conductivity of sea water at 20°0. 

Frequency 
(kc./aJ 

0.5 
l.0 
2.0 

·100. 
1,200. 

10,000. 

Conduetivity 
{e.s.u. x 10-10) 

3.9 
4.2 
4.3 
4.3 
4.3 
5.4 

Smith-Rose estimates that the aecuraoy of his data is about 5%. It 

will be noticed that the quantity 

A = 30 meters. 

0-"" - o; has the value 38% at 
0c, 

16 m. 

6.8 

1.37 
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Section l.4 Justification for the present research 

For the purpose of this research the simple resonance method 

was chosen because it seemed to giv-e promise of being an absolute 

method; not beoaus.e it •would give great accuracy, quick results, or 

even simplicity of application. 
/ 

Unambiguous data obtained by this method would serve to test 

the Debye-Falkenhagen theory for dilute solutions, would satisfy 

scientific eurios'ity ·tor · concentrated solutions, and might poasibl.7 
I • 

. find application in connection with eleatrotherapeutics and geophysics. 
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Chapter 2. The experimental method 

In this chapter we shall proceed from a discussion of the 

simplest circuit, perhaps, which exhibits the phenomenon of series 

resonance to a discussion of a diagrammatic circuit which we assert 

bears some electrical resemblance to the apparatus used in this 

research. Although the mathematical expressions deduced from elemen

tary alterhating current circuit theory already are lengthy, they 

could easily be made longer if the circuit diagram should be made more 

complete. The writer believes, however, that many of the salient 

features of the apparatus are well represented by so simple a diagram 

as Figure 2.5 - 1 below. We shall derive a method in terms of this 

diagram for determining experimentally a resistance of the order of 

104 ohms at fre~uencies of the order of 107 cycles per second. We shall 

mention the roles played by radiation resistance, temperature and test 

cell constants. Finally, we shall indicate the adjustments of circuit 

constants which are necessary to attain reasonable accuracy in the 

determination of high frequency conductivities. 

Section 2.1 A simple resonance circuit 

It is convenient to consider first the circuit of Fig. 2.1 - 1. 

We have the differential equation 

I 
L 

dE 
ft 



I 

/ " 

Fig. 2~1 - 1 

of whioh the solution is 

A,e 

RC+ YRa.ca. - 4-LC t 
2.LC 

+ A.t e 
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C 

"RC - f1(/'-C2.- 4LC 

.2. LC 
t 

From this we see that the resonant frequency is given by 

- .:t:rr'([c 

and the natural frequency by 



2.1 Page 11 

The logarithmic damping decrement is 

rrR Yf 

If we plot ! 2 against C, having varied C in the neighborhood 

of ' the resonance capacity Cr, we obtain a resonance curve as shown in 

I.2 - - - - - - - - - - -

"' 

I.a. 
I 

We oan now write: 

I 
I 
I 
I 
I ---,---

' I I 
I I I 
I I I 

I I l 
I I I 
I I - I 
I I I 

c, c"- C.a. 
Fig. 2.1 - 2 

C 
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• ( I I )" ( i I ).z. = c, - CJt, + C: - C.i 

I 
=-.:a. 

c, 

Making the approximationa .. 

-'+-'-2 
c, c.,l. cit 

and 

or 
/ - C42. 

I c, C:%. 

c~ Y(i~r--I 

I 1 4 
z.a. + c 1 = c2. 

I a. >c 

.2.. 

c,c.2.. 

.:2. 

c,c.z 

In those oases for which it is sufficiently accurate to use 

'( = -,rR ff 1rR 
?TC.It, lt.w - Lw -

we shall have 

7T c.a. - c, I 
-

we have 

• r=rrR(f 2 CIL 
~!;JI 

2 cit, 
2.. 

# I- c~ • 
c.i-c, c,c2. 
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or approximately 

I 
(Bjerknes formula) 

This relation is often used to evaluate either O or R from an 

observed resonance curve if w is in the radio frequency range. 

L 'w C 
I.2. I-I 

~ 
N 

£=E
0

AV11,Wt 
I 

Fig. 2.2 - l 

Section 2.2 Another resonance circuit 

Let us now consider the circuit of Fig. 2.2 - l. We have the 

differential equations 

J.2I JI I-I L-· - +lr- + ___ .2. -
d.. ta. J.t C 

L d.I 
rlt 

+ RI + WI2 

J,E 
).t 

== £ W Co,(, wt 
0 
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whence 

J_:J. I +{le + ..!_) dl +_}_I,+ E.) I = _J_ dE + F 
d.t.2.. L • CW d.t LC t W L ;q- LCW 

Or, by defining {c W :: cat- 'f , this/ ~an be written 

I 

The steady state solution of this equation is 

whence the resonance capacity is 

'.Ibe natural frequency is given by 

v = wo = I ._l1 _ LC (R _ -c'w).2. 
0 :nr :i:rry LC 1 4 L 

The logarithmic damping decrement is 
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--;:;:::::::==:/ ==- • 7r R (· {[Le + I \ 

( )"' rr Rw'ff) I - !::.£. Ii - _!_ 4 L CW 

In the present work the first factor differs from unity by about 0.01%. 

Hence we can write 

7T 

The value of the resonance current 1s approximately 

L 
R + we 

le, 

Section 2.3 Expression for resistance in terms of observables 

Let us now investigate the following procedure. Let W be an 

electrolytic resistance. We may fill a test condenser with distilled 

water and observe I 2 as a function of C, varying C in the neighborhood 

of Cr, the resonance capacity. We plot this resonance curve and deter-

mine {oo for the circuit. Next we fill the test condenser with an 

electrolytic solution and again experimentally determine the logarithmic 

damping decrement which we may now call Ow . Using the above 

relations we shall have 
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'Ihe cell constant being known, we can calculate the specific conduc

w 
tivity of the solution at the frequency U 

Section 2.4 Applicability of circuit diagrams 

It may be worth while at this stage of our development of the 

experimental method used to emphasize that any radio frequency apparatus 

can be represented only approximately by any circuit diagram, and that 

its behavior can be predicted only approximately by the mathematical 

expressions derived in terms1 of such a diagram using alternating current 

circuit theory. It is necessary for the careful worker using radio 

frequency apparatus to consider not only several circuit diagrams in 

relation to a particular apparatus, but also to consider several varia

tions of the apparatus itself in order to be convinced that the mathemati

cal formulae adequately represent experimental conditions and that results 

obtained are independent of the apparatus used. However, for the purpose 

of discussion little would be gained by a complete report of such 

multitudinous variations; on the contrary much would be lost, for the 

needle would be buried in a stack of minutiae. 

An example of our policy of concentrating the reader's attention 

on the needle is furnished by the expression for Win Section 2.3 

derived in terms of the circuit diagram of Figure 2.2 - 1. Since Wis 

an electrolytic resistance, the following diagram undoubtedly approximates 

closer to reality. 
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L w 

Howe.Yer, a consideration of this more complicated diagram leads to the 
/ 

// 

conclusion that the formula for W in .Seotfon 2.3 is adequate. Indeed, 

in order for the correction terms to affect our result by 1%, it would 

be necessary to assume that1 the dielectric conatant for the solution 

differs from the dieiectric oonatant of distilled water by 100,000 %. 

Section 2.5 A eircuit used extensively 

Let us now consider the circuit of Fig. 2.6 - 1. 

r---------7 
---~..---'-... I 

M 

I /r, O I 
I 1,, ", I 

:, -Z-0<3': 
I I 

1, I 
I 

R 
w 

L 
C 

I 

Fig. 2.5 - 1 
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For this ease it is convenient to use complex algebra to determine the 

steady state relationships of the various currents. We can write 

Using the abbreviations 

X=Lw+lw--1 

Cw 

X = iw - -1 
Cw 

X .a. .l. I}.%. .z. 
I : )rl + ,(I W 

and neglecting ; and : 

.2. z. 
/)1,(. w 

x.2. Jt, 
I 

.2.. 2.. 
/)M, u.> /J 

a.A = XL ;f,,w 

I 

compared with unity, we find 

(I ) i I Ji[ L 4 
2. J .2. [ .2. 2. 2. .a. 1. • 7 2. I t{, ~ -~ M'w4 ~ ,,.t ,.f H, :; -( ~"' H, L::)) + 1,<u L; + "'W w + (1t,-l,"' l~ )1 J 

The resonance condition observed (i.e. the condition for maximwn 

I, = [,Ir. ) is for 

i (, L :z.u.>1.) 
X, I+ w.:z. 
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We have 

We also derive that 

(
I).2. X,.a. ( l ) .:J..lt, 
- :::: ~ I+ ~ 2..a. + -W 
I, ""w · WCw 

For a nearly symmetrical resonance curve, we may introduce the 

width of the curve by putting 

side of the curve. 

Then 

Hence, making obvious abbreviations, 
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) 

Then, setting r= I11, 
and l,1r, we have 

,? y., = I · I, 
.2. 

~ I+~ oc .dC 
_,2. 

- + /3 .dC • 
1J, 

The average value of rYv/ is 1 the sum of 
2 

I - OC AC + f1 AC.~ and 

-.2. 
J + fJ AC when averaged over the resonance ourve. 

Whence we obtain 
:t. 

71, -I 
Ac'.2. 

Again we abbreviate, setting 
.2. 

= 1f, - I 
.4C .z. J 

The significance of "/ , ?j, , and p is then as follows. The logar

ithmic deorement of the circuit of Fig. 2.2 - 1 is 

The observed curve however yields 7r 
r, -= ~c 'Y/, since we have plotted 

against C, not f I:1. against c. The procedure is then 

to calculate from the observed resonance curve corresponding values of 

1 
and f.2..Q_ • next to plot 

I 
vs. 11,.2. ':f ' 11,2.. 

is then the ordinate corresponding to JOO = / 
'f 

JOO 

<f 
Th 

/ 
e value of -.2. 

. 71 
plus the absolute value 
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of the slope of the resultant straight line, the equation for which 

we have seen to be 

I /00 
?/,.z. + fJ 7 

Having determined 1'/ in this manner, we have 

I J.C I 
::::: - ). w =7rf ~ 

Kw-foo = 7r 1/f 1T ?/w-1100 ,Ty ( rw --,,00) lTV il,Z 
- -

·Examples are given ,in section 4.1. 

Section 2.6 Other circuits tested 

Two circuits were considered mathematically and tested experi

mentally in addition to that of Figure 2.5 - 1. Essentially the same 

conclusions were reached as to the proper procedure to obtain the 

invariant A '7 corresponding to a given W. Figure 2.6 - 1 shows one 

of these circuits, which is objectionable because of the somewhat 

large "baokground" deflection of the galvanometer. Figure 2.6 - 2 

shows the other circuit; it is objectionable because of the excessively 

large value of f co it yields, and the relatively large value of M 

it demands. 
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~ G-ALV. 

! 

C 

Figure 2.6 - 1 

Figure 2.6 - 2 

Section 2.7 Radiation resistance 

The effect of a change in the radiation resistance of the 

circuit shown in Figure 2. 2 - 1 due to a change in W and A may intro

duce an appreciable error into the value of W determined as above. The 

circuit may be expected to radiate more energy for the same current and 

wave length when W = 10? ohms than when W ~ 104 ohms, since for a 
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constant induced electromotive force the fraction of the total power 

dissipated in the form of heat increases as W decreases. This can be 

illustrated in the following way. 

Let us consider the three circuits 1, 2, 3 below and the 

(l) ( 2) 

'W 
( 3) 

analogous circuits (l') and {2') for which we quote* the average power 

0----0 
i = i ~wt 

0 

Actual Electric 
Oscillator 

( l') 

radiated respectively: 

i = i ~ wt 
0 

Magnetic 
Oscillator 

( 2') 

* Page and Adams: Principles of Electricity, p. 588, 1931 edition. 
• . 
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Whence; tor the same 

(e.m.u.); 

. 
'Z. and 

0 

Radiation trom Magnetic Oscillator 
Radiation from Eleotrio Oscillator 

(h.l.u.) 

Since the linear dimensions al"e small compared with the wave length, a 

magnetic oscillator is inefficient compared with an electric oscillator 

as a souroe of electromagnetic waves. Our circuit (3) considered as a 

radiator is intermediate between circuits (1) and {2) and hence between 

circuits (l') and (2'), and approaches the characteristics of (2') as 

W decreases. We conclude that the radiation resistance of circuit {3) 

decreases as W decreases. 

Let the radiation resistance, r, be a function of W and ~ . 

We expand the function in terms of the dimensionless ratio ;Z?rv-L 
,\ w 

which is of the order 10-3, and retain the first .two terms. Thus 

Jt=ti -Jc .z-,,-zrL 
0 I A \v' 

where r1 is positive according to the 

above considerations. Then instead ot having 

we shall have Ow-cYco = 
-,,- ::;_ ..,,. -,r L 7T -.k -- A??_ W}'f I AW .:z. C 

whenee 

I .z1r irl I 
w= )~ 

7rY-4!J >i 
,.\ + C.1r u-l A:, = 

7nrAf + ll, .\ ·-
AW .,\ • ' J.:rrv-l w 
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We now distinguish between the true high frequency resistance, W, and 

the erroneous value 

write 

,.\ 
, calling the latter W'. Thus we can 

I \ 
- =- J__ + It _I\_ I 
w W' ' ~:rrv-L. W or - , -

W' 
- I - le., A 

:i:rr u- L • 

Bence for a given oircui t and w_ave length, we may expect to tind the 

measured W' larger than (and perhaps proportional to*) the true value 

W. By determining W' tor carbon resistors, and identifying their low 

frequency resistance with W, we can correct our observations on electro

lytes to eliminate this effect.** 

Section 2.8 Temperature correction 

Solutions were prepared by weighing the salts and measuring the 

volume of the solutions formed. The equivalent conductivity of each 

solution at low frequencies was then taken from the International 

Critical Tables for temperatures of 10° C and 25° C. The quantity 

0( = 
A,,; - 11,, 

71\~ 
was then calculated for eaoh solution. In 

order to reduce resul ta, /lt , from room temperature to 18° c. the 

* Figure 4.1 - 5 indicates that this is true for the range of W of 
interest. 

** Section 4.3, sources of error. 
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following expression was then used: 
I+ <X (t-lf) 

• o( is 

of the order 2.4;i; per degree centigrade. 

Section 2.9 Test cell constants 

Cell constants k = W er- were determined by measuring W at 500 

and 1000 cycles per second by two different bridge methods using solu

tions prepared as above. The error ink is less than 1%. 

Section 2.10 Adjustment ot circuit constants 

The various circuit constants must be adjusted to satisfy the 

following conditions in order to achieve satisfactory accuracy (or, in 

some eases, to make resonance curves observable at all). 

(1) The product LC is determined by the -frequency. 

(2) R Y.f must be large enough to permit determination of 

71
00 

with satisfactory accuracy, but at the same time small 

enough to permit ?'/w and A 71 to be satisfactorily 

large compared with ~
00

• 

(3) W f must be large enough to permit observation of the 

corresponding resonance curve with sufficient accuracy, 

but W (f must simultaneously be small enough to permit 

7/w and A'>/ to be satisfactorily large compared with 

"t/oo and also to permit use of the same condenser calibra

tion at all frequencies. 
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(4) (L;::)2. must be small compared with unity in order that 

the resonant capacity for W ~ 00 be satis:f'actorily near 

the resonant capacity for W N 00 . 

These requirements can be satisfied if W is in the inter'val 8000 to 

16000 ohms for A between 15 and 45 meters and necessi te.te the use of 

more than one test cell to cover the range of concentrations studied, 

for the specific conductivity changes over this range by a factor of 

12?0. 

Section 2.11 Calculation ~f I\ from observables 
"' 

To determine the quantity at 18° c., in which 

form we have expressed the results, the procedure is as follows: 

(l) Observe a resonance curve (galvanometer deflections corres

ponding to condenser reading in divisions) with a cell 

filled with distilled water. 

(2) Observe a resonance curve with the same cell filled with a 

solution of appropriate concentration. 

( 3) Multiply all galvanometer deflections by a factor of such 

size as to place the peak value at 100 om., and plot these 

values of <]' against the condenser readings in divisions. 

(4) Determine the widths of these ourves (in ~/"fdJ at 

appropriate values of <f . These widths have been called 

AC 



( 5} 
I 

Calc.ulate the quantities 1,2.. = 
AC .a. 
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and 
/00 

Cf 
Plot the former as ordinates vs. the latter. If a 

straight line can not be drawn justifiably through these 

points, readjust the circuit constants - that is, re

design the apparatus. 

(6) Record the ordinate of this straight line corresponding 

(?) 

( 8) 

(9) 

(10) 

to 
JOO cf= I and its slope. · Take the sum, intercept 

+ J slope/ which is Calculate 1'/oo from 

curve (1), 'rf:w from curve (2). 

_, ~ 

Calculate /\ = / O 7r V- ~ 11 7l 
t o* A 

Correct this value to I\ at 18° C. 

Apply the correction for radiation resistance, obtaining /1 . 
w 

Form ~ - <r: (,A,) 0 

<r 
0 

Section 2.12 .An alternative method 

An alternative method , which may already have occurred to the 

reader, might be based on the observation of the current at resonance 

only, instead of observat:1.on of the entire resonance curve. This pro

cedure was actually followed at the wave length of 4.04 meters only. 

Although it permits a great saving of time, t his method can not be so 

accurate or even so reliable as that involving the use of the entire 
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resonance curve. Indeed, this alternative method, if it had been used 

before the other procedure had given knowledge of various important 

properties of the ap~ratus, would have led to large errors perhaps 

as great as 50%. 

We proceed to discuss the manner in wM.ch the r$sults at 4.04 

meters wave length 
E 

I1r. ·= 'R + o..h. 

only were obtained. 

we"' 
We derive that W= 

]!_ -,[£ 
· loo Ve 
IAoo - I 
I.1rw 

At the end of- section 2.2 we had 

and_ calling the numerator 

a constant, A, and writing the galvanometer deflection rat;io for the. 

current ratio we have 

. A W=-A __ 

,re:; - ' Y-C 
or abbreviating . 'vi=-·- . --

. . · .. ,re: . 
. . y~ -I 
.. · w . . 

By using carbon resistors, A and 8
00 

can be empirieally determined 

(tor accuracy in determining Bw 1 t is better to make 

large to be observed). The values of 6w are constant to about 1 

part in a thousand. Nevertheless, in a typical experiment, the values . 

A = 3980 ohms t. 2.5% and y 6
00

' = 8.992 cm. i, -: 0.8% were determined .. 

Thus it is evident that this method is less accurate than the method 

using the entire resonance o.urve. 
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Chapter 3. ~ apparatus 

Seotion 3.1 Oscillators 

For wave lengths greater than 15 meters the oscillator circuit 

was of the Hartley type UBing one RCA 800 tube rated at 35 watts. For 

wave lengths less than 15 me~rs the oscillator was ot the tuned line 

tn>e usinv the same tube. Of several oscillators or the latter t1pe 

constructed, the design which pro-ved most satisfactory is illustrated 

in Fig. 3.1 - l. 

0 

RFC 

Fig. 3.1 - l 

RCA 
800 

' 

RFC 

Filament and plate voltages were furnished by storage batteries. 

Section 3.2 Resonance indicator system 

The resonance indicator consisted of a vacuum thermocouple

galvanometer system. Th~ heater resistance of the couple was approxi

mately 1000 ohms; the couple resistance was about 15 ohme. The galve.n-
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ometer was of the d'Arsonval voltage sensitive type having a resistance 

of about 15 ohms. A light beam and scale was used. For a heater 

current of 0.28 milliamperes the deflection on the scale was 100 cm., 

hence a difference of heater current amounting to 94 microamperes could 

be detected. A galvanometer shunt made it possible to observe heater 

currents as large as 2 milliamperes. 

Section 3.3 Resonance circuit 

The variable air condenser* in the resonance circuit was contained 

in a cylindrical copper case (diameter 15 cm., height 9 cm.). A plate 

of silica supported all metal parts of the condenser. '!'here were two 

coaxial rotor shafts. On one of these was mounted a single semi-circular 

plate, rotation thru 180° being effected by rotating the worm shaft 25 

times, thereby producing a capacitance change of about 10 pp. fd. A drum 

on the worm shaft was divided into 200 divisions by a vernier. The least 

count was then O .0002 p♦ p :fd. theoretically. This drum was observed thru 

a telescope and rotated by means of a hard rubber shaft 1 meter long. 

The other rotor produced a large capacity change of a.a much as 800 ff' fd. 

(depending upon the number of plates used). The minimum capacitance 

between the stator and the rotor was less than 10 /'f' fd. 'J'he worra was 

of steel; all other metal parts were of brass, phosphor bronze, or copper. 

* Please see photographs below. 
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The chief current path surfaces were gold plated. All sliding contacts 

were by-passed electrically by solder or large-surface mercury connections. 

The entire design was mechanically strong, calibration-stable, and 

electrically satisfactory for the purpose. 

Calibration of the vernier plate was effected using the substitu

tion method at A= 50 m., the substitution capacitance being of a 

calculable 1:ype. 

The coils used were loops of heavy copper strip. 

The teat cella* used were of pyrex glass with platinum electrodes. 

Six were necessary to cover the range of concentrations. 

Wave lengths were determined using a General Radio Company 

precision wavemeter, type 224 L, or by using a wavemeter previously 

calibrated in terms of a Lecher wire system. 

* Please see photograph below. 



The resonance circuit used at A• 27.4 meters, showing the 
remoTable coil, a test cell in position, the condenser shielding case 
inside which the thermocouple was mounted, and the drive shaft. 

The precision condenser showing the drive shatt connection to 
the worm driving the single rotor plate. 



The precision condenser showing the two rotors separated by 
the shielding plate, and the adjustable stator. 

20 1 2 3 4 5 6 7 8 9 :30 i 2 

The test cells used. 
Cell constants k • ,r in crn:-1 
appear in corresponding positions. 

Cell constant 

715. 
210.4 

55.5 

16.0 
3.01 
o.580 
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Chapter 4. Test of the method and sources of error 

Section 4.1 Tests of the mathematical theory of the method. 

In the first place it was necessary to test the mathematical 

conclusions of Chapter 2 in order to establish the validity of the 

experimental method .to the writer's satisfaction. A limited amount of 

evidence will now be presented which, it is hoped, will convince the 

reader that the method is sound. The · following examples are determina

tions of the high frequency- ,.resistance of carbon resistors, which are 

chosen to illustrate a variety of points; the quality of the examples 

is average. 

Figure 4.1 - l shows a variety of resonance curves. Curves 33.0 

and 31.3 may be called typical for this research. Curves 102.5 and 17.6 

are unusual. Curve 17.6 exhibits the undesirable characteristic of 

extremely small '?oo (0.351 fffd.}, • too small t~ be compatible with 

good accuracy. It is of interest to note that this curve was recorded 

twice, and when plotted "life size" the two sets of data points agreed 

with the curve to a distance of about 1 mm. - an indication of the 
~ 

constancy of the battery operated oscillator and of the electrical 

excellence of the precision condenser. Curve 102.5 e:xhibi ts a degree 

of flatness approaching unobservability. It was recorded for the 

special purpose of giving the 2000 ohm point on Figure 4.1 - 6. The 

curves are all. quite symmetrical - greater sywnetry would be evidenced, 



g, 
cm. 
/00 

80 

/02,.f 

,o 

3/.3 

40 

20 

0 L----...L.------1.----L----~------
/ O 15 2.0 

Figure 4.1-1 . 
As abscissae are plotted revolutions of the drum {25 of 
which represent a rotation of 180° of the single plate 
of the precision condenser). The ordinates are obtained 
by multiplying observed galvanometer deflections by a 
factor f such .that f 100cm. The ordinates for curve 
31.3 only are the observed galvanometer deflections. 
The widths of these curves for various and th~ values 
of f are included in Table 4.l-5·a immediately below• 

Data Number 
102.5 

31.3 
33.0 
17.6 

• " T/ ... - A YI W 
'I Wid th(,,,,fc:4) f (m.) c,,.,,.fJ..Y (,,.c,u.;J,) Ohms 
85 5.42 2.093 2?.4 11.82 10.56 2,?60. 
75 3.44 6.?3 2?.4 4.35 2.82 10,300. 
50 1.615 1.109 27.4 1.42 
50 0.357 1.140 2?.4 0.351 
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Figure 4.1-2 • 

Symbol 
0 

0 
p 
cf 

? 

Data Number 
31.2 
33.5 
32.5 
31.3 
32.6 

• 2.0 

/00 -,, 



0 

0.3 

0.2 

. I 2 3 

Figure 4.1-3. 

Symbol 
0 
cf 

1 
9 
0-

Data Number 
31.0 
32.? 
33.0 
103.2 
103.5 
51.2 

5 

/00 
'.P 

7 



5 

4 

3 

I 

cl 

Figure 4.l:4 

Dotted lines represent limits between 
which the solid lines can be moved 
parallel to their present position 
with the resulting change in W equal 
to 1%. 

Symbol 
~ 
cl 

,P 
'o 

Data Number 
103.0 
103.3 

51.5 
51.6 

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

c(cf 0:: °'-
-- - -~- - - -~ -- - - -- ---- - ---

--- ---
~-e_ p- -- -- -- --

--------- --- -- --- -- · 

............ - ---
2 3 4 5 . 100 

'P 
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however, had they been plotted against capacity instead of drum 

revolutions. 

Figures 4.1 - 2, 4.1 - 3, and 4.1 - 4 show the quality of the 

atraight lines obtained by plotting I/ 'YJ,~ vs. 100/ <p at two wave 

lengths. The position of the data points in Figure 4.1 - 4 correspond

ing to narrow curve peaks and therefore to small values of AC is 
,/ 

partly due to observational errors in dete:rmining AC and partly 

explicable in terms of the mathematical theory of the method. For 

reconsider the averaging pro~es~ i~ which we added the following two 

expressions corresponding to different sides of the resonance curve: 

and 

'llle result we wrote was 

which is subject to previous approxima-

tions. It should have been 
_..1.. 

/ + E LlC + t31JC + (higher 

powers of .6C ) where the magnitude and sign of E is dependent on 

the degree of symmetry of the resone.nce curve and the side from which 
. I I /()0 

perfect symmetry is approached. Our final formula ~ '= -:;:;2. -f- p . tp 
E ·r, 

is thus lacking in a term involving AC , and for sufficiently 

small AC the data points tall above or below the "straight line" 

depending on the sign of E . Fortunately it is possible to attain 
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geod accuracy in spite of this defect aa indicated by the dotted lines 

of Figure 4.l - 4. The defect is usually not noticeable for larger 

peak values of .AC as shown by Figures 4.1 - 2 and 4.1 - 3. The 

pre1ent method of analyzing resonance curves actually works better for 

those curves tor which the simple Bjerknes formula* is less satisfactory. 

·we refer the reader now to Table 4.1 - 5b in which further 

information is listed concerning these examples. The data number 31.2 

means that this resonance curve was the second recorded during run 

m:unber 31. A "f) = 7Jw - 1700 is formed by using values of 7/ from 
I 

the same run. To form ~ 1) 31.2 we subtract 7100 furnished by 31.0 

tran 11w turnished by 31.2 - thus 3.776 - 1.537 = 2.239. 

f is the factor which is necessary to reduce all curves to 

the same peak value. For instance, considering data numbers 103.2 and 

103.5 we :notice that the actual peak galvanometer deflection observed 

for the latter curve was 17 .39 T 1.246 or 14 times greater than the 

resonance deflection for the form.er. The agreement of these two values 

ot '1/w to within 1% shows that the resistance of the carbon resistors 

{CR) was not changed due to beati»g within the observational uncertainty, 

and that the results are independent of the coupling with the oscillator. 

(This test was also used with electrolytic resistances with the same 

result.) 

~ is the wave length. The slopes and intercepts of the 

* Section 2.1 



Data 
Number 

f 

Table 4.1 - 5 b 

Slope Intercept 1) 

(JAJJf d.)
2 

(p,-cf d.r
2 

fpfJ. 
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- 3 
WwxlO 

ohms Remarks 

31.2 5,40 27.4 0.0196 0.0505 3.776 2.239 13.0 1~28 CR 4 

• 33.5 5.07 27 .4 0.0308 0.0442 3.65 

• 32.5 4.45. 27.4 0.0252 0.0416 3.87 

31.3 6.73 27.4 0.0184 0.03413 4.36 

2.23 13.04 1.286 CR 4 

2.195 13.27 1.307 CR 4 

2.823 10.3 1,298 CR 3 

32.6 5.25 27.4 0.0224 0.0271 4.497 2.822 10.3 1.298 CR 3 

31.0 1.10 27.4 0.025 0.399 1.537 Cel l 1. 5 , ~ 

32.7 1.112 27.4 0.0365 

33.0 1.109 27 .4 0.0488 

103.2 17.39 16.5 0.0078 

103.5 1.246 16.5 0.0156 

51.2 9.7 16.5 0.0645 

103.0 1.227 16.5 0.007 

103.3 1.217 16.5 0.007 

51.5 1.051 16.5 0.094 

51.6 1.051 16.5 0.090 

0.3175 

0.447 

0.251 

0.2472 

0.1785 

3.587 

3.587 

2.675 

2.673 

1.68 

1.42 

1.966 

1.950 

2.028 

0.528 

0.528 

0.6004 

0.6013 

1.430 12.21 1.204 

1.427 12.25 1.207 

Cell 4; E2 0 

Cell 4 · 
' 

H2 0 

CR 3 

CR 3 

CR 3 

Nothing 

• Nothing 
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rectified resonance cUrYes are recorded. W w is calculated using 

the relat1<>a • W0 is the value or the various 

carbon resistors, as determined with bridge circuits using direct 

current and 500 and 1000 cycles per second alternating current. 

We point out several examples where changes in slope are com

pensated by changes in intercept ao that the sum, slope plus intercept, 

remains coutant and hence 1700 , 1Jw 1 .41J • and W c., also remain constant. 

Ocmpare oi. 2 with 105. 2 and 103. 5 tor· ,w and 51. 5 and 51. 6 with 

103.0 and 103.3 for the corresponding values of 71
00 

• The reader will 

be able to ti~d other examples in this table. 

The first five Tal.ues of W + W0 for two different e.arbon c.> . 

resistors ehow the oonatanoy of this ratio .which is used as a multipli-

cative taotor to correct the observed Aw + A
0 

of eleotrolytio 

solutions tor the radie.tion resistance effect. This ratio changes with 

the nve length but evidently \.lo - I ie not propo?'tional 
'w'e,o 

thereto; hence 1"l of section 2.5 is a tunction of A . The data 

plotted in Figure 4.1 - 6 indicate~~ the oonstaney of this re.tio for 

a rather extended range of W0 • The observational uncertainty is 

rele.tiTel.y large tor the smaller values of W0 , and so the straight lines 

seem justified. We do not wish to insist, or course, that W w is 

proportional to Wo for 0 < W0 < 5000 ohms - only that such is the 

ease tor 10,000 ohms < W0 ( 15.000 ohms. Changes in circuit 

constants affect this ratio, and rather drastic changes were purposely 



0 

W' ohm-, 

2 s,ooo 

20,000 

15,000 

,o_,ooo 

s,ooo 

Figure 4.1-6. 

Carbon Resistors: Hi gh frequency 
vs. Low frequency values. 

• A = 2? .4m. Slope = 1.239 

o A'= 16.5m. Slope= 1.200 

10,00() 



4. 2 Page 38 

made from time to time, but no further information concerning this 

ratio was ascertained. 

Section 4.2 The selective heating effect. 

The selective heating effect* is a well-established phenomenon 

of great importance in the field of electrotherapy. Depending upon 

the experimental set-up and procedure, results vary somewhat, but the 

essential fact is that if an electrolytic solution be subjected to a 

high :frequency field there is observed maximum heating of the solution 

for that specific conductivity a- = (T such that approximately max. 
(J' = ~ 

ma.K. 2 where E is the dielectr,ic constant of the solution 

and ~ is the frequency. This effect, according to a number of 

workers, is explicable in terms of the geometry of the set-up used to 

study it. 

This view can be Ulustrated simply as follows. Consider a 

volume of solution placed in a high frequency field as shown below. 

@ -----
I 

----N---- ------4.fV,-.-----

v =V0 ..wn wt 
* Please see bibliography, part II. 
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The oircuit diagram may be chosen as shown. Then* 

Vo -I 
I + I and the power dissipated in 

iC
5

w I + iCw 'i"" 
the solution is 

R 

c2. .a. 
SW 

If the voltage be held constant, the maximum power loss occurs for 
I .• • 

R = 1/ ( 0 + Cs) W if the current be held constant, the maximum loss 

occurs for R -= 1/ Cw • Writing R = d/ er A and C • E A/ 4'ffd we have 

RC = E /41r<r and for constant current RC :: 1/21r J) = e / 41r O"max 

or n- E )> 
u max "" Z . The refinements and variations of this analysis 

will readily occur to the reader. (Certainly it needs refinement, but 

the original statement will not be altered thereby.) Thus it 1s the 

generally accepted view or observers of this effect that the selective 

heating is an apparatus etfeot, and 1s well understood without assuming 

that the conduct1v1 ty of eleotrolytes is a function of frequency. 

We assert that the selective heating effect did not influence 

the results of this research. In the first place, the formulae 

developed in Chapter 2 have been shown theoretieally and experimentally 

* McLennan and Burton, Canadian J. Hes., ,2., 550 ( 1931) 
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to be adequate (in particular please recall Sections 2.4 and 2.6). 

In the second place, during the process of recording the resonance 

curves the solutions did not exhibit an appreciable rise in temperature 

above room temperature. As will be shown later, :f'raetional increases 

in conductivity of the solutions of the order of 15% have been observed. 

To explain this as due to a rise in temperatu~e of 6° C ie impossible. 

Furthermore~ the same value of conductivity was calculated for eases 

in which peak galvanometer deflections were of the order of 30 times 

greater (using galvanometer shunt) than those normally used. If 

normally the temperature were raised e° C, then in the latter experiments 

the solutions should have boiled. 

Section 4.3 Other sources of error. 

For electrolytes the skin effect is negligible. For the carbon 

resistors used it is negligible because of their construction. However, 

considering a solid cylinder of carbon instead of the actual cylindri

cal surface coating of carbon, and · substituting into Rayleigh's formula* 

* "R' --I 
1? 

provided 

R' = high frequency resistance 
R = low frequency resistance 
le> /zrr = frequency 
}¼ = magnetic permeability 
',l. = length of conductor. 

••• 
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the radius 0.05 em., the permeability unity, and the specific conduc

tivity 2.85 x 10-7 e.m.u. at the wave length 15 mete.rs, we calculate 

a t'l'actional increase. 1n re~istance less than 0.7%. The use of the 

same temperature eoefficient at high frequency- as at low is justified. 

Smith"".Rose states that measurements of the c,onduot1v1ty ot sea water 

between o0 c. and 40° c. indicate that the mean temperature coefficient 

is ·about 2.7% per degree centigrade. The values used in this work 

were about 2.4% per degree centigrade; the value Yaries slightly with 

concentration and salt. 
I 

The writer considers that the method of correcting :foT changes 

in :radiation resistance 18 satisfactory. The reader may object, how

ever, that W0 , the low frequency value of the oarbon resistors used to 

determine the correction, is not the same as the true high frequency 

resistance W mentioned in se.ction 2.7. If the reader be eorrect, the 

effect will be to shift the origin of coordinates on our result curves 

for electrolytes up or down accordin.g as W0 1s ·1ess than or greater 

than w . . 

Possible errors due to non-linearity or galvanometer scale, 

hysteresis of galvanometer suspension, cooling of the thermocouple 

heater due to any cause, decrease of filament temperature of the 

oscillator tube, and decrease of plate :potentiai applied to the 

o~eill~tor tube are certainly negligible. The calibratien ot the single 

plate rotor of the precision condenser is believed to be correct to 
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0.005 fp.td. This applies to the shape only of the calibration curve, 

its absolute position relative to the coordinate axes being without 

interest in this connection. The method of utilizing the entire 

resonance curve to determine 17 should tend to eliminate random 

errors in determining AC , and also, the corre.ction factor for 

radiation resistance eliminates entirely the ~nits used in the calibra

tion. 

Smith-Rose found that the measured value of the conductivity 

of aea water at a wave length of 30 meters was essentially independent 

or the shape of the test cell used. However, for audio frequencies 

he round it necessary to correct for a polarisation film next the 

platinum electrodes which exhibited a capacitance of the order of a 

few m1erofarads and a resistance of the order of 100 ohms. He also 

notice,d 3:n effect which he attributed to the chemical action of sea 

water on the electrodes. No effects of this type were observed in the 

course ot this work. We assume that the cell constants, k = W 0-, 

are independent of frequency. 
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Chapter 5. Results 

Section 5.1 Data 

The salts NaCl and MgS04 were studied at wave lengths of 45. 5*, 

27.4, 16.4 and 4.04 meters. The results are shown in Figures 5.1 - 1 

to 5.1 - 5. The data are all corrected to 1s0 c. Estimated possible 

errors for . individual ordinates are ·shown by vertical lines. These 

errors are large enough to include (1) the error in the cell constants, 

• (2) the error in •the oonc~ntration, (3) the error in A'YJ, and (4) in 
i 

some instances, all observations of A.7/. 

Curves published by Rieckhotf (who used Zahn's method) are 

shown (Figure 5.1 - e) for comparison with our results. His curve for 

MgSO agrees well with the Debye-Fa.lkenhagen dispersion theory. 

·Aw 
/\0 
crw 
cro 

The symbols used have the following meaning: 

• equivalent conductivity at the frequency ~ . 
:i,r 

,. equivalent conductivity at low frequency. 
_, _, 

= specific conductivity in ohm cm at the frequency _, _, 
.. specific conductivity in ohm cm at low frequency. 

El. 
a,,r 

i* = concentration in milligram equivalents per liter of solution. 

/\ = UJ 

6 
/0 crw 

~* 
A •wavelength 

, /\ = 0 

10' er. 
0 

* At 45.5 meters wave length, circuit constants were not adjusted 
properly to give the saroo order of accuracy as at 27.4 and 16.4 
meters. This was partly due to the limitation imposed by the 
maximum capaoity of the precision condenser. 
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These results are for a wave length of about 
one meter and were obtained using Zahn' s 
method. The curves are re~plotted from a 
paper by Rieckhof f, Ann.d. Phys. _g_ 5?? ( 1929). 
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Section 5.2 Conclusions 

Our conclusions are as follows: 

(l) The equivalent conductivity varies with concentration and 

:trequency in the manner shown by the curves of section 5.1. 

(2) The results obtained disagree with the Debye-Falkenhagen 

theory of the dispersion of conductivity for dilute solutions 

of strong electrolytes; however, they do not disagree with 

experimental results for dilute solutions obtained by other 

methods. 

(3) The frequency dependence of conductivity found resembles the 

frequency dependence of the so-called selective heating 

effect. These two phenomena are, however, different in their 

nature. The first represents a physical property of electro

lytic solutions; the second depends upon the properties of 

circuits used. 
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