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Abstract

For the purpose of determining Py an absolute method the
electrical conductivity of aqueous'solutions'of representative 1 - 1
and 2 - 2 valent strong neutral salts over as great a range of
concentrations and at as high frequencies as feasible, a new method,
which is more general in aﬁplioability than the usual simple reéonance
method, has been developed, tested aﬁd used: Solutions of NaCl and
MgS0, were studied at wave lengths 9f'45.5, a7.4, 15.4 and 4.04 meters.
The cohcentration range covered the interval from 10-3 to 1 gram equiva~-
lents per liter of solution. Fractional inoreases in the high frequency
eonductivity compared with the low frequency conduectivity, eonsidered
as a function of the concentration with frequeney constant, have been
found to have a maximum of the order of iE% at approximately 102 gram
equivalents per liter of solution. Thisvmaximum éhifted to greater
concentrations as the frequency increésed. 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-Falkenhagen 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 solution) for which the theor& wes designed. For concen-
trations of the order of one normal, the results indicate only a small

inerease, if any, in conductivity at the frequencies employed.,



1.1 Page 1

Chapter 1. Introduction

Section 1.1 Purpose of research

The purpose of this research was to determine the eleetrical
conductivity of aqueous solutions of representative 1 - 1 and 2 - 2
valent 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 gpecific conductivity O , the coneentration
in milligrem equivalents per liter of solution x*, Avogadro's number
N, the electroniec charge e, the ionic mobilities .£+ and ,l_ , and the

degree of dissociation o :

A=20C _aNe(s +2)
K* + -

The equivalent conductivity /\ would be independent of the concentration
if (1) o¢ were independent of the concentration and if (2) JZF and ,él_

were also independent of the concentration.
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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 is quite
successful for weak electrolytes, bﬁt leads to i#correet results for
strong electrolytes.

If assumption (2) be rejéeted and assumption (1) retained, even
for solutions as concentrated perhaps as 0,01 N, we are led to the
following concepts of the Debye-Huckel-Onsager-Falkenhagen theory which
is applicable to the present fésearch for sufficiently dilute solutions.

We aonceive of four different forces acting upon any individual
ion in a solution. First there is the Stokes resistance. Second there
i8' the force due to the applied electric field. Third there is the
retarding forece due to the ionic atmosphere of opposite sign to the
charge on the central ion - which is aptly called the force of relaxation.
And lastly there is the electrophoretic force dﬁe to the faet that the
central iom moves thru a solvent which is not at rest relative to the
container but which is being dragged in the Oppﬁaite direction by the
ionic atmosphere surrounding the eentral ion,

The methematical application of these oconcepts to & study of the
eleetrioal\conduetivity of dilute solutions of strong electrolytes gave
rise to the theory‘of dispersion of electrical conductivity (among other
results) which is attributable to Debye and Falkenhagen.

This theory uses as a model of such a solution the concept of
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small charged metallic spheres in a continuous viscous medium. It is
applicable only to dilute solutions of strong electrolytes since com-
plete dissoclation is assumed and also because the charged spheres are
likened to point charges in their electrostatic aétion on neighboring
ions. (For a concentration of the order 0.01 N, the distance between
io?s is of the order of ten ionic diameters.)

v Dispersion results at frequencies great enough such that dis-
symmetry of the ionic atmosphere ocecurs - 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 electrolytie
solution which leads to the above conclusions concerning the dispersion
of conduetivity, also 1éads to the conclusion that at appropriate fre-
quencies there will be an increase of the dielectric constant. EHowever,
in Debye's treatment® of the dielectric constant of ionic solutions the
effect known as electrical saturation played an important role. A
consideration of 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 loleeules
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Section 1.3 Previous work in the field

Several methods have been used to test the Debye-Falkenhagen
theory. Nearly all these methods are relative in character, the high
frequency conductivity of MgS0O4 for example being measured in terms
of the high frequency conductivity of KCl solqtions.

- As early as 1927 M. Wien obtained evidence of the dispersion
effect. Sack, however, was the first to obtain results of any accuracy
at sufficiently high frequencies.

The method emplo&ed by Sack, Mittelstaedt and Brendel involved
observation of the resonance current when a test céll was filled suce;aa-
ively with a stendard KCl solution and then with the comparison solution.
The conductivities of solutions having coneentrations of the order of
10-3 or less gram moles per liter of solution were measured at wave-
lengtha between 30 and 10 meters with an accuracy of the order of 0,.2%.
The dispersion effect predicted by the theory is of the order of 1% for
these wave lengths. Agreement between experiment and theory was consid-
ered satisfactory for Mg304, CuSO4, K4Fe(CN)g, La(NO3)z, HCl and HpSO4.

Deubner ‘s method consisted of so adjusting & vacuum tube oseillator
eirecuit that small changes in the conductivity of the solution filling a
test cell in parallel with the principal capacitance produced large
ehanges in the intensity of oscillation. A change in conductivity of
2% produced a change in galvanometer ‘deflexion of 60 divisions. An

accuragy 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 deviations
were found.

Zahn's method consisted in observing the effect due to losses
in the test solution subjected to a high frequency masgnetiec fisld. A
schematic diagram of his arrangement is shown at the top of the follow-
ing plate* The data obtained for M’gso4 and MnS0, in terms of KCl as

_standard Qt 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 of 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 C; was first obtained using NaCl or HCl solution as
standard in the test cell (c,Ry). Using then a seeohd electrolyte in
the test cell, it was possible to obtain a second resonance curve
identical with the first by altering R; (changing the concentration
.allghtly) and by altering c. MgSO, and Bag [Fe(CN)J g at concentrations
of the order of 1072 and less gram moles per 1;tar 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 version of
Falkenhagen: Electrolytes. '
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The methods so far mentioned are relative methods., A method
deseribed by Deubner and used by Malsch for solutions of AgNOz and
FeClz in CgHgOH 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-Falkenhagen dispersion theory being claimed.

Table 1.3 - 3 o -
100 _42672;
Solution Moles per liter — A0 -
A =78 m, A= 48 m. A= 28 m,
AgNOs 1/300 0.2 + 0.5 0.1 + 0,5 0.9 + 005
AgNO3 1/1000 0.6 + 0.5 0.2 + 0.5 0.7 + 0.5
FeCl3 1/100 0.6 + 0.5 0.7 + 0.5 1.7 + 0,5
Felly 1/300 0.3 + 0.5 0.3 + 0.5 0.6 + 0,5

The figure at the bottom of the aoéampanying plate shows the

Aw-Ao
A,

at 18° C. at a concentration of 0,001 gram moles per liter of solution.

Debye-Falkenhagen dispersion curve |/00 VS, A for MgS04

The points represent experimental data. The figure is 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 - &

Specific conductivities at 219 C in number of 10-11 e.m.u.

Sample A: 130 m. 100 m, 60 m. 35 m, 30 nm. 23 m, 16 m.
Deep ocean water 4.4 4.4 4.4 4.6 5.0 5.0 5.2
Beach water 4.7 5,0

3.5% NaCl 5.6 8.1 6.8
0.1 N KC1* 18 1.23 1.37

* Handbook of chemistry and physics gives O = 1.19 x 10711 ¢.m.u.
at 21° C (14th ed., p. 944).

Table 1.3 - 6

Speeific conductivity of sea water at 20°C.

Frequency Conduetivity
(ke./s) (e.s.u. x 10-10)
0.5 349
1.0 4.2
2.0 4.3

100, 4,3
1,200, 4.3
10,000. 5.4

Smith-Rose estimates that the accurasy of his data is about 5%, It

O;,—-U;
%

will be noticed that the quantity has the value 38% at

A = 30 meters.
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Section 1.4 Justification for the present research

For the purpose of this research the simple resonance method
was chosen because it seemed to give promise of being an absolute
method; not because it would give great accurasy, quiek 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
scientifie euriosity for concentrated solutions, and might poassibly

£ind epplication in connection with electrotherapeuties and geophysies.,
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Chapter 2. The experimental method

In this chapter we shall proceed from a discussion of the
simplest cireuit, perhaps, which exhibits the phenomenon of series
resonance to a discussion of a dlagrammatic circuit which we sssert
bears some electrical resemblance to the apparatus used in this
research. Although the mathemstical expressions deduced from elemen-

Atary alternating current circuit theory already are lengthy, they

could easily be made longer if the circuit disgram 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 & method in terms of this
diagram for determining experiﬁentally a resistance of the order of

lO4 ohms at frequencies 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 cireuit of Fig. 2.1 - 1.

We have the differential equation
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R
M —
L
=
7—c
£?==E;Abtwt
I
Fig. 2.1 - 1
of which the solution is
£ . - ol
dim| wt —tand) L2 82 |
R

I= < ,
V??‘g—(Lu,-zis)‘

_ Re+/REE_JIC 4 _ Re—TR*C*-4iC ¢
2LC 2LC
Ae +Ae

From this we see that the resonant frequency is given by

p= o

&r ~ zmwy/Lc

and the natural frequency by
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The logarithmic demping decrement is

ar X _ wRT

V= T _ ®RY RC
LC 4L* - 2L

If we plot I® against C, having varied C in the neighborhood

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

Fig- 201 "'2 2
I

Fig. 2.1 - 2

We can now write:

I*e &
n

2
I2. EO

£ _
R+ (Lw-._'_.)“ R*+(Lw-—’-—-"
Qluo
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/ ! 3 / | 4 2
s Wty am & and — + —, = —. — —=—  we have
¢ G Ca ¢* " cr ¢ ¢C,
2 2
2 a - 2 C
L)-f2r =% - 2 =—§—1(/— = )
Il X 1~ 2 7, 4 C,C‘z
1~ Sa
or — | (it 3
Rw—c T
ACR
e
In those cases for which it is sufficiently accurate to use
& TR
=7TRI= = —= =
Y V: R e, R
we shall have
P
’/C 7 C,~C /
x:ﬂ-Ez— =-z zc L °
7 (FZ;)JZ_,
L T,
2
.cho N - L
C‘z-c C,Ca,
N
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or approximately

y=mRIE =T S L
h (_1:4)2-_/

I
This relation is often used to evaluate either J’ or R from an

(Bjerknes formula)

1

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

Wr
L E W Z ¢
1‘ 7
2 +I-1,
®- 3
E=E, aim ot
Fig, 2.2 - 1

Section 2,2 Another resonance circuit

Let us now consider the circuit of Fig. 2.2 - 1. We have the

differential equations

d*I f!_z: I_I:. _.‘5__5_
LIF +7?dt+—‘a- -Xz_-E;wCO'ﬂqut

L% +RI +WI, = £ gin wt

A1,
I“A’=mvjf
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whence
LT (B, L)AL (14 B)T <L dE | £
72 H L Tew/dt Tel' " w L T Tew

Or, by defining = 601-? , this ean be written

/
LCcw

JZI +(R t W, :(z{ t g (”‘ W)I Lmy i ot g
The steady state solution of this equation is
) ) _ gin|ot+q - B ,“f"
N9~ 48] £

whence the resonance capacity is

| 2K Lo .
P W)[,.,.\fw(m) ]

The natural frequency is given by

V;=%=2Wf‘{ ““(E"J—)z

The logarithmic damping decrement is
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I c N
— s R| = et
X V..f:ﬂ R ,)2. ‘/-:_'-RWVE_

4\ L " cw

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

Hence we can write

. T
2(=7TPVLE+ Wz

The value of the resonance current is approximately

[ =—Fe
"R+ =
we,

Section 2,3 Expression for resistance in terms of observables

Let us now investigate the following procedure. ILet W be an
electrolytic resistance. We may fill a test condenser with distilled
water and observe I° as a function of C, varying C in the neighborhood
of Cr, the resonance capacity. We plot this resonance curve and deter-
mine Jgo.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 J&v . Using the above

relations we shall have

it T
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The cell constant being known, we can calculate the specific condue-

tivity of the solution at the frequency 25%: .

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 cireuit diagram, and that
its behavior can be predicted only appfoximately by the mathematical
expressions derived in terms 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 discgssion little would be gained by a complete report of such
multitudinous variations; on the contrary much would be 1ost, 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 W in Section 2.3
derived in terms of the circuit diagram of Figure 2.2 - 1. Since W is
an electrolytic resistance, the following diagram undoubtedly approximates

closer to réality.
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g'n_ wg A== c¥&

However, & consideration of this more complicated diagram leads to the
conclusion‘that the formule for W in Section 2.3 is adequate. Indeed,
in order for the correction terms to ﬁffact our result by 1%, it would
be necessary to assume that the dielectric congtant for the solution

differs from the dielectric oonstant of distilled water by 100,000 %.
Section 2.5 A eircuit used extensively

Let us now consider the circuit of Fig. 2.5 - 1.
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Yor this case it is convenient to use complex algebra to determine the

steady state relationships of the various currents. We can write
I=1I +1,
I(R+:lwy) +L W+ iMwI =o0
"I:; W'+ Iz(k+z'/w _Ee:°> +I, z'-/noco =0
1;(/1,+z'/€,co) +imwl, =0

Using the abbreviaetions

2 .2

)
X=Lw + chaJ'— Ei:) &, = 12%;:5' 2,
= W
x /éco 33
¥ 2%, P57 ""w"£
I A i A a1=*‘7‘;.‘ )

and neglecting —/—v:,- and —R- compared with unity, we find

W

o B
< -

| - 22 2 22 22 . 3]
_'.zz;o_ = T—t‘?'— /ma)z"l'/(l L;;; "(j'u.) +ﬂ,£ﬁ/)—)X] +[/€lwt‘wﬂ+m‘#@+(f('-iwt~“—0) ; &
] M

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

v =1;”;) is for

!

X=X/¢=Lw+/€w-cﬁ3 = 2 =
) X,l(/“‘ qu;)
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We have

(i‘)z_ [,,.,w +iy £ (Zwm )X] [“Lwdw A /wL“’)d

1/ "+’!.'I=W@'*&w+n,"'f‘o)xn] [“.Lw IQ—_— *(" thw)x]

]
We also derive that

L Wy Lo(t-toa)] slistra) - Wli-too-a)]
= (W+a )" +(X-Llw-a,)

I
(%): m{[zaw+(jw-é—°)k‘]:[":;*k,w-f,w(fw_.&'_5)‘[32

For the present work the significant terms for (‘f) are as follows:
(]

Iy X* ( I ) 2K,
—_ = ] + + —
(I,) MCO : 1czwa. W

For a nearly symmetrical resonance curve, we may introduce the

and

width of the curve by putting

- C= Ca (l * %(?7) = C&(I ¥ E) where ¥ refers to {left }

™ right

side of the ocurve.

Then

{ J ( 2
2 = Tafl £ R€ +3€)
s C>

Hence, making obvious abbreviations,
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1\V* | 2 I \?
— '=A +B(’ize+3€) > _i_/.‘. =A +B

1 Ih

2 Lin

Then, setting 7= —— and % = ._f_ we have
, :

2
4. =) F2exiC +/$A—C2 "

N

2/ 2 :
The average value of y / 311 is % the sum of

— ot ’
/| — o« 4C + @ 4c and /+oc4‘c':+pzﬁz or

2

4 .

e
— ! + (3 Ac when averaged over the resonance curve.

E
2.1 7,1 2
Whence we obtain _L, - e o P yl

4c*r —  ac*
2 2
Ao y= o _ Y ! 100 2

Again we abbreviate, setting - =

2

The significance of ?] : 77/ , and sv is then as follows. The logar-

T
ithmie decrement of the circuit of Fig. 2.2 - 1 is r = -_’Z_CT ?

The observed curve however yields rl = Zrc— 77, since we have plotted
2

2
f];z' = g against C, not 1  against C., The procedure is then

to calculate from the observed resonance curve corresponding values of

! /00 1 100 . 1
- and —= ; next to plot —5 vs. —— . The value of ——

is then the ordinate corresponding to %9- =/ plus the absolute value



2.6 DPage 21

of the slope of the resultant straight line, the equation for which

we have seen to be

/ / 100
— = em— -+ ——
72. o)]‘.:. p ?

Having determined 77 in this manner, we have

werVL _!_ _qyL 2¢c 1 _ ] _ A
‘C ¥ Yoo C T %l TP(y-7) Tvay

‘Bxamples are given in section 4.1.
_Section 2.6 Other circuits tested

Two ecircuits were considered mathematically and tested experi-
mentally in addition to that of Figure 2.5 - 1. Essentially the same
conclusions were reached as to tﬁe proper procedure to obtain the
invariant 4‘7 corresponding to a given W. TFigure 2.6 - 1 shows one
of these circuits, which is objectionable because of the somewhat
large "background" deflection of the galvanometer. Figure 2.6 - 2
shows the other circuit; it 1s objectionable because of the excessively
large value of 3&0 it yields, and the relatively large value of M

it demands,
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e = JeaLv.
— 1

0SC. A
k

Figure 2.6 - 1

Figure 2.6 - 2

Section 2.7 Radiation resistance

The effect of a change in the radiation resisfance of the
circuit shown in Figure 2.2 - 1 due to a change in W and /\ may intro-
duce an appreciable error into the value of W determined as above, The
circuit may be expected to rediate more energy for the same current and

wave length when W = 107 ohms than when W = 104 ohms, since for a
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constant induced electromotive force the fractiom of the total power
dissipated in the form of heat increases as W decreases. This can be
1llustrated in the following way.

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

' w
(1) (2) (3)

analogous circuits (1') and (2') for which we quote* the average power

° i=l:°,dol»uwt
Actual Electric lagnetic
Oscillator Osecillator

(1) (2")
radiated respectively:

* Page and Adams: Principles of Eleectricity, p. 588, 1931 edit;on.



2.7 Page 24

2 o X 2
_4mei 4 - 3 .2 42
kE B ,\ez (e'm‘u‘); P — 47’. lL-A (hol'uo)
? M se )

Whence, for the same 2° and )\ ,

Radiation from Magnetic Oscillator
Radiation from Electric Oscillator

AL )

kﬁl p‘ﬂl

2
M <.27rA
E

Since the linear dimemsions are small compared with the wave length, a
magnetiec oscillator is inefficient compared with an electric oscillator
as a source of electromagnetic waves, Our ecircuit (3) considered as a
radiator is intermediate between circuits (1) and (2) and hence between
circuits (1') and (2'), aﬁd approachés the characteristics of (2!') as
W éecreaaes. We conclude that the radiation resistance of ecireuit (3)
decreases as W decreases.

Let the radiation résistance, r, be a function of W and A .

We expand the function in terms of the dimensionless ratio -%-}\r—l,-v-v-l-‘—
which is of the order 10‘3, and retain the first two terms. Thus
A=h — k 2mvL where r] is positive according to the
() ! A w
7
above considerations. Then instead of having dﬁw —-J;O = z
| W
m 2rvl W
we shall have a/-(y = —_—p == _ 2 A
w (co [d 1 = 7Z
WiE AW T ac
whence
L _ wray [ A > awvl  wwvay ) |
= + y: = + b, B
w A amrl/ T AW A 2mwvl W
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We now distinguish between the true high frequeney resistance, W, and

the erroneous v&lue. __li___ y» ¢alling the latter W'. Thus we oan
7rv~‘57
write

|
W=—*’~.+/‘c /\ W /t‘l/\

J
W el W Wt ST AT

Hence for a given circuit and wave length, we may expect to find the
measured W' larger than (and perhaps proportional to?*) the true value

W. By determining W' for carbon resistors, and idéntifying their low
frequency resistence with W, we can correct our observations on slectro-

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 18° C and 25° C. The quantity

X = = Li was then calculated for each solution. 1In

7.

order to reduce results, /1t , from room temperature to 18° C, the

* Pigure 4.1 - 6 indicates that this is true for the range of W of
interest.
**  Seetion 4.3, sources of error.
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A

following expression was then used: /[I = L3 o is

|+ (t-18)

e

of the order 2.4% per degree centigrade.

Section 2.9 Test cell constants

Cell constants k = WO were determined by measuring W at 500
and 1000 cyeles per second by two different bridge methods using solu-

tions prepared as above. The error in k is less than 1%.
Section 2.10 Adjustment of circuit constants

The vearious circuit. constants must be adjusted to satisfy the
following conditions in order to achieve satisfactory accuracy (or, in
some cases, to make resonance curves observable at all).

(1) The product LC is determined by the .frequenecy.

(2) RV_E: must be large enough to permit determination of

7700 with satisfactory accuracy, but at the same time small
enough to permit '77w and A?] to be satisfactorily
large compared with ’)]w. :

(3) W f— must be large enough to permit observation of the
corresponding resonance curve with sufficient accuraey,
but W @ must simultaneously be small enough to permit

7]w and A’)Z to be satisfactorily large compar_ed with

7] and also to permit use of the same condenser calibra-
@

tion at all frequencies.
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(4) £ﬁ£>z. must be small compared with unity in order that
the resonant capacity for W # 0O be satisfactorily near
the resonant capacity for W & OO ,
These requirements cen be satisfied if W is in the interval 8000 to
16000 ohms for /\ between 15 and 45 meters and necessitate 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

1270,

Seetion 2.11 Calculation of /\“’ from observablaes

Aws=As

To determine the quantity -———7T——— at 18° C., in which

form we have expreased the results, the pQZcedure is as follows:

(1) Observe a resonmance curve (galvanometer deflections corres-
ponding to condenser reading in diiisions) with a ¢ell
filled with distilled water.

(2) Obsmerve a resonance curve with the same cell filled with a
solution of appropriate concentration.

(3) Multiply all gealvanometer deflections by a factor of such
size as to place the peak value at 100 cm., and plot these
values of 99 against the condenser readings in divisions.

(4) Determine the widths of these curves (in /u/Lfd) at
appropriate values of 7 . These widths have been called

AaC
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/100
| & i 0
(5) Calculate the quantities — = “jE::E?‘ and 120, "
1 ac ¥

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
100
|

% }slope! ,.which is fiﬁi . Calculate z%o from

to =/ and its slope. Take the sum, intercept

curve (1), 7w from curve (2).

/d-é7r‘zr:%a‘477
*A
g

(8) Correct this value to /\ at 18° C.

(7) Caleulate /1t =

(9) Apply the correction for radiation resistance, obtaining /Ln .

(10) Form _/‘_&/.1:'_42. =._‘£»_‘_Ts. .
a-
(-} o

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 observation of the entire rescnance curve. This pro-
cedure was actually followed at the wave length of 4.04 meters only.
Although it permits a great saving of time, this method can not be so

accurafe or even so reliable as that involving the use of the entire
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resonance cufve. Indeed, this alternative method, if it had been used
before the other procedure had given knowledge of Varioug important
prope_rties of the apparatus, would have led to large errors perhaps
as great as 50%.

We proceed to discuas the manner in which the results at 4.04

meters wave length only were obtained. At the end of section 2.2 we had

WEa 1T
Yo VT

We derive that W= I

2w _ |
Illw

a constant, A, and writing the galvanompter deflection ratio for the.‘

and qallring the numerator

current ratio we have

A A

W = or abbreviating ‘A w =
ne - | % Y
O ‘ ; : O

By using carbon resistors, A and 5 can be empirically determined

oD
(for accuracy in determining ew it is better to make 9“, too
large to be observed). The values of 9w are constant to about 1
part in a thousand. Nevertheless, in a typiecal expefiment. the values.
A = 3980 ohms = 2,5% and {6-:-: 8.992 cm.*' + 0,8% were determined.
Thus 1t is evident that this methéd is less accurate then the ‘mathod

using the entire resonance curve.
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Chapter 3. The apparatus

"~ Seetion 3.1 Oscillators

For wave lengths greater than 15 meters the oscillator ecircuit
was of the Hartley type using one RCA 800 tube rated at 35 wﬁtts. For
wave lengthé less than 15 meters the oscillator was of the tuned line
type usinv the same tube. Of several oscillators of the latter type
construeted, the design which ééoved most satisfactory ié illustrated

in Figo 3.1 - l'

+ | RCA
RFC 800
C - )a
L —. J —--
RFC
6L RFC

I S

Figo 501 - 1
Pilament and plate voltages were furnished by storage batteries.
Section 3,2 Resonance indicator system

The resonance indieator consisted of a vasuum thermocouple-
galvenometer system. The heater resistance of the couple was approxi-

mately 1000 ohms; the couple resistance was about 15 ohms. The galvan-
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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 obser§e heater

eurrents as large as 2 milllamperes.
Section 3.3 Resonance circuit

The variable air condenser* in the resonance circuilt was contained
in a cylindrical copper case (diameter 15 cm., height 9 cm.). A plate
of silica supported all metallparts of the condenser. There were two
coaxial rotor shafts. OCn one of these was mounted a single semi-circular
plate, rotation thru 180° being effected by rotating the worm shaft 25
times, thereby producing & capaclitance changs of about 10 /4,,u fd. A drum
on the worm shaft was divided into 200 divisions by a vernlier. The least
count was then 0.0002 ,4,‘4. 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 capaclty change of as much as 800 /yu.fd.
(depending upon the number of plates used). The minimum capacitance
between the stator and the rotor was less than 10 fﬁu:ﬁi. The worm was

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

* Please see photographs below.



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 = 50 m., the substitution capacitance beihg of a
calculable type.

The coils used were loops of heavy copper strip.

The test 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
removable coil, a test cell in position, the condenser shielding case
inside which the thermocouple was mounted, and the drive shaft.

8

A

qlnl'un(un‘muuuilnqm gt
8081 2 £ !
LT mm { thln

g

The precision condenser showing the drive shaft 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,

i .‘:."Jiul.‘uifil;&:;il\lp . | il “m I Jull _ 1
8 9 2() e S o e I I AN e i G ¢ e |

o Iff‘J’IH’T‘%Ef‘h”ili!f!l!l*":\

5 L 2

Cell constantas

The test cells used. 23155 16.0
Cell constants k = Wg= in emTl 210.4 3.01
appear in corresponding positions. 85.5 0.580
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Chapter 4. Test of the method and sourcés_g{ error

Section 4.1 Tests of the mathematical theory of the method.

In the first place 1t was necessary to test the mathematical
conclusions of Chapter 2 in order to establish the validity of the
experimental method to the writer's satisfaetion. A limited amount of
evidence wiil 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 c¢arbon resistors, which are
chosen to illustrate'a variety of points; the quality of the examples
is average.

Figure 4.1 - 1 shows a variety of res&nﬂnee curves. Curves 33.0
and 31.3 may be called typical for this research. Curves 102.5 and-17.6
are unusuél. Curve 17.6 exhibits the undesirable characteristic of
extremely small 'Y)Q (0.351 lu,ufd.), too small to 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 opefated osci;lator and of the electrical
excellence of the precision condenser. Curve 102.5 exhibits a degree
of flatness apﬁroaching unobservability. It was recorded for the
specisl purpose‘of giving the 2000 ohm point on Figure 4.1 - 6. The

curves are all quite symmetrical - greater symmetry would be evidenced,
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Figure 4,1-1 L,

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 the values
of f are included in Table 4.l1-5e immediately below.

W

PO N L
Data Number @ Width(ufd) (m.) (uufd)” (upfd) onms

102.5 85 5.42 2,093 27.4 11l.82 10.56 2,760,
31.3 75 3edd 6,73 27.4 4,36 2.82 10,300,

3340 50 1.615 1,109 27.4 1l.42 iy ey
17.6 50 0.357 1,140 274 0OeBDl & e e



Figure 4.1-2.
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Figure 4.1=3.
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Figure 4,14

Dotted lines represent limits between
which the solid lines can be moved

- parallel to their present position
t with the resulting change in W equal
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however, had they been plotted against capacity instead of drum
revolutions.

Pigures 4.1 - 2, 4.1 - 3, and 4.1 - 4 show the quality of the
straight lines obtained by plotting I/ N2 vs./00/@ at two wave
lengths. The position of the date points in Figure 4.1 - 4 correspond-
ing to narrow curve peaks and therefore to small values of AC s
partly due to observational errors in devte’ﬁ;xining AC and partly
explicable in terms of the mathematicel theory of the method. For
reconsider the averﬁgihg' pxjoc_es's ix; which we added the following two
expressions corresponding to different sides of the resonance curve:

,q:. _a v:. 3
-5 = |—xAC +pgac and - =+ «AC+pAC

i %

The result we wrote was

2
_y'i =/ +/3‘A_C.2 which is subjeet to previous approxima-
1/' .
2 .
tions. It should have been -1-3-_ = |+ €AaC + 'BAC <+ (higher

[

powers of AC ) where the magnitude and sign of € 1is dependent on

the degfee of symmetry of the resonance curve and the side from which

! 100
perfect symmetry is sapproached. Our final formula 5‘5_‘: 7’7-3 +F ‘——?
]
is thus lacking in a term involving -i- , and for sufficliently

AC v
small AC the data points fall above or below the "straight line"

depending on the sign of € . Fortunately it 1s possible to attain
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good accuracy.in spite of this defect as indicated by the dotted lines
of Figure 4.1 - 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
present method of analyzing resonance curves actually works better for
those ocurves for which the simple Bjerknes formula* is less satisfactory.
Wg refer the reader now to Table 4.1 - 5b in whieh further
information is listed coneerning these examples. The data number 31.2
means that this resonance curve was the second recorded during run
x;umber 31. A')? = 77w - 77°° is formed by using values of ?7 from
the same run. To form A77 31.2 we subtract ¥, furnished by 31.0
from 7, furnished by 31.2 - thus 3,776 - 1.537 = 2,239.

f is the factor which is necessai'y 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 5 1.246 or 14 times greater than the
resonance deflection for the former. The agreement of these two values
of 7]w to within 1% shows that the resistance of the carbon resistors
({CR) was not changed due to heating 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.)

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

* Seection 2.1



Data
Number
31.2
- 33,5

32.5
31,3

32.6

31.0
32.7
33.0
103.2
103.5

51.2

103.0
103,3
51.5

51.6

T

5.40
5.07
4.45.

6.73

5.25

1.10
1.112
1.109
17.39
1.246

9.7

1.227
1.217
1.051

1,051

" (up fd.J* (ppfd.)_z

27.4
27 .4
27.4
7.4

27.4

7.4
27.4
27.4
16.5
16.5

16.5

18.5
16.5
16.5

16.5

Table 4.1 - 5 b

Slope Intercept

0.0106
0.0308
0.0252
0.0184

0.0224

0.025

0.0365
0.0488
0.0078
0.0156

0.0645

0.007
0,007
0.094

0,090

0.0505
0.0442
0.0416
0.03413

0,0271

0.399
0.3175
0.447
0,251
0.2472

0.1785

3,587
3,587
2,676

2.873

7
/upfd.
3.776

3.65

3.87

4.36

4.497

1.537
1.68
1.42
1.966
1.950.

2,028

0.528
0,528
0.6004

0.6013

-cl
s

A7 &vwxlo's
pufd, ohms
2.239 13.0

- 2,83 13.04
2.195 13.27
2.823 10.3
2.822 10.3
1.430 12.21
1.427  12.25

Page 36

Yeo

Yo

1.28

1.286

1.307

1,298

1.298

1,204

1.207

Remarks

CR 4
CR 4
CR 4
CR 3

CR 3

Cell 1.5, H,
Cell 4; H,0
Cell 4; B,0
CR 3
CR 3

CR 3

Nothing

"Nothing

Cell 3, H,0

Cell 3, H,0
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rectified resonance curves are recorded. W(_‘J is calculated uéing

A

the relation W = . Wo is the value of the various
w ™ vay »

earbon resistors, as determined with bridge circuits using direct

current and 500 and 1000 eycles per aecond altermating current.

We point out several examples where changes inm slope are com-
pensated by ehanges in 1nterc9pt gso that the sum, slope plus intercept,
remains constant and hence Vo3 Doy an and W @ 8180 remain constant.
Compare 51.2 with 103.2 and 103.5 for % and 51.5 and 51,6 with
103.0 end 103.3 for the corresponding values of ,700 « The reader will
be able to find other examplés in this table.

The first five values of L —— Wo for two different carbon
resistors show the constancy of this ratio which i3 used as a multipli-
cative factor to correct the observed Aw -+ Ao of electrolytie
solutions for the radiation resisteance effect. This ratio changes with
the wave length but evidently W -] is not proportional
thereto; hence ry of section 2.6 i:a function of A , The data
plotted in Pigure 4.1 - 6 indicate; the sonstancy of this ratio for
a rather ‘oxtended range of Wo. The observational uncertainty is
relatively large for the smaller values of Wo, and so the straight lines
seem .justified. We do not wish to insist, of course, that Ww is
proportional to Wo for 0 & W, < 5000 ohms - only that such is the

case for 10,000 ohms <& Wo < 15,000 ohms. Changes in eircuit

constants affeet this ratio, and rather drastic changes were purposely



/
W’ ohms Figure 4.1-6.

- 25,000 Carbon Resistors: High frequency

vs. low frequency values.
. 20,000

o
L 15,000
_ 10,000
A = 27.4m. Slope = 1,239

| 5,000 ¢ P

el
i

160 5}:11. SlOpe —4 10200

1 | 1 1

0 5000 10,000 15,000 W, obms



4.2 Page 38

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

ratio was ascertained,
Seection 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 g = a-mux such that approximately
_ €Y .
o‘max. = > where € is the dielectric constant of the solution

and P 1is the frequency. This effect, according to a number of
workers, 1is explicable in terms of the geometry of the set-up used to
study it.

This view can be illustrated simply as follows. Consider a

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

O

1
1

-
o
il
L

——@— -®

* DPlease see bibliogravhy, part II.
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The circuit diagram may be chosen as shown. Then*

I= : . 7 and the power dissipated in

: ]
2C’sw ® +1Cw

the solution is

R
| + R*C*&*

R - 2
c \* I

If the voltage be held constant, the maximum power loss ocecurs for
R = 1/(0 + Cglw ; 1if the current be held constant, the maximum loss
oceurs for R = 1/Cw . Writing R= 4/0° A eand C = € A/47d we have

RC = € /amo-  and for constant current RC = 1/27 Y = € /47 O'nax
€Y
2 L]

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

or O pex = The refinements and veriations of this analysis
the original statement will not be altered thereby.) Thus it is the
generally accepted view of observers of this effect that the selective
heating is an apparatus effect, and is well understood without assuming
that the conductivity of electrolytes 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 theoretically and experimentally

* MoLennan and Burton, Canadian J. Res., 5, 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 appreciabie rise in temperature
above room temperature. As will be shown later, fractional increases

in conductivity of the solutions of the order of 15% have been observed.
To explain this as due to a rise in temperature of 6° C ig impossibls.
Furthermore, the same value of conductivity was calculated for cases

in which peak galvanometer deflections were of the order of 30 times
greater (using galvanometer shumt) than those normally used. If
normelly the temperature were raised 6° C, then in the latter experiments

the solutions should have boiled.
Section 4.3 Other sources of error.

Por 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™

DR () ()

L 2
provided (..“"_’._,_?E'_) < | , where

R' = high frequency resistance
R = low frequency resistance
@ /27 = frequency

/L = magnetiec permeability

2 = length of conductor.
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the radius 0.05 em., the permeability unity, and the specific condue-
tivity 2.86 x 10~7 e.n,u. at the wafe length 15 meters, we ealculate
a fractional increase in resistance less than 0.7%. The use of the
same temperature coefficient at high frequency as at low is justified.
Smith-Rose states that measurements of the conductivity of sea water
between 0° C, and 40° C. indicate that the mean temperature coefficient
is about 3.7% per degree centigrade. The values used in this work
were about 2.4% per degree centigrade; the valaé>7ar1ea slightly with
concentration and salt.

The writer considers that the method of correcting for changes
in radiation resistance is satisfactory. The reader may object, how-
ever, that Wo, the low frequency value of the sarbon resistors used to
determine the correction, is not the same as the true high frequency
resistance W mentioned in section 2.,7. If the reader be correct, the
effect will be to shift the origin of coordinates on our result curves
for électrolytes-up or down according as Wp is less than .or greater
than W,

Possivle errors due to non-linearity of 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 tovthe
oseilletor tube are certainly negligible. The calibration of the single

plate rotor of the precision condenser is believed to be correct to
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0.005 /u/Lfd. 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 utillizing the entire
resonance curve to determine 17 should tend to eliminate random
erroré in determining AC , and also, the correction factor for
radiation resistence eliminates entirely the units used in the calibra-
tion.

Smith-Bose found that the measﬁred value of the conductivity
of sea water at e wave length qf 30 meters was essentlally independent
of the shape of the test cell used. However, for audio frequencies
he found it necessary to correct for a polarisation film next the
platinum electrodes which exhibited a capacitance of the order of a
few microfarads and a resistance of the order of 100 ochms. He also
noticed an effect which he attributed to the chemical action of sea
water on the electrodes. No effects of this type wers observed in the
course of this work. ¥e assume that the cell constants, k = W Q" ,

are independent of frequency.
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Chapter 5, Results

Seetion 5.1 Data

The salts NaCl and MgSO4 were studied at wave lengths of 45,5%,
'2'7.4, 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 18° C, Lstimated possible
errors for. individual ordinates are shown by vertical lines. These
errors are large enough to ineludé (1) the error in the cell constants,
(2) the error in the concentration, (3) the error in A‘y, and (4) in
some instances, all observéti'oﬁs of Aa7p.

Curves publighed by Rieckhoff‘(who used Zahn's method) are
shown (Figure 5.1 - 8) for comparison with our results. His curve for
MgS0 agrees well with the Debye-Falkenhagen dispersion theory.

The symbols used have the following meaning:

€
¥

equivalent conduetivity at the frequenecy éﬁ&.

>~ >
(o)

equivalent conductivity at low frequency.

-1 -
O?o = gpecific conductivity in ohm cm at the frequency 5%?'
0"0 = gpecific conductivity in ohm em at low frequency.
X’* = concentration in milligram equivalents per liter of solution.
6 ' 6
10 T, 10 O
= 3 -__2—-

/\cn an* b /\o aﬂ*
A = wave.length

* At 45.5 meters wave length, circuit constants were not adjusted
properly to give the same order of accuracy as at 27.4 and 16.4
meters., This was partly due to the limitation imposed by the
maximum capacity 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 Rieckhoff, Ann.d. Phys. 2 577 (1929).
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Section 5,2 Conclusions

(1)

(3)

Our conclusions are as follows:

The equivalent conductivity varies with concentration and
frequency in the manner‘shown by the curves of section 5.1.
The results obtained disagree with the Debye-Falkenhagen
;heory 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.

The frequeﬁcy 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-
lytie solutions; the second depends upon the properties of

circuits used.
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