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PREFACE

Hichael Faraday and others thought of electricity as a fluid.
This thesis describes a series of experiments that apply this
concept. Since the problem contains both electrical and chemical
theory it has been necessary to try to clearly present necessary
information relating to the two fields.

Due o lack of complete experimental data it is too early to
draw complete conclusions. However, the experiment has indicated
the path of the investigation is in the correct direction.

The author wishes to express his gppreciation to Ir. Robert
E. l'earon, his former department head, fur suggesbing the problem
and for his assistance in the various phases of the v;ork. Thanks
are also due to Ur. H, L. Jones for his congtructive criticisms

in the writing of this paper.
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IRT T
BLE

The problen of making suitable measurements arises iu many fields
of science. If there is any possibility of maling improvements or
in expanding the accuracy of the present systems, it is most useful
to persons engaged in scientific work.

This thesis is developed along both theorebtical and experimental
lines, and is au attempt to develop 2 new method of wmeasuring certain
chemical properities of solubions. There ds a lack of informablion
dealing directly wibh this work awnd therefore, most of the findings
represent original work,

Basically, this "Electrical Bernovlll Eifect", with which this
thesis is concerned, is dependent upon two very lmportent relabion-
ships that exist in natuwre. These ave:

{(a) That vpositive and negative lcons in eclutions do nob
necessarily carry the same fraction of the bobal current
flowing,

(b) That positive and negative icns are affected differently
by an orifice or reduction in mass-section area.

The second statement will be treated extensively in this thesis.
The first relationship is well known and lg covered thoroughly in
reference material,

defore attempting to derive the relatilonships necessary for
the study of pertinent phenomena, a review of existing knowledge in

the various related fields is necessary.



If a beaker is filled with a solution containing hydrochloric
acid, HC1l, there will exist an equal muber of positive hydrogen
ions, H*, and chlorine ions, C1~, The positive ions are called
cations and the negative ones are anions. The process by which
molecules in solution are separated into electrically charged ions
is called electrical dissociation, while the sdlvent in which it
occurs is called an ionizing solvent. The amount of this dissocia-
tion is a function of various factors such as normality of the solu~-
tion, temperature, type of solution and solvent as well as others
which are not necessary to this study. Into this scolution of HC1
are inserted two platimum electrodes which are separated fram sach
other, These in turn are connected to a source of electromotive
force. As a result hydrogen gas will be liberated at the cathode.
By determining the amount of hydrogen liberated for a given amount
of current, it is possible to arrive at a conclusion known as the
Faraday's laws of elect.rolyeia.l These laws may be stated as:

(a) The mass of any substance liberated is proportional to
the amount of current flowing and the time during which
it flows.

(b) The masses of different substances liberated by a given
current in a given time are propartional to the chemical
equivalents or cambining weights of a substance. The
term combining weight would be the ratio of atamic weight
to the volume of the element.

15‘11. J. Creighton, Principles of Electrochemistry, Vol. I, 1943,
p. -




As is well lmown the charge of an electron or univalent ion
is the same, Therefore, the charge of the ions which are to be
studied will be 1.59 x 107 coulambs per ion.

It is a known fact there is a great similarity between gases
and liquids in so far as some of the studies of diffusion are
concerned. For instance in the study of osmosis, which deals with
diffusion through a semipermeable membrane or partial cbstruction,
there is a great similarity. As an example, the osmotic pressure
of a mole of sdlute in 1000 grams of water is approximately that
of a mole of gas confined in one liter at room temperature,? In
fact with suitable substitutions, the relation between pressure,
volume and temperature is correct for the osmotic properties of
solutions as well as gases. That is

PV = mR'T
where P = Osmotic Pressure

V = Volume of Solution

m = lMoles of solute
R* = Constant
T

Temperature (absolute)
This theory will be utilized in this study which follows.
Certain terms will be necessary for the development of the
required equations., The first term needed will be the concentration
of ions, C, and will be defined in terms of units of 6.06 x 10%3 ions
per 22,100 cubic centimeters. The 6.06 x 10°> term is called

25, B, uillard, Physical Chemistry far Colleges, (1931), p. 168.




Avogadro's munber and is a statement of the mumber of molecules
in a mole or in a mass of substance equal mmerically to its
molecular weight, The mumber 22,400 cubic centimeters is a
quantity representing the volume occupied by a gram mole of a
gaseous substance under standard conditions of temperature and
pressure, that is at O degrees centigrade and one atmosphere of
pressure.

The density, D, of a substance is defined as the ratio of
weight, w, to valume, V, or D = w/V, Therefore, for the problem
at hand this definition may be changed to better suit the present
problem and will be

D=

ClL
T (1-1)

where D is the density in grams per cubic centimeter, C is the
concentration as defined previously, M is the mass in grams and
V is the volume in cubic centimeters. The numerical values may
be substituted in the equation (1-1) which becames

D "é%?xlo“ = 446 x 10~ Cil grams per cubic centimeter

(1-2)
To obtain the charge density, p , which is the number of

charges per unit volume, it is necessary to replace the mass, I,
in equation (1-2) with the quantity, e, which is the total ionie
charge of 6.06 x 10°> ions. Such a wnit is consistemt with i,
which is the mass of 6.06 x ].(.’u23 ions. The relation for charge
density is

- B8 « h2ib x 302 06 avilonbs Mo onikiaiie
2.2&:101“ L6 x c per cu
(1-3)



To carry on this derivation it is necessary to derive the
relation between current and the ionic velocity relation so that
it may be used in later equations. The equation of current flow is

given by’
v Aepy (1)

where A = current density, amperes per gquare centimeter
P = charge density, coulembs per cubic centimeter
v = velocity, centimeter per second
Rewriting equation (1-h) and substituting equation (1-3) for charge
density, p , gives
ve A centimeter per second
Ce h.16 x 1075 (15)
This is then a relation which indicates that the velocity of the
ions is proportional to the current density and inversely proportional
to the concentration of the ions,
To continue the derivation it is mecessary to obtain the
electrical equivalent of Bermoulli's Theorem as shown in Figure 1.

Vg ==t

Pa

T
by
l
é;

i R e o R A S i

Reference Plane

Figure 1, Flow of Zlectrolyte through Restriction in Tube,

3¥. G. Dow, Fundamentals of Enginesring Electramies, (1937), p. 97.




This theorem states the relation between energy levels as a fluid
or electrolyte flows through a restriction or volume change. The
equation of this relation is

Py + by Dgy + 1/2 DVy2 = Py + Iy Dogp + 1/2 DVp°

and if by = hp
P1-P2'1/21W22- 12
ar P =1/2D (V2 - 7,2) (1-6)

where P = pressure of liguid

h = height above reference plane

D = density of liguid (assume constant)

V = velocity of flow
The equation (1-6) is merely amother way of stating the conservation
of emergy assuming no losses. Since the charge density, © , has been
defined in equation (1-3) and velecity, V, defined in equation (1-5),
a substitution may be made into equation (1-6) which then becomes

P = 1/2 Gix.u6x107> ( A ) .
Cexly Ji6x10™>
PR
2 Ce2ch i6x10~0 (1-7)

There may be a question regarding the substitution of the velocity
equation (1-5) for the change in velocity relation in equation (1-6)
however, the change in velocity will almost be the velocity at the
restriction itself and therefore is a valid substitution although
not entirely correct.

The work per unit volume associated with A P to transfer fluid
ions in or out of the A P region is A P. This may be proven as

follows:



Work = TForce x distance
and Pressure = Force /area

therefore, YOFK = ppegssure x distance
area

or work/volume = AW = A Pressure (1-8)
Also since the work done per unit charge is the definition of the

volt, the following relation is true

E (volts) = ork (joules)
charge (coulombs) (1-9)

It would be helpful if this equation were defined differently so
as to introduce the volume factor. It would then become

E (volts) » JNork/volums (1-10)
charge/volune

Therefore, equations (1-3) and (1-8) may be substituted and equation
(1-10) becomes

” AP
1 Ji6x10™?xCe
and from equation (1-7)
- A i 1
g o % (b 46x202)3
=1/2 (...é-..)2 x AB, x 1 x 10~7
- e 88.5:20-15

A ' M 7
.1/2(-3) x WX 11.3 x 10*2 x 10~

- 5.65;(105 (E'.:_.)zx%. volts
(1-11)
where M = mass of ions in grams
e = charge per 6.06 x 10°> ions in coulambs
A= amms/uq. cm.
¢ = concentration in units of 6.06 x 10> ions per
22.4 liters.



A study of the above relation yields some interesting rela-
tions, First the relaticn of }/e is often found in other physical
problems except more commonly as e/M.

As a final check on this voltage equation it is impoartant
to see that the units are consistent throughout. One more
definition is required to give a relation between mass and energy.
This would be

kinetic energy = 1/2 liass x (1urtvaJ.cac;iisy)2

: - kinetic ermergy
or Mass = 2 x Yelocity

where kinetic energy is in ergs and velocity is in cm/sec, therefore
m-zg o = Constant x ergs seclem2
(em/sec)

Rewriting equation (1-11) and omitting the constants yields
E=K'x (%2 x X
Ce e

E = g' Souloubs x sec? cu nass

ions?  x coulombs? . coulombs
(ed)? ons?

therefore .
coulombs

~1
Since Srgsx 10~ _ Jjoules
coulombs coulombs ’

this relationship is recognized as the definition of the vdlt.
Therefore the units are consistent throughout.



CHAPTER II
DESIGN AND CALCULATIONS

It is necessary to make some calculations before considera-
tions of equipment design may be undertaken. Therefore in this
chapter a study will be made of the chemistry and electrical
theory that is involved.

In the study of ionized solutions it is necessary to lnow
the amount of current carried by the positive and the negative
ions. This term is lmown as the transference or transfer number
and represents the fraction of the total current carried by each
type of ion or the number of equivalents of each ion constituent
transferred per faraday.® The faraday was defined in Chapter I.
Since there exists both positive and negative ions in each electro-
lyte, it is to be expected there will be a transfer mumber for
each ion. As was stated in the first chapter an important principle
for the success of the experiment is that the anions and cations
do not carry the same fraction of the total current per molecular
weight. From data available in the various literature, transfer
mumbers for many electrolytes may be obtained. The requirements
necessary are that the normality and temperature of the known
solutions be available. The transference numbers are not greatly

5. B, uillard, Physical Chemistry for Colleges, (1931) p. 199



affected by temperature although there is some change. This is
also true of concentration. Exact figures are available and will
be used. The term "normality" is defined as "the mumber of
equivalents of solute per liter of solution." This definition

in turn requires clarification as to the meaning of equivalent
weight. This is the weight in grams which will react with one
gram atomic weight of a hydrogen ion. For instance the equivalent
weight of hydrochloric acid is 1 mole; far sulfuric acid, 1/2 mole.
From Table I, the transfer number for the positive ions of sodium
chloride, NaCl, at 18° Centigrade and .OL normal solution is

.396. The transfer mmber for the negative iomn, Cl, will therefore
be (1-.396) or .60h4.

TABLE I
Transfer Numbers of Cations at 18° Gonbiﬂdsa

Electrolyte .0l Normal
NaCl 396
KC1 . 196
Licl S
HC1 033
AglOq Rival

The transfer mmber for a positive ion, such as sodium, Na,
is not the same in sodium chloride as it would be in a solution
of sodium nitrate other conditions remaining the same. Therefore

®E. B. willard, Physical Chemistry for Colleges, (1931), p. 201

10



each solution constitutes a new set of data and must be treated
separately.

Another quantity requiring some explanation is the field
strength in units of volts per centimeter of current path. Since
the amount of current per sq. cm, A, is a function of the voltage
applied to the circuit the quantity of volts per cm. is necessary
for the calculations that follow, It does not make any theoretical
difference how the field is produced. It will be done electro-
magnetically in this experiment.

Another quantity involved is the equivalent conductance in
units of reciprocal chms or ohms™ . This is a term which defines
a relation between electrical and chemical terminology. If Chm's
law is applied to conducting sclutions ar electrolytes it is
necessary to introduce other definitions. As applied to solid
conductors this law takes on the familiar form

I=E/R=EA (2-1)
where I = amperes
R = om
A = oms™t
The resistance, R, may be written in terms of the dimensions of
the conductor, and the specific resistance, X, in ohms per centimeters.
This is also the familiar
R = g length (2-2)
Area
where length is in centimeters
Area is in square centimeters.



The current will therefore be

E x Area
I-leangth

x A (2-3)

or—-I-— = A=

length
where /\‘ is in (:.:\lzlm-t.-.m)-':L and is the specific conductance
or conductivity.

The required term is the equivalent conductance, and is available
in the handbooks. It may be defined as the conductance which
would be obtained between two parallel electrodes that are spaced
one centimeter apart and having an area such that the volume of
solution contains one mcle or equivalent of solute between the
plates.’

It follows that the specific conductance, T e

/\' . equivalent conductance
g (2-4)
where () = the mumber of cubic centimeters which contain

one equivalent of solute.
Therefore a .01 normal solution of hydrochleric acid which has an
equivalent conductance of 369.3 at 18° C. would have a specific
conductance of

{

A = 36923 . 00369 ohw™t - ewt
1000

Thus, there is enough information to derive the equation of
the current per unit area or A.

683}1. J. Creighton, Principles of Electrochemistry, Vol. I, (15h3),
p. -




A in fAmperes . Normality x Hquivalent Gonductance
8g. em 1000

x Transfer Number x Field Strength
(2-5)
A check of units shows

g = (ohm - m)-lx Transfer Number x SOkt
%. cm -

- folts . imperes
ohms x em®  Sq, cm

This follows because the transfer mmber is dimensionless.
For the positive ions or cations the equation (2-5) will
becone

A = Specific Conductance x Transfer Number x Lioid
(positive) Strength

and for negative iong (cations)
A = Specific Conductance x ield Strength x Transfer
numbers (negative)

It is necessary to define the conceniration, C, a little more
in detail, In Chapter I this unit was defined in terms of 6,06 x 10°°
ions per 22.; liters of solution, Therefore if a .0l normal solu-
tion of univalent electrolyte is assumed, there would be .0l gram
of hydrogen equivalent per liter of sclution. However, in this
particular case the definition was based on 22.) liters instead of
unity, and therefore, the concentration would be given as
.01 x 22.4 or .22}

22, liter
This completes the information necessary for the solution of
equation (1-11) for the voltage. From Table I, the transfer mumbers



for Ligl at 18° ¢, are .332 for the cabtion and 668 for the anion.
If the fisld strength is taken as 1000 volls per om, the equiva-
lent conductances are shown in Table II., For lithium chloride,

S

LiCl, the value is 92 olm ™ - ¢n The current per wnit aresa

TABEE I1
Bguivalent bonductance of &E_ueaus
Solutions at 18Y Centigrade

Elecﬁral:rﬁa_ <01 Hormal

HaCl 102

KCL 122.h
Lill 92 o
HCL 368.1
A HO0g 107.8
in03 365.,0
Kiog 118.1

for the positive loms will be

A= .:E’E; %92 x,332 x1000 = ,306 auperes/sq cn
1000

o v it [ 306 N2 3
& = fh;f:'ﬂ.@?.&i (.22&39.6}43&@“ ” ) 9‘@4}{1@ 1

S 5.65:x10%%(.0202) x 107x .312x1078

.63‘56311@"7 volts

For the €1 ion the valve of A will be

L - N ..
A= 222 392 x J668x1000 = L615 amp/sq em
= 1600 E W09 615 amp/sq e

hE. B, Willard, Physical Chemistry for Colleges (1931), p. 192
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)2 35.5
.22ux9 6hX1ah 9.6hx10™

5 - 56505 (

5.65x10°2.061 x 1070 x 3.68 107

i

it

1.68 x 1077 volts

The volbage difference between the ions will be

= =B, -E_ = (.0356 ~ 1.68) 1077

dirference

= ~1,6} x10~f volts

These calculations may be obltained in a sinmilar manner for

other electrolytes and the results obbtained are shown in Table III.

TABLE III

Calculations of Voltage, & TD ot Due to
Bernoulli Effect, 18° Gen‘tlgradé,

Blectrolyte E, due to Cations E, due to Anions Difference Iy

-

LiC1 0356 x 107 volts 1.68x10™7 volts -Lél;xlﬁq volis
HCL 120 x 1077 volts 1.7 %1077 volis | ..05::10"7 wvolts
§aCl  0.48x1077 volts 1.58x1077 velts 1.07x1077 volte
Lgii0g 3251077 volts 2421077 volts  1.18x1077 volts

It can be concluded from the preceding calowlations that the
measvrenents will be difficult to obtain. Therefore it is neces-
sary that calculations should be made to determine the possible
linitations thét. may be placed upon the ultimate level of measure-

ment.



In the experimental procedure it is necessary to amplify
the required signal to suweh an axteﬁi that thermal noise becomes
an importent factor. This thermal agitation occurs in the first
amplifier stage and is due to the random motion of the free
electrons in the assoclated conductors. As a result small po-
tentials are produced across the terminals of the imput tube.
Although there are other noise types, that due to thermal
agitation sets the limit to the smallest voltage that can be
amplified without being lost in the»neise-backgr@ané.s In
ackusl amplifiers this factor may not be the largest of the
noise sources, but does establish the lowest level of measure-
mernt.

The equation for the bthermal agilation is expressed as

22 = Wk TR (£ - £1)

Boltzmann's constant = 1.37h x 1@"23 joule per

where k =
degrees Kelvin
T = abscolube temperature, degrees Kelvin
R = reslistance component of impedance where noise is

generated

I = effective value of volbtage lying between frequencies

L3

fy and f».
If an dnput resistance of 10000 ohms is assumed and a frequency
band-width of 30 cps at room temperature, 300 degrees Xelvin, the

resulting noise voltage will be

5

. O. Terman, Radio Engineers Handboolk, (1543) p. W77
6

TIbid, pe B77




17

2

lix1. 37hl02 3% 300x10000x30

= 19,5 x 10716
or B = 7.0 x 10"8 volts

This noise level is below the calculated signal levels amd shéu:t.c‘i
not linit or interfere with the measurements. A further reduction
is theoretically possible by increasing the time for a given
measuremonl .

The 10,000 ohm input resistance has been assumed because

it is approximately the resistance of the solubions belng used.
e

Caleulations will be based on an asswed solubtion of .Gl normal

s

hydrochloric acid which has an equivalent conduction of 369.3
chus™r, The specific conductance will then be 00369 ohm-cn
and the specifie resistance will be

k= 1, = 271 chm-cm
00369

If the cell contalning the solution has a cross section area of
0.2 sq. cm. and a path length of §.0 centimebers the resistance
will be

R=271x~§-

= 10,040 ohms
If it ds found possible to increase the input resistance
because of a betber than expected signal to noise ratio ;;' then
there will rosult 2 subsequent decrease in loading effect wpon

the amplifier iwmpubt circuitb.



CHAPTER III

DESCRIPTION OF APPARATOS

It was necessary to design sultable apparatus feﬁ the special
type of measureuments proposed.

Two basic units of apparatus were required for the investi-
gation. These consisted of the transmibting and recelving sections,
which ivvolve the following unibs:

A, Transnitting Section
(a) Oseillator

(b) Medulator

(¢} Power Supply
{d) UVeasuring Cell

B. Receiving Section
{e) Pick-up Hlectrodes
(£) Pre-fmplifier
(g} Oscilloscope
The complete assembly is showm ia ‘-bhe block diagram of TFigure 2.
The requirements for the apparatus were quite extensive and

e

time consuning since very libitle of the equipment was inmediately
avagllable. 7The determining factors in the design of the apparatus
depended on the size of the coll and the elecbrolybic cell. These

ibems will be given precedence in the following discussion in



Oacillator Amplifier Coil & CGell Pre-Amplifier Oscilloscope

S . 4

Transmission Section Receiving Section

Ba el

Modulator

- Figure 2. Block Diagram of Apparatus



order that a number of the important desizn factors may be
determined. In order to keep the amplitude distortion of the
cell as small as possible it was necessary to oalt iron fron the
eircull betwsen the coil and cell. This made it necessary to
employ an alr-core coupling. It was decided to base all design
on a frequency of one megacycle per second. This happens to be a
converient frequency from the standpoint of design informabion
and is easy bo obiain.

The cell for the solubion wag made of polystyrene because
of the excellent chemical resistance of that material to the
varicus electrolytes that were to be uvsed. A diameter of 2 inches
was chosen because of the availability of tubing and rod material.
Two electmlﬁie calls were built in arder o nrovide a check for
experimpntal accuracy. Onge of these was made with a builb-in
obstruction, whersas in the other this dhstruction was omitted.
This allowed for @ ick inbterchange of the ecells so as to eliminate
any gquestion copnecerning the accuracy of the measurements that
were cbbaived. The cell with the orifice is shown in Figure 3. It
nay be seen there is a slot parallel to the face of both cells.
This was included because of the requirvement of ilnserting a
probe neer the location of the cbstruction.

The design of the coil was dependent upon the frequency
selected and the diameter of-*i;he electrolytic cell, The § of a
single layer coll at radio frequencies depends upon several
facbors. In general, however, with a given inductance and coil

diauveter, the Q is a maximm when the ratio of length to diameter

20
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Pigure 3. Illustration of Solution Cell and Coil



is of the order of 1/2 to 1. Turthermore with all factors fixed
except the size of the wire, the highest Q is obtained with a
wire sige somewhal smaller than the largest that can be placed

in the available space. For a coil of 2 inches in diameter the
maximum length would be about 1 inch. By a cub and try process

a mmiber 17 single Formvar wire was used for the required 1h
turns. Dy the use of a radio frequency Q meter, it was found that
the coil had a Q of 155 at 1 megacycle per second. It also had
an inductance of 13.2 x 1070 henries, a d-c resistance of .07

olms and an a-c resistance of Rac = %1'.. or 535 ohms. The capacity
required for tuning was found to be .00l92 microfarads. The
inductance value was quite satisfactory because at the operating
frequency, the impedance of the imput cireuit matched the load
impedance of the vacuum tube. The coil shape may be seen in
Figure 3. The coil diameter was actually somewhat greater than 2
inches; however, it was made as close to this value as possible so
as to insure close coupling to the sclution cell.

To obtain same idea of the magnitude of the induced valtage
in the cell it is necessary to make a few additional calculations.
Since the coil has 1l turns and the cell may be considered as a
one turn device, it is only necessary to determine the mutual coupling
that exists between the two elements. Irom these relatiomships the
voltage induced into the secondary may be calculated.

The mutual inductance between two single layer concentric

solencids is given by Te: as
7 @nny, 1y, S22 5y 12 -
M = .0501 _‘J;._ [ e S )] ?ﬁt):hmr s

“F. E. Terman, Radio Enginsers Handbook, 1943, p. T1.
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coll represents the driving
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Figure b, Coaxisl Ooils with Cuter Coil the Longer
colil while the inner coil comsists of the sclublon cell with ibs
electrolyle.

The cell and coil have the followin: dirensions.
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from cquation (3-1)

2 a2
L0501:.922% k1l |, 1'x.022 11362
1.125 {J‘ Sx1.a25H (3-h ?2@2 )

%4
o=

- .5:’3{1 + 0650 (3 - .903) |- 83( 2+ 2y = .60 mh

Tris relation is siubject to considerable error especially at radio



frequencies. However, it does give a starbing point for the caleu-
lations which follow. It should be noted that the low value for
the mubual inductance made it necessary to change a freguency that
was correspondingly high., One megacycle was selected as about
optimun,

The problem of inductively cou;aled circéi»’ts. hag been treated
in detail by Terpan® and will be used in the following calculations.
There is one simplification made which will not effect the accuracy
of the work, but doss ecut dawn on the amount of labor involved in
the calcvlations. This, is the fact that self-inductance of the single
tarn coil, represented by the electrolytic cell, is very low and may
be neglected.

The fundamental circuit is showm in Pigure 5. A orimary voliage
of -~-pM S is sbown, where p and &g represent :c‘xaspegtively the
amplificatlon factor and grid voltage of the vacuum tube. The
resistance ,xp is the plate resistance of ’um tibes Cp is the
capacity required to tune the coil and is 00192 U 13 Lp is the
inductance of the coil and is 13.2 X 10"3 henries; M is the
mutual inductance previously calculated to be 605 microhenries;

Lg is the secondary or cell inductance which is to be neglected and
rs is the cells resistance of the electrolytic cell, and is approxi-
mately 10,000 ohms. As previcusly stated this value waries with the
solution employed and therefore only represents one parbicular case.
A 6Y6 type vacuum tube is satisfactory because it has suffi-

clent driving power and a relatively low plate resistance. The plate

2

F. b. Terman, Radio Ingineers pandbook, 1913, pp. 1h8-150.
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resistance if 50,000 ohms, the transconductance, G, , is
L4000 micromhos and the required driving voltage is only 10
volts r.m.s.

The cireuit shown in Figure 5 may be simplified by the use
of Thevenin's theorem to a simple series m'tngamnts as shown
in Figure 6, All symbols have been previously defined. The
only qualification to be made is that the resistance cf the
vacuun tube is much greater than ],/wcp. The equivalent series

resistance will be

1 1
Eq. Reg = 75 =
(W) @18 » .oo152 ~10%)
ol 50,000
P
il A S
’.10_6 7.1 .]J.I.l ohm
50,000 (3-2)

The equivalent series voltage will be

i
Eq. Voltags = & MIW%p | 10 x 50,000 x hooo 10° 1
. 32710° - omg2 ~ 210

50,000

10000 x 106
3 0121

= -j 3.31 voltas

(3-3)

3F. E. Terman, Radio Engineers Handbook, 1943, p. 162.




Since the effect of the secondary current is to cople an
impedance into the primary, this quantity will meed to be cal~-
culated. The coupled impedance will be

o2 - 2matfx 5% 300 Ly x 0% aue
Zq 10,000
This value is small cowpared to the other quantities and therefore
may be megleocted. The currvent that will flow in the peimary
eircuit will thersfore be
» Zquivalent Seriss Voltage
I v o
» 331 -
i+ 5 + 3 Geadanan 2

o 2e3 < L9 amperes
L76
The valbtage induced in the secondary is therefore

By =~y
-.gaaéx.ﬁoszh.&xwé
= =] 18.7 volts
1.8kY inches or 5.0 inghes, then the fisld strength in volts per
uh;’;ﬁ%z& or 1.22 volts/en.

Fron this calculation the question may be raised as to the
reagson for the earlier assumption that set the fisld strength at
1000 volis per cne The answer fo this question is rather complex
and involves potential theory. Without becoming toc involved it
may be said that the potomtial drop will be almost cmbirely across



the obstruction or orifice in the cell. In other words this cell
may be thought of as a conductor in series with a large resistaunce,
Consequently any voltage that appears in the circuit would consist
alnost endirely of the drop scross the resisitance. Since the
polystyrens vestrictor is omly about 028 centimeters in path
length, the peal fisld strength could be

18.7 x lahlll sz 1 Y . l-t .
7 000 volts/cm

The process of designing and constructing the oscillator
was a relatively simple matter. 4 Hartley circuit was used
because of its sizpliciby and relatively good fregquency stability.
A erystal controlled oscillator could have been used if addibional
freguency stabilidy had beon required. As shown in Figure 7, the

coil, L, was wound on a 1-1/} inch bakelite form. The cathode

tap was located 1 burns from the groumd connechbion. There was

2 tobal of 100 turas of #2h Forwvar wire on the coil. The rest
of the circuil was conventlonal except for perhaps the choice of
circullt valugs in the plate ssciicon. The osciilator had wore

output thar requirad and so there was oone delibsrate attenuation

3

introduced teo eliminate any tendency vo over-drive the final stage.
The tyee of the meagurement inwolwved is guite critvical. TFrom
equabtion (1-11) it can be seen that the measured vollape varies

as the sguare of the current ner sg. cn. Thevefore iF & modulated

voltage is induced Inbe the cell, ihe non-linear relablon bebtwesn

voltaze and cwryvent should produce a dermodulabion derm. Hore

soeelfically it follows that if the one megacicle per second

af
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frequency is amplitude modulated by a oue kilocycle per ssc.

o 3

voltage, and introduced into a non-linear clrcuib, the 1 kilogycle
por sec. frequency will appear as one of the products of modula-
tion.

If the eguation for the simple amplitude modulation as
writtent

i= I {1 +mnsin27ist) cos 2w i,
B (3-3)

expansion will result in

i=1 sin 2 m £% +

o == cos 27 (f-fg)

- o gog 2% (£ + £5) ©
ra s

where 1=

n =

h
g

instantaneous current

modulaticn factor

- frequency of Soprisp

¥

modulation frequency

average amplibude of the wave

n of {1-11) is written as

E varies (4)% (3-5)
and equation (3-i) is substituted in this relakion, and squaved,
there will be produced many new frequencies. One kilecycle per
second . will be me of the frequencies obtained. Actually there
are some other frequencies guch as 2 kilocycles per sec.
Trom the preceding discussion it follows that it lsz‘tccessary

to either modulabe the oscillator stage or a buffer stage. Since

l‘T L. Bveritt, Commmicatlon Bpgineering, (1937), p. 382
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the operation of the cireuits involved, except the oscillator,
were operated Class A it was decided to plate and screen modulate
the oscillator itself, The only objection to this procedure is
that a frequency modulation term is prormwd.s However, there is
not a great deal of dcbjection to this, The choice of plate and
screen grid modulation rather than same other means was due to the
excellent response of this system.

The circuit is shown in shown in Figure 7, It may be seen
that the modulating voltage is applied to both plate and screen
grid, This is necessary because of the shielding action of grid
mmber 2 of the 6V6, A study of the figure shows the audio
frequency voltage of ome kilocycle per second has been coupled
into the radio frequency oscillator by means of a modulation
transformer. This transformer serves the dual purpose of matching
the circuits properly and keeping the direct curremt of the 6V6
out of the output of the audio oseillator. In arder to obtain
maximm useful signal it was necessary to modulate at one hundred
percent., <Lhis required that the audio oscillator have sufficient
voltage to drive the plate and screen combination from approaxrimately
zero to twice the value of the plate and screen supply voltage. This
cirecuit produced a carrier with a value of 12 volts r.m.s. which
was modulated 100% by the one kiloeycle signal.

The final amplifier stage that drives the coil was operated
Class A so as to insure low distortion in the plate cireuit. The
6V6 tube, as previously stated, was utilized in this stage because

5¥. E. Terman, Radio Engineers Handbook, (15h3), D 550




of he abiliby to handle 8 relotively large driviag vollage as
well s for a faversble value of its transconduchbance.
The voltage across bhe oubput coil wes found o be W0 r.m.s.
volis at one mepacycle ner sec.
“he recelving section is nobt parbticularly complicated
gueept Tor the arvangement of the pickup eleclredes. These
slectrodes consist of #32 platimm wire imwersed in the electro-
1lytic solubion ab two sebks of points., These positions are at
the largest and the smallest potential points dn the sclution.
These points are located respectively ab the orifice and at a
location diametrically opposite to this poinb., The wires ave
brought out in parallel and across the top of the cell so as bo
m1lify any possible induced curvent. Plabinms was chosen because
of its relstive inertness to corrosion by the varicus electrolytes
that were used. Other materials could have served the purpose
but for the possibility of detericration during the experiment.
The electrodes were connected to a pre-smplifier through
an dypub trensformer. The amplif’ier.; whieh is conventional in
its design is showm in Figwwre 8. A 1000 cycle per second buned
band-pass {ilbter has been placed in the grid circuit of the final
sbage Yo reject the harmenics and to narrow the overall fmqmnc}’
response., This resulied in a better signal to nolse ratic. The
circuit, exclusive of the transformer, has a gain of approximately
95 decibels, There is gbout 9.5 decibel additional gain from
the transformer. This results in a total gain of approximately
105 decibels overall. A% 2000 cycle per second and at 500 cycles

per second the gain of the amplifier is down approximately 20
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decibels. VWhen this amplifier was used in conjunction with the
oscilloscope there was more than enocugh gain to cbserve the
smallest avaiiable signals. The oscilloscope has a maximum
vertical sensitivity of 30 millivolts per inch, peak to peak.
This results in a gain ratio on the 3 velt scale of

03

which is equivalent to 4O decibels.



CHAPTER IV
RESULTS AND CONCLUSIONS

& preliminary check was made of the apparatus before any actual
measurerents were attempbed. This check consisted of the adjustwent
of the radio fregquency oscillator to Uhe ane negacycle per secord
Irequency and the tuning of the oubput cell for maximum oubput.
Iin order to observe agy spurious signals the probes were iuserted
into the empty cell and the resulits observed visually on the

f“l‘.'

oscilloscope. The observed spuriocus signals were eliminated by
additional shielding.

in this experiment two parameters were lnvesbigated, one being
the kind of electrolyte employed, the other the concentration or
strength of electrolyte. Acids and alkaliss were not employed
because of thelr corrosive properties

The first tests were made using an 0.1 normal solution of
socdinm chloride, This sall was readily avallable in pure farm and

o

was sabisfactory for the purpese. In order vo determine the nature
of the second order effect, the demodulabed oubpubt volltage was
measured for an increasing series of values of the imout volbtage.
The results were consistent for walues of output volbage thab were
above the thermal noise level of the amplifier of the receiver.
The resulisg are showm in Table IV for a 0.1 normal solubion of

sodiom chloride.



TABLE IV

Second Order Effect for 0.1 Normal Solution, NaCl

Input Voltage (Volts) Output Voltage (Microvolts)
23.4 3.5
27.6 L2
2.9 5.3

hkh .6 8.9
49.0 10.1

Two additional sets of data wers obbained for 0.25 and 0.50
normal solubions. Tﬁe resulls of these runs are set forth in

Table V and Table VI respectively.

TABLE V

Second Order Effect for 0,25 Normal Solubion, NaGl

Input Voltage (Volis) Outpub Voltage (Wicrovolis)

19.1 3.5
23.4 ; L.2
25.h b
27.6 L6
31.8 5.9
38.2 7.1
hh.5 8e7




TABLE VI

Second Order Bffect for 0,5 Normal Solubion, NaCl

Inoub Voltage (Volts) Qubput Yoltage (Wicrovolis)
20.2 3.0
23:h be2
29.8 5.3
36.2 G.5
38.3 T-x

k2.5 748

The data from these tablasv are shown in graphical form in
Figure 9. These curves indicatbte that a change in the strength of
the solution does nobt effect the wvoltage of the arifice. The
reason for this is thalt an increase or decrease in sclution
strength only serves to change the current density and the con-
centration of the ioms. Cousequently the two effects cancel
each other since they sre equal and opposite.

Tests were also made for C.1 and 0.2 novmal solubions of
sodiun bromide. The results for these are shown in Table VIT

and Table VIII vespectively.
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TABLE VIL

Second Order Effect for 0.1 Vormal Selubtion, Habr

Tmput Voltage (Volts)

19.1
233;
27.6
32.9
38.2
70

Output Voltage (licrovolts)

h.2
5.3
7.2
83
9.2
k1.0

TABLE VIII

Second Ordsr Bffect for 0.2 Normal Solution, NaBr.

Inpub Voltage ('\t’ol“&s)

21.2
25,5
29.7
3h

he.5
53.2
69

Output Voltage (Microvolts)
5.3
5.9
6.5

8.3

1046
35.4

These vesults are ghom graphically in Pipure 10. It will

be noted that there is a very ¢lose agreement between the tweo

gets of data as would be empected.
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Potassium chloride was selected as the third electrolyte to
be tested. In this case solutions of 0,1 and 0,2 normal were
employed. The results of these measurements are shown in Table

IX and Table X respectively.

TABLE IX
Second Order Effect for 0.1 Normal Solution, KC1
Input Voltage (Volts)  Output Voltage (Mierovolts)
17 h.8
25.h 7.1
36.2 11.8
51 29.6
68 L7.5
TABLE X

Second Order Effect for 0.2 Normal Solution, KC1

Input Voltage (Volts) OQutput Voltage (Microvolts)
19.1 h.2
21.2 5.3
31.8 8.3
h2.5 13.6
55.3 29.6
66.0 L1.5

The data from these tables are shown graphically in Figure 1l.
The results are very similar,
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a for the (.1 normal solutions of sodium chloride,
sodiwn breamide, and pobassium chloride are shown in Figure 12.
The curves for sodium bromide and potassiun chlaride are almost
the same., This indlecates that the two substances have nearly
identical properities.

mese results substanbiate the theory that pestulates the
existence of the second order vollage.

For all types and concentration of solubdons that have beem
investizated, it was found that the output voltage was directly

nroportional to the sguave of the applied voltage. 1t sbould be

[

noted that the resulbs cbbained im this invesbigation represent a

new discovery., it iz suggested that effect might be called the

iFearon Lifect®, after i, £, Fearon who conceived the original

ides and predicabted the experimental arrangements.
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