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T13E FREQUENCY CHARACTERISTICS OF ACOUSTO-

ELECTROCLICAL EFFECTS: THE ELECTROKINETIC

AND POLARIZED GAS ELECTRODE EFPECTS

Technical Report No. 13

by

Frank Saunders, Ernest Yeager, and Frank Hovorka

- ABSTRACT -

The frequency characteristics of the sousto-electro-

kinetic effect (Technical Report No. 5) and the a.c.

polarized gas electrode effect (Technical Report No. 8)

have been determined relative to solution and electrode

parameters. Measurements with pulse-modulated ultrasaiic

waves in the range 200 to 1000 kc.=sec. indicate that in

the case of the electrokinetic effect the response in t ems

of pressure amplitude is inversely proportional to the

frequency in very dilute solutions. This frequency depen-

dences becomes less marked with increasing comductance of

the solutions. The polarized gas electrode effect has

been studied with hydrogen gas in the same frequency range.

The response also decreases with increasing frequency

alth6ugh the extent of the decrease is a function -of the

current density and specific conductance. Both the resporne

and stability of the polarized gas electrode effect have

been greatly improved by the use of a directed flow solution



past the electrode to remove the a loud of g as bubbles in

the bulk of the s olution surrounding the electrode. Current.

interruptor techniques have also been applied to t he study

of the a.c. response of the hydrogen electrode. Audio

modulated polarizing currents have been examined as a means

for eliminating electro-magnetic coupling .problems.

The rmechanisms proposed forthe electrokinetic effect

and the polarized gas electrode effect in earlier reports

have been further substantiated by the presentiwrk.

iii
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EL=CTROCHMNI0AL EFFECTS; TBE ELEOTROKINETIC

AND POLARIZED GAS ELEOTRODE •ECTS

Technical Repor't oo 13

1 September 1953

A. INTRODUCTION

Previous technical reports i- and publicationh5' 8 have do-

scribed the characteristics of the eleotrokinetic effect 2 v7 and the

a~c, polarized gas electrode effectI1 3•8 at a frequency of 200 kcc,/9eco

The present report is concerned with the frequency dependence of these

1. Technical Report No,, 3•, "The Effect of Acoustical Radiations on the
Hydrogen Electrode (theory)", Ultrasonics Research Laboratory,
Western Reserve Universityq 1950o

2. Technical Report No, 5; "An Electrokinetic Probe for the Detectlon
of Ultrasonic Waves", ibid., 19.51

3. Technical Report No0 ,8, "The Production of Aitenating Componento in
the Potential of a Polarized Hydrogen Blectrode"9 ibi~dop 1952t,

4. Technical'Report No. 119 "A Survey of the Electrochemical Applications
of Ultrasonic Waves"9 ib=d-, 1953ý

5., Yeager and Bovorka., J, Electrochem, Sgoco 989 14 (1951)t

6, TYesaer and Bnvorka9 J, A.oust • Boco M., 23, 443 (1953).

?o, Dietricki. Teager, Bugosh, and lovnrka4 ibid., 25o 461 (1953)•,

8. Dietrick, Yeager, BMoshuh and Hovorka9 ibid., 25, 466 (1953),
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effectes In the case of the polarized gas electrode effect, additional

moasurements involving direotional flow of the electrolytic solution

wiid the use of current interruption techniques have resulted in a more

complete interpretation of the effect.

Before describing the now measurements, the previous work at 200

ko./sec., will be briefly reviewed*

D. PREVIOUS WORK ON ME ELCTROKIlI"TIO ZnG0T AT 200 K0./SECo

If a wire with a porous or fibrous covering is placed in a dilute

electroi.ytic solution and exposed to ultrasonic wavoes an alternating

potential of the same frequency is produced on the central conductor

relativw to the bulk of the aurroundin$ solution, The effect was first

noted9 at 200 kc./seco with a cotton-covered copper wire probe; hence,

It has been often referred to am the "cotton-covered copper wire" effect.

The cotton covering, however o is by no means unique.

The investigation of the effect at 200 ko./see. has involved the

uaa of pulse-modulated ut~tramonic waves and apparatus described elsewhere1 0

Yul4se-tachniques eliminate any po•cible difficulties associated with

electromagnetically induced effects and &1, the same time are conduoive to

quentitative acoustical measurements in tanks of limited dimenuions. The

9. Buagnsh, Yeager, and Hoo~a P~bg.1. _Rev. o 6 1891 (1949).

10, Technical Report No. 2, "Apparatuv for Acoustical Measurements with
Pulse-Nodulated Ultrasonic Waves", 19,49,



following information has been obtained through these measurementa:

1. The effect is dependent on the presence of a porous covering.

2o The effect is independent of the base metal.

30 The relative dependence of the effect on the type and the con-
centration of the eleotrolyte, the pH. and the type of porous
covering is essentially the same as the dependence of dc0
streaming potentials on the same parameters.

4, The amplitude of the observed effect is a linear function of
the pressure amplitude of the ultrasonic waves in a progressive
field,

5o The frequency of the 'a.oc potentials is the same as that of the
ultrasonic waves. The harmonic content is negllgibleo

6& The effect is very reproducible and has virtually no time
dependence after tha electrolyte has wet the fibers,

7. Under favorable conditions the affect may be as large at -

145 dbore0 o 1 volt per dyne/cam

Theoretical considerations of the effect have been based on an elec-

trokinetic mechanism0 an assumption which is well supported by the experi-

mental results. The effect depends on an a.o. displacement or distortion

of the diffuse layer of ions surrounding each fiber. On the basis of

this mechanism, the amplitude of the effect should be directly dependent

on the zeta potential and the conductance of the solution in a manner

similar to that for doc 0 streaming potentials , This aoc. electrokinetic

11effect is analogous to the colloidal vibration potentials

The experimental work at 200 kc1 /seco also has indicated that this

effect can be used to follow .etaspotential change's on fibers. Another

application is the utilization of the electrokinetio effect in the form

11. Technical Report No. 7, "Colloidal Vibration Potentials"p 1952.
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of a&high frequency acoustical probe of very small dimensions.

C0 P•XVIOUS WORK O• TIM AOC. POLARIZED GAS ZLECTRWIZ SD T

If acoustical waves are allowed to impinge upon an electrode at

which gas is being liberated by electrolysiso an alternating component

of the same frequency is developed on the wire relative to the bulk of the

solution. The effect has been investigated at 200 kao/sec. with pulse-

modulated ultrasonic waves in the case of the polarised hydrogen cathode0

The experimental techniques are very similar to those used in the work

on the electrokinetic effect,

The following are the results of the experimental work at 200 kc./seeo.

1. The effect is dependent on the formation of gas bubbles by
electrolysis. The magnitude of'the aoco response is less by
a factor of 10 to 100 for a polarized non-gaseous

electrode under similar circumstances,

2. The effect is dependent on the polarizing currento A nogli-
gible effect has been found for the reversible hydrogen else-

trode at 200 kc./seCo in the absence of a polarizing currento
The observed response is linearly dependent on the current
density at low values of the latter. A complex dependence
has been noted at higher current densities 100 ma/cm 2.)
with several plateaus evident.

3o At low current densities, the amplitudo of the effect is
approximately inversely proportional to the conductance of
the solution.

&o The effect is essontially independent of pH and the type of
electrolyte provided only hydrogen ions are discharged at
the cathode and the conductance Is held constant,

5. The effect is independent of the type of metal used as a
cathode for practical purposes although the results are
more reproducible with platinized-platinum cathodeos

6. Under favorable conditions the Iffect may be as large as -

150 db. re.: 1 volt per dyne/cm

The effects of acoustical radiations on the reversible and polarised

hydrogen electrodes have been considered theoretically in terms of a



thermodynamic treatment, 1 2 which is applicable ohly at very low fre-

quencieu, and a kinetic treatment The latter supports the conclusion

that ultrasonically produced perturbations in the electrode reactions

result in only a very minor contribution to the observed response at

frequencies as high as 200 kcc/seco The prime mechanism for the effect

is probably the modulation of the IR drop in the immediate vicinity of

the electrode surface by periodically expanding and contracting gas bubbles.

The experimental results at 200 kco/seo0 support this conclusion,

The aoco polarized gas electrode effect offers possibilities as a

means for studying bubble formation at gas electrodes and can also be

used for laboratory measurements of acoustical amplitude.

7o TIM PREQUEN1CY CHARACTERISTICS OF THI

ACOUSTOBELETROKINETI EFFE0T

1. Method of ,leasurements

The frequency dependence of the acousto-olectrokinetic effect

has been determined in the frequency range from 200 kco/sec. to 1 mc,/Sec.

The frequency dependence has been studied relative to variations in con-

centratinn of sodium chloride solutions, wire length , and covering*. The

electronic and acoustical propagation apparatus employed for this work

is deacribed in the appendix of this report. The measurements have been

made with a pulse-repetition frequency of 300 sec. I at a pulse duration

of 400 microseconds for the pulse modulation of the ultrasonic carrier.

Y The pressure amplitude of the ultrasonic waves has been determined in the

12. Yeager and Hovorka. J. Chem. Physe, IZ, 16(1949 ),,



acoustical cell with a. 1/8-ino barium titanate hy.rophonen. This hydro-

phone tas been calibrated by comparison with a almilar unit which in taTxv

had been calibrated by the U.S. Navy Underwater Sound Reference LaborV7rV'

at 0rlando, The probable error of the amplitude measurements is astimcfi

to be•,l db. although the precision at a particular frequency Is a

fraction of this valueo

The construction of the clectrokinetic probe Is shown In Figure 1.

The acoustically sensitive element was mounted with deMhotinsky cement

in the capillary tip drawn at the end of a glass tube. The exposed end

of the wire was sealed with a small ball of the same cement to prevent

direct contact vith the solution. A brass probe housing served as

shielding for the central conducting w i.re and electrical connection was

made with a single microphone connector. The length of the wire

exposed to the solution was either l15 cm; or 0. cm,, The alternating

components were mefwured on the central conducting wire relative to

ground since the solution vas essentially at aor. ground because mf the

large capacity betveen the solution and ground.

The following procedure was used in the preparation of the electro-

kinetic probes for acoustical measaurements. 'he probes were constructed as

shown In Figure 1 using commercial copper wire with the presoribed coverings,

Before any measurements vere recorded on the various probes, the probes

were alloved to s tand in the solution for approximately one hmur to

ansuro complete wetting of the fibrous covering. The values recorded in

the following figures represent the mean values for several probes of

the same constucGtion,, The deviation in response is "proclmately

1 dbo from the mean for probe s of the sein typeo

Sodium chloride solutions of varioue concentrations have been used
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In all cases and formulated directly in the acoustical cell by addi-

tions of reagent grAde sodium chloride to &stilled water in the cell.

The solutions were made in order of inoreasing cmoontration, th the

cesncontration. determined by conductance measuzements after each run.

In the case of the cotton coverizagso previous work at 200 kc./ Seco

has Indicated5 a nogl~iblel dependenoe on pH Intihe rang* 4 to 6; hence,

it was not zecessa:7 to control this variable provided it was In this

rango,

In Figures 2-4 in represented graphically the frequency dependence

of the aleatrokinotic. effect for double cotton'-covered copper Aire (30 "o

Bv and S.) in sodium chloride solutions of various oo~centratious,

The solid lines in each graph indicate the terminated. responge, In db,

re.: I. volt per dyze/cm2 . with the effect loaded b7 the impedance

associated vith the probe hmusing as wall as the In~put impedanco of the

cathode'-follover preamplifier0. The dotted lines "epresent the open-

cir~cuit responses calculated from Impedance measurements 2 , Whe magnitude

of the parallel z'osisti're-oapaoitivo com~ponents has been determiined with

a Goneral RaEdio twin-T Impedance bridge, Model 921A. The comrp(nexts

of the load impedance have been measured between the central conductor

of the probe and ground w~ith the probe out of the solution. The

difference between this Impedance and the vxaZue with the probe submaerged

in the solution han been assumed to be associated with the effective

internal impedance for the offset., The componente of the load and

intemihl impedianco for the Q.5-.cm. and 1.5-oz. probe* in different

concentrtli(,s of sodium chloride are given in Table I as a function of
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frogeno The impe&aace values at 200 kcoeseo. have been extrapolated

from the values in the range 5$0 to 1000 ke./see. This procedure was

neceosa7r because of the limited range of the impedance bridge. The

reliability of such an extrapolation has been substantiated2 in earlier

work by measuring the effect with several different load impedances and

solving simultaneous equations for the internal impedenee associated

with the electrokinetic effect0

The graphs in Figureo 2-4 indicate that the response is a con-

tinuous function of frequency with no inflection points in the range

200 to 1000 ko.oseco This fact is of particular significance in hydro-

phone applications in that intorpolation. between froquenoies is

poselbloo With moro convontional high frequency hydrophones, e0g.

barium titanate, the non-uniform frequenoy response at frequencies &bove

100 kc./seco requires a continuous frequency calibration. It is also

evident from the data that the open-circuit response is independent of

the wire length between the 0o5cmo. and Io5-om. lengths consideredo

In Figure 5. the opon-circuit response for the double, cotton-

covered eleot~rokinetic proles is plotted vL the logarithm of the frequency

for several concentrations of sodium chloride0  These data represent

both the 0o.=5m and l.0 5omo probes sin*e the open-circuit response for

both are essentially the same. Fiolre 5 indicates that the open-oircuit

response In dbo for all concentrations Is a linear function of the

logarithm of t h frequency. It in evidento however, that the slope as

well as the relati-e position is dependeut upon the specific conductance.

The dependence of the eleatrokinetic effect on concentration for

different frequencies is shown in Figure 6 for the 05-cm., cotton-
cat!i " covered copper wire and in Yigu~re 7 for the 1.5-Com probeo The date



TAW3S 1

IMPEDANCE MEASUR•MZ T8 FOR •B•S•I•XITIC PROBES

Acous- Specific Freq. Load Impedance Internal Impedance
tical Cond. of in
Element Nae1 in kc./ Cap. Adm. Parallel Cap. Ads. Parallel

/mboS/cm. W0e. in Cond. in in Cond. in

,.#mho a /-inhoa /Mho i mblos

0:5-m. 2.1 1000 242 12.3 31o4 6.7
No. 30 900 216 11.1 28.1 60
DOCO, 800 189 10.2 25.1 6.1

700 164 8.3 22.4 5.7
550 126 6.7 17.6 4.9
200 41.5 4.o 6.4 3.?

17.5 1000 242 l2a3 35.2 14.2
900 216 11.1 30.5 14.1
800 189 10.2 26a. 13.2
700 164 8.5 22.4 1287
550 126 6.7 17.3 11.9
200 41.5 4.o 6.1 10.0

124 1000 242 12.3 47.1 55.5
800 189 10o.2 36.6 50.9
550 126 6.7 24.o5 45.o
200 41.5 4.o 8,9 37.0

2.1 1000 255 12.8 60.2 13.0
No.. 30 800 198 10.5 49.3 11o2
P.C.o. 550 131 6,8 35.2 9.6

200 45 3.9 13.0 6.8

17.5 1000 255 12.8 65.9 28.0
800 198 10.5 5.11 25.8
550 131 6.8 35,2 23.4
200 45 3.9 12.6 20o.

H 124 1000 255 12.8 93.0 108
800 198 10.5 o3.0 94.3
550 131 6.8 45.8 77.9
200 45 3.9 15.1 57°9

I-
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are presented with the solid lines representing the terminated response

and the dotted lines the calculated open-circuit response for each

frequency.

A comparison of FIgures 6 and 7 indicates that both the 0.5-cam

and lo5-om. length probes exhibit the same characteristics in their

response., This is perhaps more clearly illustrated in 71gure 8 In which

the responsesof a 0,5-cm. and lo.-amo probe at 200 kc./sec.aro Oompared.

The open-circuit responses for the two probes lie essentially on the same

line. Similar plots can be made for all frequencies considord ands

within experimental error, all the open-circuit voltages for the two

probes under similar conditions a"e the same. The effect is seen to

decrease with increasi" g concentration of electrolyte as would be expected

on the basis of the decrease in d.Oq streuting potential with inoreasing

concentration.

In solutions with a specific conductance of_100 Amhos/cm. or

greatere there is an approximately linear relationship between the con-

ductance and open-circuit response as shown in Figures 6-8. With more

dilute solutions, the ions associated with the solvent become significant,

and thorefore, the esytem is not the same as considered for the more

concentrated solution0

In Figure 2 the frequency response of a 0o5-.cm- doubleo silk-

covered wire (l7oo 30,B&S) is compared with a cotton-covered probe of the

same dimensions0 The impedance measurements associated with this probe

are: presented in Table 2o The responses of the two probes appear to be on

parallel lines. and therefore, have the sam slope. This suggests that

the frequency depeadence of various probes with differoent coverings malp-

be predicted from one calibration at a given frequency.
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TABLZ 2

IM Z0 MASUREMETS FOR DOUBLZ, SILK-COYB1

ELECTROKINETIC PROBE

load Impedance Internal ImpedanceFrequency -.. . ... .. .-. . ........

in Capacitive Parallel Gapacitive Parallel
ko./sec. Admittance Cond" in Admittance Cond. in

-n- Mhoa i mb5 1 Jmo a

1000 223 10.? 31 9-9
700 155 9.6 23 9,6
550 120 6.4 17 9.4
200 34 4.5 .11 9.0

Probe., 0.5-cm° No. 30 DoSo.o. Copper Wire
Solution: NaaC1, Specific Conductance 208 ,4mhos/cmo

TABLE 3

IIEPENDENCE oF FREqO=1I0Y RESPONSE OF EIBGTfOKINBTIC
EFFECT ON WIRE SIZE IN 0,0001 N SODIUM OflLORIDE

Acoustical Frequency Acoistical Response in d~o ret
Element in one volt per dyne/cmo

Terminated Open-circuit

No, 260") 1000 -176,,1 -159.0
o:5-cm. 800 -173o6 =15506
D°C.0. 550 -169.o -152.9

200 -154.1 -M-7

No. 30(B&S) 1000 -174.6 -13?10
o5ocm. 800 -172,6 -155.9

D.C.C. 550 -167.5 =151,3
200 -:152.4 -Loo.9

No. 34(B&S) 1000 -175O0 -15803
0oo5-cm. 800 -173.1 -1571
D.oC.'. 550 -16?.8 -153.7

200 -153,1 -142.6

Specific Conductance: 15.8 rmkoe/cmo
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The data for the frquenoy dependence of a 0.5-cm. doublet cottons-

covered probe on vire size are given in Table 3. The exposed elements

were No. 26.20 and 34 (B) double, cotton-covered copper wire. The data

are prevented in terms of teminated response as well as the calculated

open-circuit voltage. There seems to be no signiflcant dependence on viro

sise within the limited range cnnsidered here. The three wire sizes

investigated'have approximately the same characteristies in their frequency

dependence for both the terminated and open-circuit responeeo The slight

variations in Table 3 may be associated primarily with differences In the

cotton coverings rather than the wire diameter*

The following conclusions may be reached concerning the character.

istic of the electrokinetic effect in the frequency tango 200 to 1000 kcc/Sec.

on the basis of the present work.

(1) The response is a continuous function of frequency and does
not show any of the peiaks and inflection points usuallY
6hbracteristic of acoustical probes for work at frsquen,.4es
abooe Il00 koo/seOo

(2) The olen-eirouit response assoglated with the effect is sub-
stantially independent of probe length and dependent on wire
&age only to a minor extent provided the diameter is rla-
tively small compared to the wavelegStho

(3) The fraquency dependence of the response for prob•s
inVolving silk and cotton coverinUS i* essentiallY the same.

(4) Tfie mplitude of the effect is aVprximately directly pro-
portional to the displacement amplitude for s~lutions of low
speclf to conductance (< 25 micromhoS/0Mn0 ) Thus the resionnse
expressed in terms of ,ressura 'amplitude Is iniersely pro-
portional to the frequency. With increasing oonductance,
the r•sponse in terms of pressure amplitude approadhes a
0.6 power dependence on frequency.

Those conclusion* are significant in regard to tae use of this esfeot

as a high frequoncy probe, The linear relationship between the response
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In dbo and frequency would eliminate the neoessity of calibratinn at a

large number of frequencies since measurements at only two frequencies

would indicate the frequency response over a reasonably large range.

-One mechanism, presented previously 2  iS illustrated in Figure 10,

Me black dote surrounding the central wire represent somewhat Idealistically

6 -,4- (D

cCD

P2DIRECTION OF

Figure 108 Mechbnism involved with Eleotrokinetio Probe

the cross section of the fibers in a plane parallel to the direction of

propagation. In the presence of ultrasonic waves, the diffuse layer of ions

surrounding each fiber becomes periodically asimmetric in the direction of

propagatione A difference in the displacement of the ions of the diffuse

layer and the fibers is to be expected in terms of their physical charac-

teristicso Pigure 10 represents the situation when a displacement node is

Instantaneously at the position of the central wire. Since the predominant

charge of the diffuse layer of ions Is opposite to that of the fiber, there

ehould be a periodic potential difference between the central wire and the

solution outside the fiber covering. The solution in contact with the wire



in the plane perpendicular to the direction of propagation and the

axis of the wire loads the a.cO. effect internally, and hence reduces

the magnitude in a sense,*

An attempt is being made to interpret the model in Figure 10 In a

quantitative fashion. Unfortunately, the problem is quite complex at

frequencies of the order of 10 6 eeo0-1 The approximate dependence of

the effect on electroohemical parameters can be deduced in terms of

the close analogy between the mechanism in Figure 10 and that associated

withcolloidal vibration potentialsBl 13o For the case where the

dimensions of the colloidal particles are large compared to the effective

thickness of the diffuse layer of ions surrounding the particles.

VnderbY14 has developed the following equation for the amplitude of the

potential s

where

X UAfkT (2)

A0 is the velocity amplitude, c the velocity of sound in the medium,

the viscosity of the solvent, vO the angular frequenc k the Boltzman

constant, T the absolute temperatureoul the number of colloidal particles

per co., WK the apparent mass of each particle, f the frictional

* An alternate interpretation is to consider the coverings as the
equivalent of a large number of poorly defined capillaries. Either
interpretation represents a marked over simplifications

13. Yeagero Dietriok0 and BovorksJ. A~coust. So.4 Am.-. ;1,456 (1953).

*14. J. Enderby, Pr 0 (London), 20?A.'329 (1951).



coefficient of the cations and the aninns(assumed to be the samet 0

the meta potential, and 'K the effective thickness of the diffuse ionic

layer The latter It related to the specific conductance ( I ) by th5

approximate

For specific conductances of 10- mhos/cmo or greater and angular

frequencies of 10 ? or lose, the term 4(C Is very do*e to unity. Zqua-

tion (1) then reduce*

where B is a function of the apparent colloid concentration and the

mobility of the electrolyte. The term pV is the pressure amplitude

of the ultrasonic igavem and B/r where eIs the density of the

medium. In the case of the eleotrokinetic effect 1 the stae equation

should be applicable exrcept that B Is a function of the fiber geometry

and the frequengoy The dependence of the eloctrokinetic effect on the

ratio of $eta potential to apeoific conductance is evident from eq. (4).

The general equation for d.o. streaming potentials is

where p is the pressure driving the solution through the porous plug or

capillary. The marked similarity betwaen eq. '(4) and eq. (5) has been

demonstrated experimentally in terms of the excellent correlation of the

a-o. oleotrokinetic effect at ultrasonic frequencies with d.0o streaming

potential data for the. same fibers.



TH T•N J•OZQWNT IMPNDENC• AND RZIPTD CEARWTERISTICS 07 TO A.G.

POLAIMIID GAS ZLUG== BMW'CT

On the basis of previous work with the polarised hydrogen electrode,

It has boeen concluded that this effect can be primarily attributed to the

modulation of the I-R drop in the solution adjacent to the electrode

surface by periodically expanding and contracting gas bubbles. Although

thin hypothesis is reasonably well established, the present investigation

has been directed towards further substantiating this conclusion and at

the same time establiching the frequency characteristics for the polarized

hydrogoen electrode.

1. &Egprlman Tcnt~iques:

The acoustical system used in this work vat similar to that employed

for investigating the olectrokinetia effect except for the probee involved

in the detection of the effects. A description of the acoustical system

is presented in the appendiZ to this report0

A diagram of the electrode used for detecting this effect Is given in

Figure ll 'The bydrogen gas was liberated by electrolysis on a cathode

consisting of a platinum wire, (No. 390 S. & S.) sealed in soft glass

tubing. The length of the exposed wire was approximately 0.3 cm. and

the calculated apparent area 0o25. 2 The surface of the wire was

platini$ed. The lead wire from the cathode was shielded by a brass

probe housing whioh connected to the pre-amplifier housing through a

single-contact miorophone connector., The ac. potentiale uere

measured between the platinised-platinwa cathode and the bulk of the

solution or' ground

A platinvr wire sealed in soft glass tubing served s the anode
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SFigure ii: Acoustical Hydrogen Electrode
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with approximately 4cm. exposed to the solution. The an'%do was

isolated from the solution around the oathode by a fritted-glass

disc to minimize contamination by oxygen gas. The anode was not in

the ultrasonio field, and did not contribute directly to the asO.

potentials. -

The polarizing current was obtained from two voltage-repulated

power suppliese plied in series to provide a tolval voltage of 500

volts at a meoimum of 100 ma. The polarizing current was measured with

a Simpson milliamaeteregodal 373. Since the alternating.ccaponents were

developed on the cathode relative to ground, a two-seotion, radio-

frequency filter wae used in the lead wire from the source of the

plarizing current to the cathode. This filter provonted the dcoo

sourco of polarising current from leading the polarised electrode with

respect to the acoustically produced radio-frequenoy component in the

olect rode potential.

Considerable difficulty was encountered when this effect was

*invest1gated at 1 mo./sec. The bubble cloud which formed about the

electrode attenuated and scattered the ultrasonic waves to a far

greater extont than at 200 kc./seo. A steady a•c. r4oponso could not

be obtained, On the basis of theoretical considerations it Is evident

that the bubbles iUmediatoly adjacent to the smurace are responsible

primarily ;or the effect and that the bubbles at any appreciable

distance contribute virtuwlly nothing to the observed effect. This

suSested the une of a high velocity directed flow of solution passed

the electrode to remove the latter type of babblea, i.eo, the ubble

,.,ud. Suh a flow of electrolyte would have only a minor effect on
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the bkabbles at the surface.

The details of the construction used to accomplish this purpose

are shown in Figure 11. A glass tube drawn to a large capillary tip

has been placed over the tube containing the platinum electrode with

sufficient space between them for the flow of the solution. The glass

envelope has a side arm at the top through Vhich the electrolyte is

puped by a high velocity centrifugal pump from the acoustical cell and

cOycled through the systemn This technique proved to be very satisfactory

in removing the gas bubbles 6 and hence, allowed the ultrasonic waves to

Interact with the gas bubbles on the electrode surfaces With this t~pe

of cathode, the fluctuations in the acoustical response have been

reduced to less than 5% at 1 30./sea. with current densities as high as

500 ma./Cm0
2

In most of the measurements to be desocrbed, the a.c. polarised

hydrogen electrode has been studied in sodiva sulfate solutions with

the concentrations determined from specific conductance measurements.

The solutions have been saturated with purified hydrogen gas prior to

the acoustical meatueeentso

2. •Xerimental esultst:

In Fi'gure 12 is shown the frequency dependence of the aooustidal

response in sodium sulfate solutions with a specific Conductance of 49

micromhos/cmo and a polarising durrent density of 240 mac/aaos2  The

solid line represents the terminated response In dbore*° 1 volt per dyne/

=2o The dotted line indicates the open-olrouit values calculated fro3

impedance meaeurements assooiated with the electrode assembly as de-

scribed for the electrokinetia effect. For the hydrogen electrode
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effect the situation was more complex. The internal impedance has been

determined with the unpolarixed probe* in oontact with the solution with

no bubbles present. The calculated open-cirouit response Indicates that

the loading effet is appreciable in the dilute solutions. In solutions

with. speclfic conductance greater than 100 mioromhos/cmo, the OSrmintea

response is approximately the same as the open-circult responses Fiuro

12 indicates that the effect is a continuous function of the frequency

with no apparent inflection points. The ralative frequency dependence of

this effect is a function of the oonduotivity of the solution and the

polarising current density.

In Figure l3ie presented the dependence of the observed response

on frequency in codium sulfate Solution with spe•ific conductances of

215 and 400 miaromhos/cmo &t a polarising currant density of 80 ma/cm. 2

The dependenco of te &.o. hydrogen electrode effect on conductance

of a sodium sulfate solution for meveral frequencies Is illustrated in

Figure I4. Those data are presented for the frequencies 200o 350, and

1000 kco/seco with a polarizing current density of 200 ma./OmO 2 The

loading effect on the response in the dilute solutions is apparent by

comparison of the calculated open-circuit response (dotted lines) with

the terminated response (molid lines) in Figure 14. In the more con-

centrated solutions, the effect tonds to have a constant frequency

dependence with Incroasiug concentration,

In Figure 15 the dependeno. of the a~co, hydrogen electrode effect is

SSince tfie effect io produced uhen bubbles are formed , the impedance-
may diffed to ae small emtend with the gas bubbles iurroundind the electrd de.
Further impedance measwremerits will be ande with polarized electrodes,
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A: 550 kci/sec.
B: 750,kc./sec.
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considered as a function of the polarising current density In sodium

sulfate solution with a specific conductance of 213// mahos/cOmo or the

frequencies and current density range considered here0 the effect is

linearly dependent on the current density, Similar dependence is noted

for 200 kco/uec. inFigure 16. This is in contrast to the non-linearity

noted in previous work without the directed flow of electrolyteo

The magnitude of the effect has also been determined as of a funution

of the acoustical amplitude* Within the limits of the intensity availableo

the effect Is linearly dependent utpon the acoustical pressureo In Yia•ro 1?

is shown the response of the hydrogen electrode effect at 200 ko8 /seco

with Increasing acountical amplitude of the ultrasonic waves. The response

is recorded in microvolts and the acoustical pressure.amplitude in atmo

as measured with a calibrated barium titanate hydrophoneo A similar linear

dependence on acoustical amplitude has 'been found for the other frequencies

considered, This is in contrast to that found in the previous work at

200 kc 0 /sec. where a complex dependence was observed. The complex depen*-

done# can be attributed to the interaction of the ultrasonic waves with the

gas bubbles in the vicinity of the electrode under static solution conditionio

Since the acoustical response of the polarized hydrogen electrode

presented here has been obtained with a doco stream of electrolyte to

remove the bubbles f the dependence on this stirring action has *een. con-

sidered. The response was very unstable under static solution condi-

tions at the higher frequencies; therefore, the study of stirrin;

effects has been carried out at 200 ko./seco In Figure 18 is shown the

dependence on stirring at 200 kcc/sec insa sodium sulfate solution

with a specific conductance of 790 p mhos/omo The lower curve repro-
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sents the response under static solution conditons with the gas bubbles

allowed to diffuse into the solution around the electrode, The charac-

teristic plateaus are present as described in the previous wnrk at

200 kc/sec, The upper curve is the response when the electrolyte is

flowing past the cathode surface to remove the gas bubbles, It is

evident that the magnitude of the effect is increased as the plateaus

are eliminated. The complex dependence in the absence of directional

flow is associated with the gas bubbles present in the vioinity of the

electrode, These bubbles attenuate and soatter the sound waves in a

onmplex fashion,

The following experiment was devised to confirm the conclusion that

the modulation of the I-R drop in the immediate vicinity of the electrode

produced the acoustical response. The polarizing current was interrupted

while the polarized hydrogen eleotrode was exposed to the ultrasonio

waves. According to the hypothesis advanced above the effect should

vanish virtually instantaneously.

The apparatus used for interrupting the polgrizing current consisted

of a gating tube inserted in the polarizing circuit. The tube was biased

to operate at saturation current with no signal on the grid. A negative

pulse was placed on the grid sufficient to cut the tube off at a time when

the ultrasonic pulse was producing the aoco effect, When the gating.

tube was cut off by the negative pulse, the polarizing current was also

out off and the resulting acoustical response observed on the oscilloscopo.

A suitable filter network has been inserted in the input circuit to the

pro-amplifier to prevent the amplifiers of the detection apparatus from

being blocked by the dC cD pulse.,

The results of the above experiment indicate that the acoustical
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response is terminate within the resolving time of the filter network

and the amplifiers when the current is cut off, I.e., 0.001 eec.

There is relatively little doubt that the effect is produced by a

modulation of the I-R drop in the immediate vicinity of the electrode

surface as a result of the interaction of the ultrasonic w-ves with the

bubbles at the surface.

In work with the hydrogen electrode effect involving.continuoug

ultrasonic propaationp the problem of electromagaetlp coupling *an be

eliminated by modulating the d.co polarising current with an.audio-

frequency component, The detection apparatus can be tuned to the

rosulting side band fr'equency which is not present in the elecztro-

magnetic coupling. This technique has been used in our laboratory and

has proved to be very satlafaotmry in this application.

3p Intor-etatin and Rocsiod99

From the experimental results obtained in this investigation as

well an the obee.rvations made in the previous work at 200 kc./sec.• the

hydrogen electrode effeot may be attributed to the modulation of the

I-R drop in the solution adjacent to the electrode. The acoustical

response of the hydrogen electrode indicates that the gas bubbles at

the electrode surface are most effective in producing the s~co effect.

The bubble cloud present around the electrode in the absence of a

directional flow scatters the sound in a complex fasbion,' thereby

reducing the observed effect.

The alterAating coamponents can be explained in terms of perlodio

variations In the dimensions of the gas tbbles at the electrode

surface. The gas bubbles are formed by electrolysis at the electrode
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surface by the disoharge of the hydrogen ionus to fno hydrogen ga s.

The surface of the electrode acquires a discontinuous film of gas bubtloe

which may be considered as a part of a variabla rjouistanceo The 8sie a.l

quantity of the g•s bubbles will determine the effeotive impedance t.'

the flow of ionse Tho effective area of the electroda surface ma7 be

considered an being decroased by the prosence of the gas bubbles.

When sound waves are introduced into such a system, t1hi gas bubbles

undergo periodic contraction and oexanziono Since the gas bubbles are

periodically changing their dimensionas the effeotive impedance will vary

in a similar fashlon0 The potential developed across this impedance

as a result of the cTrent flow will likewise be a periodic function of

the some frequency as the acoustical waves.

The a.co component in the electrode potential may be represented by

an equation of the form

Vhere3 is the alternating component' I the polarizing current)

the amplitude of the Impedance changes produced by the ult.azonic waves,

and all the iŽraInUng symbols have their usual moeningo The impedance

(Z4)$ depond, on the wouotical displacement amplitude A0  as well as

the specific conductance x ) of the solutiono

where A is a proportionality constant and it tho pressure amplitudo9

In toerm of these equations, the relative response abould be linearly



dependent on the polarizing current and the pressure amplitude and

inversely dependent on'the frequency and the specific conductance.

These relatinnships have been verified approximately in the experimental

work.

The ao c. b~drogen electrode effect can be used for laboratory

measurements mf acnustical amplitude at frequencies above 100 kc./sec.

where probe dimensi•ns must be small to minimize diffraction effedtse

This effect may also find use In the study of the kinetics of bubble

formation associated with gas electrodes.



APPUDIX

INSTRWEATION FOR THE DZTEEMIITATION 07 THE YFPOqJ CY

D3KP3NM C 07 THE ACOUSTO-LOTROCHUICAL 3)E0TS

Since one of the primary objectives of this investigation has been

the determination of the frequency dependence of the various acousto-

electrochemical effects, the apparatus has been designed with this

objective in mind.

The apparatus involved in this investigation may be classified into

three categories: (1) the variable-frequency ultrasonic generator,

(2) the acousto-electrochemical cello (3) the detection apparatus. The

ultrasonic generator consists of a pulse-modulated~variable-frequencyor,-rfo

generator and a barium titanate transducer which serves as the source of -

the ultrasonic wavaso The acoustical cell contains the solution under

investigation in which the various a.o effects are produced. This cell

must have provisions for the transmission of the ultrasonic waves while

Isolating the solution with4in from the aqueous delay medium. The detection

apparatus include the various probes and electrodes on which the alter-

nating potentials are developed as well as the eleotronic apparatus

necessary for the amplification and measurement of the various effects,

The acoustioal. probes and additional equipment required for the detection

of each specific effect have been presented in the previous sections

on experimental data. In Figure 19 is shown a block diagram of the

apparatus and associated switching network.

SPuse-Modulated, -agbe Freun9Z b-tranno .Wner.

The requirments for this unit are: (1) the generator must supply well-
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defined rectangular pulses of ultrasonic waves, (2) the pulse repetition

rate and pule* duratiou for the modulation should be variable,

(d) the acoustical output of the ultrasonic generator should be stable

with respect to frequency and powerD (4) the generator should be capable

of producing ultrasonic waves over a frequency range of 200 kc./seco to

1000 ko./seo . (5) the ultrasonic generator should supply instantaneous

acoustical intensities of 1 watt/Cm0
2 or more.

In Figure 20 is a block-diagram of the variable frequency, pule-.

modulated ultrasonic generator which has been constructed to conform to

the above requirements as close as possible. Although the frequency range

desired has been between 200kco/oeo 0 and 1000 kco/8eo0, this unit operatez

most efficiently between 550 kca/seco and 1000 kao/sec. A 200 kc./9eo0

ultrasonio generator 1 0 has been available an1d fulfills the requirements

listed aboeo-and serves to meet the lower frequenegisredo

_ Generator

R..Amplif ior R0?, Power Barium Titanate

and Amplife Transducer[Pulse Modulator J

PleGenerator

Pigar 201 Variable Frequency, PulesoModulated
Ultrasonic Generator: lock Diagram



In Figures 21-24 are shown the varioue circuits employed in the

radio-frequency generator used to drive the barium titanate transduoer,

The generator consists of g (1) a comM2Oi.l signal generator (Precision

Apparatus Oo.0 Model E-200). modified by incorporating a cathode-follower

output to ensure frequency stability with external loadinzg (2) a dCc,

pulse generator (Figure 21) and power supply (Figure 22). (3) a pulse

modulator and amplifier (Figure 23), (4) a tuned radio-frequsncy power

amplifier (Figure 24)v and (5) a barium titanste transducer and mounting

(Figure 235), The frequency of the signal generator has boon calibrated

with a frequency meter.

The dec. pulse generator (?iguro 21) contaln8 a multi=Vibrator if

variable repetition frequencyg the output of which is differentiatedr.

The revulting positive pulses are deleted by means of a diode while lhe

remaining negative pulses are amplified and trigger a univibrator which

produces rectangular pulses of controllable duration' The pulses are

Introduced into the modulator circuit to pulse-modulate the radio-

frequency signal. TLie repetition frequency is varied bV a coarse (SI)

-1and a fine (R-) control from 10 through l0q000 oec.I or one-half the

repetition period(whichaever is shorter).

The pulsoe-modulator stage (Figure 23) is preceded by a radio-

frequency amplifier (V,) to increase the amplitude of the signal0 Two

pentagrid tubes (V2 and V 3) serve as the pulse-modulator tubes., The

radio-frequency signal ia placed on the reante cut-off grid of V2 while

the positive pulees from the pulse generator are placed on the sharp

out-off grid, This grid is normally biased to beynnd out-off. The

tube V.3 in parallel with V2 bae a negative pule, placed on its sharp cut-

off grid while the remote cut-off grid has no signal. The purpose of this
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COMPONENT PARTS FOR PULSE GENERATOR

(Figure 21)

O1e 0* . . . . . . . . . . . . . . 25-125 mmf ,5 3 .... . . . . . . 50 mmfo.
C15, 016 . .. . . .. . . . . . 240 mmf.
0i C6 9 0 1 7  . .. . .... .001 mfo
o 3 9 707 c18 . ... . . . . .. . 01 O Mf
C04 0C8 0110 0199 0220 0230 024 . 0 0 a l mfo
090 010 0 . . . . . . .0001 Uf
(12- 014 .0 . ..0. . . . . . . .0002 mfo
020 0 . .0...0 0005 mf'0
021 0. .. 0 0 0.0.. 0 1 & 10 mrf (Parallel)

"0"in0 01 R1 o o 9 o5,0O00obm

R2vI 13 0 0 00q0 0 0 100,000 ohm11

R4 . . . . . . . . . . . . . 509000 6oo 1
1150 R5 . . . . ... . . . . . . 5o00 000 bm

%P %,,R25 . . . . . . . . . * 15.000 obm

117o 111 .9 . . . . . . . . . . 2010 00 obm
S9 0 0 0 0 .. . . 0. 12,000 ,bm

110ov R16 .9. .0.. . .0 .. 510 o

R14 R 00000.. .0 ... 00000 60O0bm

""5 0 0 0 .. . .. .. 220oooo 61
7 . . . . . . . .. . . . , 47o000 ob -

R19. 119 .. . . . 0. . . .. 50,000/500o000 oiwm (dual pot.)
R20 . . . . . .. . . . .0 . 25 0000 i 6bm
"21 .0 . . . . . . . . . . . .. -250 6bm
R122 0 0309000 O6m

23 . 0 0 . . . . . ° , 0 0 1 10 0 0 o

B2 *289 ... . . . . ..0 a 0 0 0 0 6Ami

Ti V4 . . . . 0 . . . 9 6J6

V2 . . 0 . . 0 . 0 . 0 0 . 0 6AL3

V3  0 . 0 . . . 0 . 6AG5

v 5 1 0 0 0 0 90 6AQ.5
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Figure 22: Power Supply for Pulse Generator

COMPONENT PARTS FOR POWER SUPPLY:FOR PULSE GENERATOR

Part No. Value

025, 028, 027, C2 8 6 .0 . 20 mf. ti$OVe
029 0 '0000a00a00000 10 mf.0 200V.

C- 0 0 6 0 0 0 0 0 0 0 0 0 0 0.1 mf.

30080000 0000000 500.9000 o~hm
Ra 0 0 0 a00 0 a0 0 0 1i0 6 0 0 509000 ohm

R3 2  0 0 0 0 0 0a 0 0 0 0 0 0a 0 60,000 ohm

R3 0 0 0 0 0 0 0 0 0 0 0 0 a 0 0 180.,000 ohm
R3 4  0 0 0 0 0 0 a 0 0 0 0 0 0 0 0 5.,000 ohm

V6  0 . . . 0 o .0 0. 5Y3
V 7  0 0 . . . 0 0 0 0 0 0 0 0 A2

L3, Lg o0a ao * o 9 o c 15 h, 100 ma,



-49"4

(D2IC

+r

In



-.50-

COMPONENT PARTS FOR MASe MODULATOR AND AMPLIFIER

(Figure 23)

Part lIoo au

C19 022 060 080 012 ....... 01 3M,
C30 014 0 * * .2 dfi

040 05 0 0 09r 0 log0C 13 . . . ... Mfo
C?0 11 . . . . . . . . . . . . 1 Mf.

C15 0 . 9 a .. 0 0 6 .5 xf,

Ita .. . .. . . . . ... 50,000 6h= (pot.)
2 . . . . . . . . . . . 500,000 ohm

* . . . . . . . . . . . 200 6b=

R4 . . . . . . . . . 4,0o0 6hm
105 Ri 0 0 . . . . . . . . . 5,000 ohm

R6 ............. 12,000 ohm

R8 R146' "15 09 . .. . a.. .. 50,000 ohm

S . . . ... .. . .oooo ohm

S. . . . . . . . . .. . 10,000 ohm

R16 ... .......... 15,000 ohm

l? .. . . . . . ... .. . 300 Ohm
RB 8  . . . . . . . 0 . . . 0 .1400 - bm

V . . . . . . . . . . . .06M

L
0 a 0 09 9 . a9 ~6L7

V41 7 ... . . . . . . . . . . 6L6

SA commercial power supply (Zenith, N~o. 4A86) has been used to
supply plateo voltage for this unit. A filament transformer has
been Incorporated with t he power supply to provide filament voltage.
The bias vol~tage is obtained from the pulse generator power supply.



arrangement is to eliminate the doOn pulse by placing oppositely

directed voltage pulses simultaneously on the grids of the two tubes

with a common plate resistor. The radio-frequency pulses are ampli-

fied by two beam-power tubes (V4 and V8 ) in parallel with by a cathode-

follower output to the power amplifier.

The power amplifier (Figure 24) is a conventional radio-frequency

amplifier with two tuned stages. All oomponents are well shielded to

eliminate oscillations and feed back. Vixed bias has been used on all

stages to minimize changes in grid bias with pulse length. The bias

voltage may be adjusted by R and R The final stage is link-coupled

to the barium titanate transducer , Atwo position switch Is employed

in the output to provide adequate matching for the transducer over the

frequency range used;

The transducer consists of a 2-in. diameter barium titanate ceramic

disc with a resonate frequency (thickness mode) of 1 mco/sec. It has

been mounted in a brats housing shwns in Figure 25. 'The constituent

parts of the housing are held together by soldered Joints except for the

back plate which is bolted to the housing through a rubber Casket, The

barium titanate element is held in place by a shoulder in the front

plate and a circular contact ring mounted in a plastic disc . The brass

contact ring serves as an electrical contact betWeen the silvered surface

of the transducer and the lead-in wire. The plastic disc which holds the

contact ring is held firmly in place by a tension screw which is threaded

through the center of a circular brass fitting,, This brasv plate is

screwed into the main hnusin& and serves as a stop for the tension screw,

The front surface of the transducer is coated with silver conducting

paint to make contact with the brass hnusing which serves as the $round
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COMPONUNT PARTS FOR POWER ANPLWILRR

(Figure 24)

Part No,

010 028 *Oy 051 % 0 07, 09 .. . . . . .. .1 .. o

"10 C . . . . . . . . . . . . . . . . . . 8 mt. (IoooV)
oi, 1 00 ** *0 .. 8 Mf. (5oov)

04 , 08 *.. * ** ** * 8,8 200 wf.9 (Variable)
, . . . . . . . . . . . . . . . . . . . . 50.000 obm,1

R2 ... . . . . . . . . . . . . ... . 50000 ohm

8 . . . . . . . . . . . . . . . . . . . 309000 o0b1

R4 .. . . . . . . . . . . . . . . . . . . . 10o000 obm (Pot.)

R5 8. . 8 .... 8........8.... 50,000 ohm (Pot.)

36 .. .. . . . . . . . . . . . . . . . . . 20,000 ohm

"7 . . .. . . . . . . . . . . . . . ... . . 809000 obm

L11 L4  8 10000 ni.h

L L a a 8 i 8 8 8 8 eo m .

L 9 L6, ° ... .0 . .... .. . .. . . . . 10 h.

X . . .8.8. .8.8.8.8.8.*ari'm Titanate Transducer
(I no, resonant freq.)

l . . . . . . . . . . . . . . . . . . . . .

V2 1 . . . . . . . . . . . . . . . ..... 807

v3 - 6W4
888 5 8 . . . . . . . . 8 . . . . . . 6•4

8 8 8 8 8 8 9 8.
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connectian. The entire housing is coated with Tyuna paint and tho

support pipe is nickel platedu

The transducer mounting has been suspended in a 250-gallon

thermostated tankI0 by means of a specially constructed aluminum alloy

support* The transducer mey be positinned vertioall.y and horizontally

in the direction of propaatinno The desired positions are maintained

by suitable positioning locking screws. Figure 26 ie e. drawing of the

ultrasonic propag.tion system. The barium titanate transducer can be

seen suspended in the 250-gallon tank. lmmediately.' hind.,the barium

titanate transduce. is the 200 kc./seo. quarts transducer used in

conjunction with the 200ýkco/sec. ultrasonic generatoro

Ac -l ec•chemical Dell. -- The main criteria in the desigA

of the acousto-Olectrochemical cell has been to have mInimun attenuation

and scattering of the ultrazonic waves propagated into the cello In

the previous work at 200 kco/neo., the acoustical cell consisted of a

thin glass vas.1el in tUs shape of a- bulb. This type of cell is

unsatisfactory for work at higher frequencies due to the excitation of

various radial modes of the spherical vessel tnd Interfering reflec-

tions from the back surface. At frequencies of 1 mci/eeoo, the inter-

feraence and. acattering of the ultrarsonic waves as obterved .with a

barium Uitanate bydrophone placed in a cell showed that quantitative

measurements would be difficult,.

The acoustical cell that has been used in this investigation

consisted of an 8-in. diameter plastic tube, 33 in. long with 3/8-lno

walls. This tube has been mounted on one end of the 250-gallon tank as
shown in Figure 26. The end of the cell which is fastened to the tatk
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protrudes into it one inch and a 1/4-in, thick rho-c rubber diaphragm

has been fastened over the open end to isolate thxe water in the tank

from the contents of the cell* A 1/16-ino plastic plate has also

been used as an acnustioal window with very little attenuation of the

ultrasonic waves. The other end nf the cell has been sealed with a

plastic flange plate cemented to the cell. On the top of the cell

three plastic tubes, 8 in. in length and 2 in. in diameter with 1/4-in.

walls, have been placed. These tubes serve as entrance ports to the

solution contained in the cell. The entire cell has been covered with

a copper foil to provide shielding from strsa radiations and electro-

magnetic pick-up from the ultraennic generator. The capaoity- of the

cell is approximately 30 liters.

The various detection probes were held by a support rack con-

structed over the cell mountiag. The cell was mounted in a cradle

support and rigidly secured.to the framework of the tank.

A variable speed stirrer has been placed in one of the porte to

provide adequate stirring of the solution. The temperature was controlled

by an immersion heater enclosed in a glass tube containing transformer

oil as a heat transfer medium. A plastic reflector, at an oblique Mgle,,

has been placed in the last port behind the acoustically sensitive probe.

This permitted the pulses to be scattered after producing the desired

effect and thus eliminated possible interference by reflected pulses

from the end of the cell.

The advantages of this construction for the acoutical cell are the

relatively uniform sound field over the frequency range considerodo and

the additional delay time offered by the increase in the acoustical path

length. This latter advantage permitted the use of longer pulse widths



which improved the performanoe of the tuned stages used in the

detection apparatus.

Detection AjMaratu%. -- The detection of the various a.c.

aoousto-electrochemical effects depends upon the amplification of the

acoustically produced effect and determination of the magnitude of

effect in terms of the intensity of the ultrasonic waves.

A barium titanate hydrophone 1 0 has been used to measure acoustical

pressure amplitudes of the ultfasonic waves propagated through the

acoustical cell. The construction of the hydrophone is shown in

Figure 27b The sound sensitive element is a 1/8-in. diameter radially-

polarized barium titanate ceramic cylinderl/8-in. long. The element

is held in a plastic mount at the end of a tubular probe housing as

shown in Figure 27. The response of the hydrophone that has been used

in this investigation has been compared with a hydrophone of similar

construction that has been calibrated by the U0 S. Navy Underwater Sound

Reference Laboartory at Orlandog Ynorida. The response is not linear

with frequency due to the excitation of the various vibrational modes

of the ceramic element. The frequency points that have been usod for

the frequency dependency data are situated at points in the hydrophone

calibration curve where theze is no abrupt change in the response. The

frequency calibration of the monitoring hydrophone has been done with

the variable-frequency ultrasonic generator previously described. The

two hydrophones have been positioned in the sound field by means of a

positioning mechanism constructed over the 250-gallon tank. The

response of the monitoriug hydrophone has been oalculated in terms of

the calibrated hydrophone in d4b relative to one volt par dyna/cm,2

Tb. detection system for the acousto-oelectroohemical effects includes

the probe on which the ac. components are developed, a pre-amplifier,
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an intermediate-frequency amplifier, an oscilloscope, and a standard

signal generatoro The a&c, components are first introduced into a

cathode follower, followed by a pro-amplifier similar in design to

that of a Ballentina vacuum tube voltmeter, Model 305. The amplified

signal is then fed to a modified Hallicrafter commercial receiverf

Model SX 2009 to amplify further the signal in the frequency range of

550 kco/sec. to 1000 kc./seco The 200 kco/seo. signal is passed through

a multi-stage intermediate-frequency amplifier consisting of one stage

at 200 kc./sO., and two stages at 456 koQ/seo. The output from the

is-f. amplifier is examined with a Tektronix oscilloscope. Model

514 D9 in conjunction with a Tektronic preoamplifier, Model 120.

The response from the barium titanate bydrophone is also sent

through a cathoda follower stage and then by means of a junction

switching box through the same amplification circuits as the detected

aac. effect. A selector switch in the junction box permits the signal

to by-pass the twned io-f° circuits. This permits the investigation

of the structure of the pulses exclusive of any tuned stages then the

signal is of sufficient amplitude,

The magaitude of the pulse-modulated signals from the probe as well

as the response from the barium titanate bydrephone have been measured

by the substitution method with a General Radio standard signal

generator, Model 805-0, as the source of known r°-fo voltage. This

calibrating voltage is introduced into the junction switching Aox

where it is sent through the same amplification stages as the observed

signal. The freciency of the voltage standard is carefully adjusted

to sero beat with the carrier of the pulse-modulated ultrasonic waves.



By comparing the voltage•s of the aoac effect and that of the barium

titanate hyftophone placed in the cells the magnitude of the effect

can be calculated in terme of the intensity of the ultrasonic aves

and converted to a convenient referenoe standard


