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0 O Abgtract

The development and evaluation of an instrument for the
determination of high concentrations (greater than O 1 M) of alkali in
aqueous solution i1s described The design of the instrument i1s based upon
the loading of a radio-frequency oscillator This instrument 1s useful in

the range of O to 3 O M potassium hydroxide solution



1 0 Introduction

The adaptation of radio-frequency oscillators to the analysis of
chemical systems has previously been largely in the electrolyte concentration
range well below 0 1 M Harley and Wiberly, in a recent book(z), state,
"Considerable work needs to be done to extend high-frequency methods to
concentrated (over O 1 N) aqueous solutions " It was predicted at this
laboratory that the higher Q represented i1n a resonant transmission-line
circurt would permit greater sensitivity to concentration changes than would
the Q of the conventional coil-capacitor tank circuit The instrument
described i1n this report was developed to take advantage of this consideration
1n extending the applicability of high-frequency methods to the analysis of

\
aqueous systems of electrolyte concentraticn greater than O 1 M
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2 0 Summary
A radio-frequency oscillator for the determination of high

concentrations (greater than O 1 M) of alkali in aqueous solution was
developed and evaluated Of the circuits considered, the most successful
is a parallel transmission-line oscillator of triode type When the cell,
mounted permanently between the transmission lines, 1s filled with a
solution of alkali, an addition 1s made to the power loss of the dielectric
medium that surrounds the transmission lines This increase in the power
loss 1s reflected 1n terms of oscillator response by a decrease in the griad
current of the oscillator A calibration curve that relates grid current
(or grid voltage) of the oscillator to concentration is used for the
determination of the concentration of alkaline solutions

The maximum draft exhibited by the parallel transmission-line
oscillator 1s less than O 3 mv over long periods of time when the oscillator
1s operated at a sensitivity of a full-scale span on a O- to 10-mv Brown
recorder, the full-scale span is equal to a O 1 M change 1n the alkala
concentration This sensitivity applies to the region from O to about 1 O M
The sensitivity curve for the instrument indicates that the instrument
operates most favorably in this lower region of concentration It 1s
possible to operate the instrument at concentrations above 2 5 M KOH with

frequent standardization of the instrument response by means of titrations
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3 0 Principle of Operation

A radio-frequency oscillator is a device for obtaining a periodically
varying current from a steady direct-current source The operation of the
oscillator i1s dependent upon the ability of the vacuum tube to amplify a
signal that 1s placed upon 1ts control grid If a portion of the output
voltage of an initially zero-biased amplifier 1s fed back into the input with
a phase shift of approximately 1800, the amplifier stage can be sent into
oscillation by the application of plate voltage The bias of the oscillator
tube 1s shifted rapidly from zero to a high negative value, corresponding
to Class C operation of the tube, through the action of the grid-leak
resistor and capacitor At the same time, the mutval transconductance of
the tube 1s reduced, this results in a decrease in the gain of the amplifier
An equilibrium 1s reached at which the circuit losses in the system are just
overcome by the amplified signal The frequency of these oscillations 1is
determined by L, Cy and R parameters of the circuit, either in the form of
lumped or distributed constants

Energy at the frequency of oscillation may be taken from the tank
circuit of the oscillator by a suitable coupling scheme " Whenever radio-
frequency (rf) energy 1s removed from the circuit, the plate current of the
oscillator tube increases, and the grid current decreases The plate current
i1ncreases because the increased loss of energy from the system must be at
the expense of the direct-current source The grid current decreases because
the voltage that 1s fed back to the control grid i1s decreased by the lowering
of the Q of the tank circuit Either of the two variables, nlate current or
grid current, may be observed as a measure of the energy losses of the

oscillator system
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If a solution of an electrolyte 1s placed in the immediate
vicamty of the tank circuit of a radio-frequency oscillator so that rf
energy 1s absorbed from the oscillator by the solution, changes in the
plate and grid currents of the oscillator will occur These energy losses,
as reflected in the changes of plate and grid currents, can be related to the
concentration of the electrolyte by an empirical calibration curve in which
concentration 1s plotted against either of the tube currents

The parallel transmission-line oscillator differs from the
conventional coil-capacitor form in that the frequency-determining parameters
are distributed constants rather than lumped constants The distributed
constants of the transmission line permit a higher Q and a higher impedance
than 1s permitted for the lumped constants of the coil-capacitor form of
tank circuit, at the same frequency

The Q of parallel transmission lines can be calculated from the

equation given by Terman,(4) that 1is,

Q = 0 0887(f) (b) (9

where
£ = frequency, cycles per second,
b = spacing between the centers of the two lines, cm,
J = a factor based upon the b/a ratio of the transmission lines,

a = the radlius of the linesg

For the transmission lines described in this report,

f = 235 Mc per second
b =2 22 cm, and
J=06,
therefore Q = 0 0887 (235 x 109 (2 22) (0 6)
Q = 1800 (approximately)
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The value of Q calculated from this equation depends upon negligible
radiation losses and upon an air dielectric between the transmission lines
The Q of the parallel transmission-line oscillator will be somewhat less

than this maximum figure of 1800
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4 O Description of Instruments

Five dafferent designs of radio-frequency oscillators were
considered for the measurement of the concentration of alkali in aqueous
solution Of these designs, the most successful was a parallel transmission-
line oscillator circuat that used a type 955 acorn triode A modification
of the basic circuit to include constant-current control of the oscillator
plate current permitted the extension of the upper concentration limt for
alkaly Both forms of the instrument are described in this section A
dual parallel transmission-line oscillator system that used the type 955
oscillator sections is also described
41 Parallel Transmission-lane Oscillator (PTLO)

Block and circuit diagrams of the parallel transmission-line
oscillator (PTLO) are shown in Figs 1 and 2

411 Oscillator

A type 955 acorn triode vacuum tube, operated at about 235 Mc, 1is
employed in a parallel transmission-line oscillator circuit The trans-
mission lines, 8&a1n lengths of 1/8-in copper tubing spaced 3/4 'n apart,
are soldered to the plate and to the grad pins of the tube socket A
shorting capacitor of 800 Ppf (zero temperature coefficient) 1s moved along
the parallel lines to alter the frequency This capacitor 1s soldered in
place when a frequency of 235 Mc 1s established The adjustment of
frequency permits the comparison of different oscillator sections for
reproducibility of the instrumentation An rf filter, consisting of RI'C-3
(140 ph) and 1ts associated O 005-pf disk capacitors, keeps stray rf

voltages from the power supply
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Fig 2 Circuit Diagram of the Parallel Transmission-Line Oscillator
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The grid-leak resistor, comprised of the 25K resistor in series
with a group of measuring resistors, develops 15 to 20 volts of negative
bias when the oscillator 1s not loaded and when the plate voltage 1s +105
volts The bias decreases to about -1 volt when the oscillator is heavily
loaded The measuring resistors, bypassed for rf by the O 1-jif capacitor,
are connected to taps on a multicontact Sensitivaty Swatch The oscillator
output 1s obtained from these measuring resistors The switch allows control
over the oscillator output voltage that 1s fed into the Brown recorder via
the Zero-set Circuat

The cathode and filaments of the 955 tube are isolated from rf
ground by the two 5/16-in diameter rf chokes, RFC-1 and RFC-2, each 13
turns of No 14 enameled wire These chokes are essential to the operation
of the oscillator at this frequency because they ensure that the inter-
electrode capacitances of the tube shall be part of the tank circuit

L1 2 Zero-set Carcuit

A bridge type of zero-set circuit that employs a 1 5-volt telephone
battery loaded by 1 4 ma 1s used to shift the zero-point of the oscillator
output voltage by £ 70 mv  This span i1n zero-shift can be varied by
altering the value of the 1K resistor that 1s i1n series with the battery
This type of zero-set circuit allows a selected portion of the concentration

range to be represented by the full scale of the Brown reeorder
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4 1 3 Brown Recorder

A O~ to 10-mv Brown recorder 1is connected to the output of the
zero-set circuit by means of a length of shielded cable The 10-turn
Helipot zero-set allows the pen of the recorder to be placed on the chart
scale at any desired point The measurement of the oscillator cutput
voltage can also be determined manually by the use of a conventional
potentiometer

4 1 /. Power Supply

A conventional full-wave rectification power supply that has
capacitor input filtering i1s employed to furmish the power for a voltage-
regulated power source The use of VR-tubes to furnish the d-c power for
the oscillator increases the stability of the oscillator graid current

The filaments of the type-955 oscillator are connected to the
6 3-volt winding of a Sola constant-voltage transformer instead of to the
6 3-volt winding on the power transformer This feature increases the short-

term grid-current stability by a factor of two

L 15 Cell
The cell 1s a 3/4-1n diameter glass or plastic tube that is

fixed permanently between the parallel transmission lines of the oscillator
A cylinder of liquid 1s thus placed in the electric field between the two
lines The liquid couples energy from the field, changing the plate and

grid currents of the oscillator tube This arrangement readily permits the
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f111ling and emptying of the cell, the arrangement i1s to be preferred to the
use of sealed-in-glass standards because of the greater reproducibility in
the oscillator response for a given concentration

41 6 Housing

The oscillator and 1ts cell are mounted 1n an 18~in x 6=1n X 4-in
alumnum box The power supply and the zero-set Circuit are mounted within
a 1l4=1n x 8&an x T-an cabinet
L 2 Constant—current Parallel Transmission-line Oscillator (CCPTIO)

It was daiscovered that the sensitivaty and grid-current stability
of the oscillator could be improved 1f the plate current of the oscillator
were held constant The instrument described above was modified in order to
achieve constant—-current control of the oscillator plate current, thus
leaving the grid current to vary as a function of the loading Block and
circuit diagrams of this oscallator are shown in Figs 3 and 4

421 Oscallator

The only change made 1n the oscillator circuit was to increase

from +105 to +255 volts the plate voltage that 1s supplied to the umt

4L 2 2 Zero-set Circuit

No change

4 2 3 Brown Recorder

No change
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L 2 4 Power Supply

The power supply was modified to produce the +255 volts needed
Types OC3 and OD3 VR-tubes were used in series to give this voltage A&
5651 VR-tube and a 22K resistor were connected across the 0D3 VR-tube to
furnish +88 volts to the screen grid of the pentode The B~ lead that was
previously grounded in the ummodified power supply i1s insulated from the
chassis A 6 3-volt Sola constant-voltage transformer was added to furnish
filament power for the constant-current pentode The cathode of the
pentode 1s comnected to this winding to avoid exceeding the cathode~filament
maxamum voltage rating of the tube

2 Constant-current Control of Oscillator Plate Current

A miniature pentode, a type 6AG5, 1s connected in series with the
type 955 oscillator tube, so that the d-c current of the oscillator must
pass through the pentode The pentode has a dynamic characteristic curve
that 1s essentially flat above the "knee", and 1ts plate current will
remaln relatively constant for large changes in the plate voltage The
series combination of g triode oscillator and a pentode ensures that a
constant current waill pass through the oscillator regardless of what loading
1s placed upon the oscillator 1In Table 1, data for this type of operation

1s compared with that for conventional operation of the PTLO
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Table 1

Comparison of Constant—current Operation with Conventional Operation of a
Self-excited Oscillator

Wathout Constant-current Pentode With Congtant-—current Pentode
Concentration | By (955)I,(955}{Ig(955)4 ALy, R (9553 1,(955),| 1,(955)4AT ,,

of KOH, M v ma ma ma v ma ma mg
0 158 2 4 1 03 158 2 4 1 04
32 158 29 0 54 127 2 4 0 42
2 49 0 62

The table shows that the grid-current span of the oscillator for
a 3 2-M change i1n KOH concentration has been increased by a factor of about
25 %4 In addition, the grid-current stability of the oscillator 1s improved
on long-term operation The 6 3-volt Sola constant-voltage transformer 1is
added to furnish filament power for the pentode so that the freedom from
short-term fluctuations that arise from surges in the line voltage 1is
1ncreased

It 15 not necessary to be restricted to a type 6AG5 pentode for
this application Almost any pentode with a flat characteristic curve can
be used It 1s essential that the pentode be placed in the cathode circuit
of the oscillator, because then the bias and the screen voltage of the
pentode are both referred to a constant potential, that of the B~ line
A pentode was placed 1n the plate circuit of the oscillator to determine
experimentally the feasibility of the circuit The attempt was unsuccessful
because of the variable reference potential for the pentode voltages  The
5651 VR-tube is placed in thais circuit to ensure a constant screen voltage for

the pentode
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4 2 6 Housing

The housing of the umit was not affected by the change to constant-

current operation of the oscillator
427 Cell

The same cell that was used in the unmodified i1nstrument was used
in the constant-current instrument Details of the cell construction are
illustrated in Figs 5 and 6
4 3 Dual Parallel Transmission-line Oscillator System

A design that used two of the parallel-line oscillators, each
operated at 235 Mc and 1in an arrangement where one served as a "standard"
and the other as an "unknown", was demonstrated to be feasible The
essentials of this dual-oscillator system are shown in Fig 7 In this
arrangement, the difference in oscillator responses (as represented by
partial grid voltages) 1s recorded as a function of concentration The
dual-oscillator system possesses the advantage over the single-oscillator
system that differences 1in oscillator response which arise from temperature
changes tend to be cancelled The system exhibits excellent sensitivaty
and stability characteristics, as 1llustrated in Fig 8

An alternative method of using the dual—osc;llator system was also
demonstrated to have a possibility for successful operation In this
system, the two oscillators were used, one as a "standard" and the other

as an "unknown", to produce a beat frequency representing the difference

in the frequency of operation of the oscillators The frequency of an
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oscillator 1s shifted slightly on loadingsand this shift in frequency can be
used to indicate the degree of loading and therefore the concentration of
the liquid electrolyte in the cell The cell of one of the oscillators is
filled wath an alkaline solution, and the frequency produced by this
oscillator i1s used as a standard The cell of the other oscillator is
filled with the "unknown® alkaline solution The two frequencies are mixed
by a crystal, the output of which i1s the beat frequency The frequency of
this beat note, determined by means of a communications receiver, is plotted
against the concentration of the "unknown" alkaline solution This system
was used by Blaedel and Malmstradt in their 350-Me oscillator for taitration
work (1)

This beat-frequency system of oscillators was given only a pre-
liminary examination If 1t were to be adopted, 1t would be advisable to
amplify the beat note, pass the amplified signal into a pulse-~forming net~
work, and record the number of pulses (and therefore the frequency of the
beat note) by means of a suitable electronic counter

Thas beat-frequency system of using dual oscillators may prove
more sensitive than the method of measuring the grid or plate current
Terman(B) states that 1f temverature 1s held constant, parallel-transmission-
line oscillators possess frequency stability that i1s equal to that of a

crystal oscillator
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5.0 Discussion

The first oscillator constructed for the determination of high
concentrations of alkaline in aqueous solutions was a unity-coupled, twin-
triode circuit operated at about 95 Mc Energy from the oscillator was
capacitively coupled into the cell by means of plates mounted on the tank
circuit The unit was rejected because of insufficient sensitivity to a
change 1n concentration

A radio-frequency oscillator, based upon a type 6J6 vacuum tube
operated at about 400 Mc in a push-pull carcuit (see Fig 9), was constructed
and tested wath different concentrations of alkaly  The tank circuat of
this oscillator consisted of a one-turn, 1l-1n copper strap, about 3 in in
length, soldered to the plate pins of the 6J6 socket, plus the interelectrode
capacitances of the tube

The cell was fixed permanently inside the tank circuit because of
the nonreproducibility in oscillator response associated with sealed-in-glass
standards The i1mitial work on the testing of these oscillators was per-
formed wath sealed-in-glass standards because of the simplicitiy of the
testing procedure The exact position of the cell affected the oscillator
response, even when precision-bore tubing was used in fabriecating a cell
The succeeding work was therefore carried out with a permanently mounted,

rigid cell that could be filled and emptied
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Two methods of measurement of the 6J6 oscillator response were em-
ployed In the first, grid current of the 6J6 was observed as a function of
concentration, in the second, rectified current from a 3-turn pickup loop
placed within the tank circuit coil was measured as a function of alkali
concentration A type 1N34 germenium diode was first employed for rec-
tification of the pickup current, but this was later changed to a type 6AL5
hard-vacuum diode because of the superior performance of the latter

The stability and the sensitivity of this oscillator were im-
proved considerably by controlling the 6J6 plate current (at 22 ma) through
the use of a constant-current pentode in series with the oscillator A
type 6AG7 pentode was selected for this application because of 1ts current-
handling capacity Although this oscillator appeared promising, work on 1t
was discontinued because a later model oscillator (the parallel transmission-
line oscillator) appeared simpler and better in performance A typical
calibration curve for the 6J6 oscillator that uses constant-current control
of the oscillator plate current i1s shown in Fig 10

The parallel transmission-line oscillator employs a type 955 acorn
triode that 1s connected to two parallel 8-in 1lengths of 1/8-in copper
tubing, spaced 3/4~in apart, the lines are soldered to the plate and grid
pins of the 955 tube socket A 3/4~-i1n plastic (or pyrex) tube 1s fixed
permanently between the lines and serves as a cell for the liquad A
portion of the grid voltage developed by the oscillator i1s filtered and then

fed through a zero-set circurt to a suitable Brown recorder A manually
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operated potentiometer, such as a Leeds and Northrup or Rubicon, could also
be used to measure this partial grid voltage The partial grid voltage
developed by the oscillator 1s related to concentration of alkali by an
empirical calibration curve Concentrations of the alkaline solutions used
in establishing the calibration curve were determined by titration with
standard acid to an indicator end point

In an oscillator of this design a cylinder of electrolyte is
placed in the electric field between the lines thus enhancing the coupling
of energy from the field It 1s more probable that the change of conductivity
of the solution placed in the cell contributes a greater share to the change
in oseillator response than does the change in dielectric constant An
experiment, in which an 80-fold change in dielectric constant of essentially
nonconducting fluids occurred, disclosed an insignificant change in the
oscillator response Figure 11 indicates the close relationship of
oscillator response to the specific conductance of the KOH solutions

In an effort to push the upper concentration 1imit to a higher
value, a constant-current pentode was also added to the parallel-line
oscillator This addition of a pentode in the cathode circuit enhanced the
sensitivity of the oscillator (because of the decrease in the plate voltage

allowed the oscillator upon loading) and increased the short-term grid-
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current stability by a factor of about two The type 955 tube appears
to give optimum results when the plate voltage is in the range of 100
to 150 volts

- In order to obtain a usable output for the Brown recorder, the
question of using either a voltage divider across the grid-leak resistor
or a bucking circuit was resolved in favor of the bucking circuit because
1t allowed a shift in the zero-point A mathematical examination (con-
firmed by experiment) demonstrated that no difference in minimization of

dr1ft exaisted between the alternative circuits

5 1 Experamental Tegting
511 Sensitivaty

The sensitivity of the instrument was determined by plotting a
calibration curve of the oscillator response, as represented by the partial
grid voltage displayed on the recorder, against the concentration of alkala
1n an agueous solution A stock solution of 4 2 M KOH was made up from the
solid material, and solutions of various KOH concentrations were obtained
by dilution of this stock solution The concentration of each of the solutions
used in calibration was determined by titration with standard HC1l solution
to the phenolphthalein end point

The experimental procedure consisted of flushing out the cell
with several rinses of the KOH solution, fi1lling the cell with thris solution,

recording the oscillator response, and titrating the liquid that produced
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the response  Either the 1nmitial response or the final response can be used,
as long as consistency 1s employed, because about 15 minutes 1s required

for the instrument to record a final steady value In the preliminary
testing of the instrument, the initial response was recorded, and each of
the calibration points was determined by averaging the results from

several fillings of the cell (see Fig 12) The stability of the instrument
1s such that a variation of less than O 05 mv existed i1n a series of twelve
fillings of the cell Typical calibration curves of the constant-current
instrument are 1llustrated in Figs 13 and 14

51 2 Stability

The stability of the instrument (both the constant-current and
unmedified versions) was determined by long-term operation in which the
Brown recorder was used for the observation of fluctuations Instrumental
drifts of O 3 mv, or less, over 30-hour periods were consistently observed
when the sensitivity switch of the instrument was at the 50-ohm position
This drift 1s magnified by a factor of 6 when the instrument 1s operated
in the 300-ohm position At high sensitivity, the instrument does exhibit
a temperature-induced variation that probably arises from a change in the
conductivity of the solution This temperature dependence could be
elimnated by thermostatting the cell Typical stability data are given

in Table 2 and in Figs 15 and 16
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Table 2

Stability Data of Parallel Transmission-line Oscillators

Run Type of Measuring Maximum Drift,
Number Instrument Time, hours Resistor, ohms mv
1 CCPTLO 48 50 01
2 CCPTLO 15 50 03
3 CCPTLO 22 50 02

A PTLO 41 30 <01
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6.0 Conclusions

The parallel transmission-line oscillator has the following
advantages

1 A high efficiency in the coupling of energy into the solution,
1 e 4 in the production of power losses in the dielectric medium surrounding
the lines

2 A high degree of stability, enhanced in the lower concentration
range where measuraing resistors of lower values can be employed profitably

3 A high degree of sensitivity to changes in concentration
up to about 2 5 M KOH

4 Reproducibility of an individual reading

5 Reproducibility of instrumentation

6 Simplicity of design

7 No contact of the instrument, other than the cell, with
corrosive or turbid solutions

The parallel transmission-line oscillator has the following
possible disadvantages

1 Shift 1n mode of oscillation, resulting in a change 1n
oscillator response

2 Cessation of oscillations upon loading

3 Temperature sensitivity at high instrumental sensitivity

., Design features based upon absolute tube characteristics
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5 Calibration altered by presence of foreign electrolytes
If the parallel transmission-line oscillator 1s used without the
constant-current modification (such operation 1s entirely feasible in the
concentration range up to about 1 O M), 1t has the advantages of simplicity,
2 high sensitivity to changes in alkali concentration, a high order of
stabilaty, reproducibility of instrumentation, and reproducibility of an
individual reading The reproducibility of the instrumentation was
demonstrated by the testing of three different oscillator sections (al1
operated at about 235 Mc) 1n the instrument These sections gave almost
1dentical responses
If the parallel transmission-line oscillator i1s used with the
constant-current modification, the concentration range can be extended up-
ward to concentrations that approach 3 O M, with all the above listed
advantages except that of simplicity
An oscillator can shift from one mode of oscillation to another
under the influence of circuit transients If the two modes have simlar
circuit losses, the oscillator prefers that mode in which the losses are
least This shift in mode of oscillation could result in a discontinuity
1n the calibration curve if widely different grid currents were associated
with the two modes of oscillation The parallel transmission~line

oscillators exhibited relative freedom from these shifts in oscillator mode
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Although the parallel transmission-line oscillator was loaded in
taking power from the tank circuat so that the grid voltage of the type 955
tube increased from -20 to -1 volt, the oscillator was never observed to
cease oscillating The presence of a negative grid voltage was taken as an
indication of oscillation

When the instrument 1s operated at i1ts highest sensitivaty, a
dependence of oscillator response on temperature appears, probably arising
from a change in the conductance of the solution This temperature
dependence could be removed by thermostatting the cell

It would be desirable to design an oscillator that would be in-
dependent of tube characteristics, but this does not appear possible with a
self-excited oscillator The parallel transmission-line oscillator tolerates
a considerable variation in the values of tube parameters Different type
955 tubes produce almost i1dentical slopes for the calibration curves The
Zero-set control can be used to correct for any variation in tube character-
istaes

The response of the parallel transmission-line oscillator depends
upon the total conductance of the solution in the cell Any foreign
electrolyte present i1n the cell solution will affect the oscillator response,
thus causing an inaccuracy in the determination of the concentration of
the alkaline species This criticism 1s applicable to any rf instrument
that depends upon the loading of an oscillator, and 1t 1s not unique with

the parallel transmission-line model
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Use of the parallel transmission-line oscillator 1s not
restricted to the analysis of alkaline solutions, although such solutions
were employed 1n most of the above work As an example of the sensitivity
of this rf instrument to measure the concentration of a different
electrolyte, two solutions of NaCl of concentrations of 36 g per 100 ml
and 18 g per 100 ml gave readings of 13 O and 19 3 mv, respectively, a
span of 6 3 mv 1n the oscillator response  When strong solutions of
aqueous sulfuric acid are placed in the cell, the parallel transmission—
line oscillator 1s sensitive to changes in the sulfuric acid concentration
Figure 17 gives a calibration curve for sulfuric acid in the very high

concentration region
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