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THE FREQUENCY CHARACTERISTICS COF ACOQUSTO-
FLECTROCHEMICAL EFFECTS: THE ELECTROKINETIC
AND POLARIZED GAS ELECTRODE IFFECTS

Technical Report No. 13

by
Frank Ssunders, Irnest Yeager, and Frank Hovorka

-~ ABSTRACT =~

The frequency characteristics of the acousto-elqctro-
kinetlc offect (Technlcal Report No. 5) and the s.c.
polarized gas electrode effect (Technical Report No. 8)
have been determined relafive to solution and electrode
parameters. Measursments with pulse-modulated ultrasm ic
waves iﬁtha range 200 to 1000 kce.=sec. indicate that in
the case of the oelectrokinetic effect the response int srms
of pressure amplitude is lnversely proportional to the
frequency invery dilute solutions. This ‘frequency depen-
dences becomes less marked with increasing comductance of
the solutlons. The polarized gas e lectrode effect has
beeﬁ studied with hydrogen gas in the same f requency range.
The response also decreagses with increasing frequency
al’chciugh the extent of the decroass 1s a function of the
current density and specific conductance. Both the response
and stability of ths polarized gas electrode effect have

been greatly impiroved by the use of a directed flow solution

i1
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past the electrods to rémove t he ¢ loud oijg as bubbles in
the bulk of the solution surrounding the electrode. Current.
interruptor techniques have also been applied to t he study
of the a.c. response of the hydrogen electrode. Audio
moduleted polarizing currents have been examined as a means
for eliminating electro-magnetic coupling problems.

The me chanisms proposed forthe electrokinetic e ffect
and the polarized gas electrode effect in earl;ier reports

have been further substantliated by the presentwork.

111
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THE FREQUENCY CHARACTERISTICS oF ACOUSTO-
ELECTROCHEMICAL EFFECTS: THE ELECTROKINETIC
AND POLARIZED GAS ELEGTRODE EFFECTS

Technical Report Noo. 13

1 September 1953

A, INTRODUCTION

Previous technical repsrts 1=k ang, publicationas”a have do='

gscrihed the characteristica of the elestrokinetic effect2“7 and the

a.¢, polarized gas electirpde effectl“3“8 at a frequency of 200 ke./sac.

The present report is concerned with the frequency dependence of thesze

30

b,

Techinical Report Fo. 3, "The Effect of Acoustical Radiations on the
Bydrngen Elactrode (theery)", Ultrasonics Research Laboratory,
Western Reserve University. 1950,

Technical Report No. 5, "An Electrokinetic Probe for the Detection
of Ultrasonic Waves®, ibid., 1951,

Technical Report No. 8, "The Production of Alternating Components in
the Potential of a Polarised Hydrogen Electrode", ibdid., 1952,

Technical Report No. 11, "A Survey of the Electrochemical Applicatiosne
of Ultrasonic Waves", ibid., 1953.

Yeager and Hovorka, J. Electrochem, Soc.. 98, 14 (1951),

Yeager and Hovorka, J, Aooust. Soc. Am. 25, 443 (1953).
Dietrick, Yeager, Bugosh, and Hovorka, idid., 25, 461 (1953).

Districk, Yeager, Bugosh, and Hovorka, ibid., 25, 466 (1953).
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effects. In the case of the polarized gas electrode effect, additional
mossurenmente invalving directional flow of the electrolytic solution
and tho vse of current interruption techniques have resulted in a more
cpmplets interprstation of the affect.

Before descriding the new measursements, the previous work at 200

Ec./sec. will be briefly reviewed.

B. PREVIOUS WORK ON THE ELECTROKINETIC EFFECT AT 200 XC./SEC.

If a vire with a poToue or fibrous Covering is placed in a dilute
olectroiytic solution =nd exposed to wlirasonic waves, an alternating

potential of the same froquency 1s producsd nn the central conductor

‘ relative to the bulk of ths surrounding solution. The effect was firet

noted9 at 200 ka./seoo wlth a cotton=covared copper wire probe; henoca,
1% has been often referred to as the "cotton=-Covered copper wire" effect.
Thue cotton covering, howsver, is by no mezns unique,

The investigation of the effect at 200 ke./sec. has involved the
13¢@ of pulss-modulstad vltrassnic waves and apparatus described elueshsrolo
Fulse-tschniques ellminats any poseldle difficulties assaclated with
elsotreomagnetically induced effects and A% the same time are conducive to

suantitative acoustical messgurements in tanks of limited dimensions. The

9. Bugosh, Yeager, and Hovorka, Ehys. Bav., 76, 1891 (1949 ).

10. Techaical Rsport No. 2, "dpparatus for Acoustical Neasurements with
Pulge-Modulated Ultrasenic Waves", 1949,

®
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- following information has Yeen obtained through these measurementss

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

2, The effect is independent of ths base metal,

3. The relative dependence of the effect on the type and the con-
centration of the electrolyte, the pH, and the type of porous
covering is essentially the same ss the dependence of 4.C.
streaming potentiale on the same parameters,

4, The amplitude of the observed effect is a linear function of
the pressure amplitude of the ultrasanic waves in a progressive
f1 ald.

5. The frequency of thﬁlﬁoco potentials is the s8me as that of the
ultragonic waves. The harmonic content is negligibie.

6, The effect is very reproducible and has virsually no time
dependence after tha electrolyte has wet the fiders,

7. Under favorable conditlions the gffect may be as lerge as -
145 db.re.: 1 volt per dyne/cm”,

Theorstical conslderations of the effect have baen hased on an elec~
trokinstic mechapism, san assunpiinn which is well supported by the experi-
montal resulés. The effect depsnd® on an a.o. displacsment or distortion
vl the dlffuse layer of ions surrounding each fiber. On the basis of
this mechanism, the amplituds of the effect should be directly dependent
on the zeba potentiel and the conductance of the solution in & manner
similar %o that for d.c. streaming potentials, This a.c. electrukinetic
effect 1s analogous te the cnlloidal vibration_potentialllla

The experimental werk et 200 ke./sec. also has indicated that this

effect can be used to follow geta-potential changes on fibers. Another

application 18 the utilization of the electrokinetic effect in the form

11. Technical Report ﬂo; 7, "Colloidal Vibration Potentials®, 1952.
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of a high frequency acnustical probe o very small dimensions.
C. PHREVIOUS WORK ON THSE A.C. POLARIZED GAS ELECTRODK EFFECT

If acoustical waves are alloved to impinge upon an slectrode at
which gas is being liberated by slectrolysis, an alternating component
of the same frequency is developed on the wire rslative to the bulk of the
solution. The effect has been investigated at 200 ka./sec. with pulse-
modulsated ultrasonic waves in the case of the polarised hydrogen cathode.
The expsrimental techniques are very similar %o thnse used in the work

on the slectrokinstic effect.

The follewing are the results of tho experimental work at 200 kc./sec.:

l. The effect i3 dependent on the formation of gas bubddles by
elsctrolysis. The magnitude of the a.c. responss is less by
& faotor of 10 to 100 for a polarized nnn-gasenus
electrode under similar circumstancas.,

2. The effect ia dopendont on the polariging ocurrent. A negli-
2ible effect has baen found for the raversible hydregen sleoc~
trode at 200 ko./sec. in the absencs of a polarizing cuvrent.
The obssrvaed reeponse is linearly dependent on the ourrant
donslty at lov values of the latter. A complax d@pandennaz
bas Teen npted at highsr current dangities (> 100 na. /cn )
with several plateaus evident.

3. A%t low curreant donsities, the amplitudo of the effect is
approximately invarsely propertional to the conductance of
the snlutlioen. :

b, The effect is sgoontially indepsndont of pH and tha type of
slectrolyts provided anly hydrogen 1lons are dilacharged &%
the cathode and the condnctance is held constant,

5. The sffect is independent of the type of metal used as a
cathode for practical purposea slthough the results are
more reproducible with platinized-platinum oathodes.

6. Under favorable conditidns the ﬁffect may be as large a3 -
150 db. re.: 1 volt per dyne/cm®.

_The effects of scoustical rsdiations on the reversibtle mnd polariged

h&drogen eleotrpdes have heen considered theoretically in terms of &
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thermodynamic tren&ment,lz which is appliceble ohly at very low fre-
guencien, and a kinetic‘troatmonts° The latter supports the conclusion
that nltrasonically produced perturbations 1in the electrode reactiopa
result in only & very minor contribution to the observed response at
frequencies as high as 200 kc./sec. The prime mechanism for the effect
is probedly the modulation of the IR drop in the immediate vicinity of
the electrode surface by periocdically expanding end contracting gas bubbles.
The experimental results at 200 kc./sec. support this conclusion.

The a.c. polarized ges electrode effect offers possibilities as &

means for studying bubble formetion at ges electrodes and can alsn be

used for laboratory measurements of acoustical amplitude.

D. THE FREQUENCY CEARACTERISTICS OF THE
ACOUSTO~ELECTROKINETIC EFFECT

1. Method of Messurement:

The frequency dependence of the acousto-electrokinetic effect
has been determined in the frequency range from 200 ke./sec. to 1 mec,/sec.
The frsquency dependence has been studied relative %o variations in con-
centration of sodium chloride solutions, wire length, and coverings: The
electronic and acoustical propagation apparatus smployed for this werk
is dencrided in the appendix of this report. The measurements have bsen

made with a pulse-repetition fraquency of 300 oeca°1

at a pulse duration
of K00 microssconds for the pulse modulation of the ultrasonic carrier.

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

12. Yeager and Hovorke, J. Chem, Phys., 17, 416(1943).

- S et e g g SR Pl e 8 S~ < g e
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acoustical cell with s 1/8~in. barium titanate hydrophone. This hydre-
Poone nag bedn celibrated by comparison with a gimilar unit which in tnwgp
had besn calivrated by the U.S. Navy Underwaser Seund Reference laboraicus
at oriando. The probabls error of the amplitude measuremsnts is estimxich
to bet 1 db. although the precisisn at a particuiar trodnonoy is n
fraction of this value.

The construction of the slectrokinetic prebe is shown 4ia Figure 1.
The scoustically sensitive slsment was mounted with deEhstinsky coment
in the caplillary tip drawn at the end of a glasa tubs. Tha expoeed end
of the wire was sealed with s small ball of the szme cemont to prevent
direct contaot with the selutlon. A brass probe housing sarved as
shislding for the central cenduoting wizre and elsctrical connsotion was
made with & single microphone cennsctor. The length of the wirve
sxposed to the énlution wes oither 1.5 cm, or 0.5 ¢n. The alternating
Sompononte wers measured on the central cenducting wire relstive to
ground sincs ths solution wae cssentially st a.c. ground becauss nf the
large capacliiy betvesn the snlution and ground.

The follewing procsdure was used in the preparation of the electro-
kinetic probes for scoustical measurements. The probes were constructed as
ghown in Flgure 1 using commerciel copper vire with the prescrihed coverings.
Before ony weasurements were re0ordsd on the various prodes, the probdes
were nllowsd to stand in the solution for approximetely one hnur %o
snsure completes wottlng of the fibrous covering. The valuass recearded in
the following figuras represent the mean values fo soveral probes of
the seme gonatruction. The doviatien in response 18 approximsiely
1 ab. from tho mean for probes of the s®me typs.

Sodium chloride molutions of varlous cosncontrations have been used
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in 8ll cases end formulatsd directly in the acoustical cell by addi-
tions of reagent grade sodium chloride to dstilled water in the cell.
The golutions were made in order of increasing cancentration th the
crncentration determired by conductance measursments after 2ach run.
In the cage of the cotton coverings, previcus work et 200 ke./sec,
has :!.ndicateds s neglipidle dependence on pH in he range 4 to 8; hencs,
1t wes not necessary to control this variable provided i¢ was ir this
TAange.

2. Ixzperimental Resultwns

In Figures 2-L4 is ropresented graphically the frequency dependsnce

of the electrnkinetic effect for double cotton~covered copper wire {30 gage,

B, and S.) 1in sodium chlorTide solutioms of various concentrations.

The 95lid lines in vach graph indicats the terminated responsze in db,
8.3 1 volt per dyn-e/cmza vith the affect loaded DY the impedance
asgociated vith the probs heousing as wall as the input impedance of the
cathade=-follover presmplifisr. The dotted lines represent the open-
cireult responses calculated from impedance moamrtmentszg. The megnituds
of the parallel resistive-capacltive components has been detsormined with
o Conexsel Badlio twin-T impedance bridgs, Model 9Z1A. The compecnents

of the load impsdance heve bssn measured betwsen ths central conductor
of the probe and ground with the probe out of the aglution, The
difforence vatwesn this lmpedance and the value with the probe submerged
in the aolﬁti-on hes been assumod to be assoclated with the effective
internal impedance for the offect. The componentsz of the losd and
internal impadance for the C.5-cm, and l.S5-om. prodes in different

concentraiisns of sodium chl&rido are given in Tabdle 1 as a function of
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froquoncy The impedence values at 200 koo /sec. have been extrapolated
from the values in the range 550 to 1000 ke./sec. This procedura was

necensary becavss of the limited range of the impedance bridge. The

2 in earlier

reliablllty of euch an extrapolation has been substantiated
vork by meagsuring the effect with sevsral different load impedances and
solving simultanecus equations for ths internal impedencs associated

with the electrokinetic effect.

The graphs in Figures 2=4 indicate that the rosponve is a oon-
timious function of frequency with no inflection points in the range _
200 to 1000 ko./se0, This fact is of particular significance in hydro-
phone applications inm that imterpolation betwasen fraquencies ia
possible. With moxe conventional high frequenoy hydrophones, e.g.,
berium titanete, ths non-uniform frequency response at fregusnocies above
100 ko. /sepn roquires a continuous frequsncy calibration. It is alwo
evident from the data that the open=-circult response ls ipdependent of
the wire length botvesn the 0.5-gn. and 1l.5-om. lengths considered.

In Figure 5. the open-circuit response for the double, cofton-
coversd slectrokinetic probes 1s plotted ¥s the logarithm of the frequency
for several concentrations of sedium ohloride. These data reprssent
both the QO.5-om. and l.5-om. probes sindce the opea-circult responss for.
Doth sre sssentielly the same. Figure 5indicates that the op_m»circluit
response in db. Zor ald comonﬁmtiona is & linsar function of the
logerithn of tha frequency. It ie evident, howover, thai the slope as
wall as the relative posltion is dopundent upon the speocific conducance.

The dependonce of the elsctrokinetic effect on conoax;trstion Lor
difforent fréquunciea ie shown in Figurs 6 for the 0.5-cm. Cotton-

covared copper wire and in Figure 7 for the l.5-om. probe. _The data
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TABLE 1
IMPEDANCE MEASUREMENTS FOR ELECTROKINETIC PROBES
Acous- Specific Freq. 1Load Impedance Internal Impedance
tical Cond. of in
Element NaCl in ke./ Cap. Adm. Parallel Cap. Adm. Parallel
/;mhos/cm., sec. in Cond. in in Cond. 4n
jvmhos /mhos ‘ /umho- /Jmhol
1 0o 5=cm. 2,1 1000 242 12,3 3.4 6.7
: . Foo 30 900 216 11.1 28.1 6:5
D.C.C. 800 189 10,2 25.1 601
700 164 8.3 22.4 5.7
: 550 126 6.7 17.6 4.9
200 b1.5 4,0 6ol 3.7
: 17.5 1000 22 12.3 35,2 1,2
; 900 216 1.1 3005 14,1
| 800 189 10.2 26.1 13.2
! 700 164 8.5 224 12.7
| 550 126 6.7 17.3 . 11.9
- 200 1.5 i,0 6.1 10.0
124 1000 242 12.3 47,1 55.5
800 189 10,2 36.6 50.9
550 126 6.7 4.5 . B5.0
200 1.5 4,0 8.9 37.0
1.5-0m. 2.1 1000 255 12,8 6002 13.0
nOo 30 800 198 1005 !(’903 11.2
2.C.C. 550 131 6.8 35.2 9.6
' 200 ks 3.9 13.0 6.8
17.5 3000 255 12.8 65.9 28.0
f 800 198 10.5 51.1 . 25.8
‘ 550 131 6.8 35.2 23.4
} 200 b5 3.9 12.6 20.0
] 124 1000 255 12.8 93,0 108
800 198 10.5 73.0 ol 3
550 131 6.8 L5, 77.9
200 s 3.9 1501 57.9
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are presented with the solid lines representing the terminated response
and the dotted lines the czlculated open-circuit response for each
frequency.

A comperison of Figures 6 and 7 !.ndioatu that both the 0.5-cm,
and 1.5-cm. length probes oxhiblt the same ohauc.:tonstic- in their
respones. This is perhaps more clearly illustrated in Figure 8 in which
the responsesof a 0,5-cm. and l.5-cm. probe at 200 kc./sec.ars compared.
The open-circuit rosponses for the two prodes lis esssntislly on the same
line, Similer plote cen be made for all frsquencies considered and,
vithin experimental error, all the open-circult volteges for the two
probes under similur conditions ave the same. The effact is seen to
decresss with lncroasi: z concentration of slectrolyte as would he expected
on the basis 'of the decrsase in d.c. strsaming potential with increasing
concentration.

In solutions with & specific conductance of 100 Jymbo!/ cm. or
greater, there is an approximately linear relationship between the con-
ductance and open-circuit rosponze as shown in Figures 6-8. With more
dilute solutionls,, the ions assoolated with the solvent bacome significant,

and thorefore, the eystem is not the seme as considered for the more

. concentratéd solution.

In Figure 9, the frequency response of a 0.5-cm. double, silk-
covered wire (No. 30,B&S) i3 compared with & cotton-covered probe of the
Same dimensione, The impedance massurements associmted with this probde
&res presented 111‘!('&1)1& 2. The rea;;on.:el of the two prodes appear to be on
perallel lines, and therefore, have the samé slops. Thie suggests that
the frequency dependence of verious probes with different coverings may

be predloted from one calibration at a given frequency.
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TABLE 2

IMPEDANCE MEASUREMENTS FOR DOUBLE, SILK~COVERED
ELECTROKINETIC FROBE

o
o

—t

Ioad Impadance Inturnal Impedance

Frequency .
in Capacitive Perallel Capasitive Parallel
ko.[sec. Admittance Cond. in Admittance Cond. iu
1n?,mhoc & mhos 1n’wmhol /ﬁmhos
1000 223 10.7 3 9.9
700 155 9.6 23 9.6
550 120 6olt 17 9.4
200 34 L.5 11 9.0

Probe: 0.5-cm. No. 30 D.S.C. Copper Wire
Selution: NaCl, Specific Conductance 20,8 /Jnhul/cmo

TABIE 3

DEPENDENCE OF FREQUERCY RESPQNSE OF EIECTROKIWETIC
EFFECT ON WIRE SIZE IN 0.0001 ¥ SODIUM CHIORIDE

Acoustical Frequenocy Acoustical Response in do re.3
Element in one volt per dyne/cm.
ke./ss0. , :

Terminated Open-Circuit
NOt' 26(3&5) 1000 "’176»1 "’15900
0.5=-cm. 800 - -173.6 - =15546
DoCo c:: 550 ‘16900 ' ;152:-9
200 =154,1 =141.7
Fo. 30(B&S) 1000 =17h.6 =157,0
0. 500!\‘. 800 ‘ "'17276 ‘:“15509
D.C.C. 550 =167.5 =151.3
200 152, 4 ~140.9
Fo. 34(B&S) 1000 «175.0 =~158,3
0. 5-cm. 800 «173.1 =~157.1
D.C.C. 550 "“'16?08 * “1530 ?
200 A "153 21 R ”1“2 ® 6

Specific Conductance: 15.8 ’JNDOS/OMo
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The data for the frequency dependence of a O.5-cm. double, cotton-
covered probe on wire sige are given in Table 3. The expnsed slements
vere Na. 26,20 and 34 (B&S) double, cntton-coversd copper wire, The date
ére presented in terms of teiminated response as wsll as the calculated
open—-cirouit vnltage, There seems to be nn sigpificant dependence sn wire

8ise within the limited renge coneidered hsre, Tho thres wire siges
investigated-have approximately the same characteristics in their frequency
dopendence for both the terminated and open-circuit rssponse. The slight
variations in Table 3 may be assaclated primarily with differences in the

cotton coverings rather than the wire diameter.

3. Interpretation &nd Conclusions:

The following conclusions may be reached concerning the character-
istlos of the electrokinetic sffect in the frequency range 200 to 1000 ke./sec.
on the basls o‘f the present work.

(1) The response is & continuous funotion of fraquency and doos
net show any of the pesks and inflsotion peints ususlly
characteristic of scoustical probes for work at fragusacies
above 100 koo/nec.

{2) Ths open-oircult respense assnglated with the offect is sub-
stantially indspendent of probe length and dependsnt on wire
gage only to a minor extent provided the diameter is rela~
tively small compared to the wavelangih.

(3) The.{frequency dependence o«f the response for probes
involving eilk end cotton coverings 13 essintially the same.

(4) The amplitude of the effect 4s spproximately directly pro-
porticnal to the displacement smplitude for sslutions of low
specific conductanoe (< 25 micremhos/om.) Thus the response
exprossed in terma of prossurs amplitude is inversely pro-
portignal to the frequency. With increasing conductance,
the respense in teims of presuure amplitude approaches a
0.6 power depsndence on frequency.

These conciuulonn are significant in regard te the use of thiw effect
&s a high frequency probe. The linear relationship deiwsen the response



in db. and frequency would eliminate the necessity of calidration at a

large number of frequencies since measurements at only two Iraquencies

would indicate the frequenocy response over s reasonably large range.
-One mechanism, presented previouelyzo is 11lustrated in Figure 10,

The black dots surrounding the central wire represent somewhat idealistically
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Figure 103 Mechanism involved with Eleotrokinetic Probde

the cross sactlon of the fibers in 2 plane parallel to the direction of
propagation. In the presence of ulpras_onio waves, tha diffuso layer of lons
surrounding each fibar bacomes perlodically &smotric in ths direction of
propagabion. A diffsrence in the displacement of the lons of the daifrfuse
layer and the fibers is to be expected in terms of their physicsl charac-
teristics. Figure 10 reprasenta the sltuation when & displaéement node is
instentensously 5t the position of the Central wire. Since the predominant
charge of the diffuse layer of ions 1ls opposite to that of the fiber, thers
aheuld be a periodic potventlal differsnce betwasen the centiral wire and the

solution outaide the fidber oovering. The melution in contact with the wire
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in the plans perpendicular tn the direction of propagation and the
axis of the wirs lpads the a.0. effect internally, and hence reduces
the magnitude in a sense.*

An attempt is being made to interpret the model in Figure 10 in &
quantitative fashion. Unfortunately, the problem is guite complex at
frequencies of the oxrder of 106 ucfl The approximate dependence of
the effect on electrochemical parameters cén be deduced in terms of
the close anelogy betweon the mechanism in Figurs 10 and that assoclated
withcolleidal vibration potentialsn’lao For the case where the
dimensions of the collolidal particles are large compared to the effective
thicknoss of the diffuse layer of lons surrounding the particles, |
Ez_xderbylu has developed the following équation for the amplitude of the

potentiale:

3 = (ﬁkwKFc?«/kT7K2)da | (1)

vhere /
' \
, 2 fA
A = w2/ [k +(w0F/kT) ] (2)
4, 18 the velocity emplitude, ¢ the velocity of sound in the mediunm, ?(
the viscosity of the solvent, W the angular frequency, k the Boltzman
constent, T the absolute temparature, fﬁk the number of collpidal particles

por cma'.,, WK the apparent mass of each particle, f the frictional

e An alternate interpretation is %o conelder the coverings as the
equivalent of a large numder of poorly defined capillaries. Either
interpretation represents a marked over simplification.

130 Yeagaro Diotrigkp a.l_ld HOerkap J. AcOustn 8000 Amn" _iau,ss (1953)0
14, J. Enderdy, Prpe, Roy. Soc. (London), 2074, 329 (1951).
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cocfficlent of the cations and the sniens(assumed to be the same, / i‘:
the seta potentisl, and 'K the effective thickness of the diffuse ionic
layer. The latter is rolated to the specific conductance ( K ) dy tha

approximate

K2 7 fF K/ KT . {3

-

For specific conductances of 10’“ mhol/mo or greater and angular
freguencies of 10 7 or lese, the term & 4z very dose to unity. Equa-

tion (1) then reduces '
_ 2 (DE) ~ B/ (2% ) 4
QD_BW)caamB }{K)f’ (»)

vhere B is a function of the apparent col'.}oi.d. concentration and the
mobilisy of the elactrolyte_. The term pg i¢ the pressurs amplitude

of the ulirasonio waves and BA:.: B/fs where () is the density of the
medium. In the caws of the slectrokinetic effect; the séme equation
should be applicables except that B is a function of the fider geomsiry
and the freguency, Ths depsndence of the eloctrolinetic affoét on the
ratio of seta potentisl to ©psoific conductancs is evident from eg. (4).

The general equation for d.c. streaming potentials is
E - % Lé '
#wy K | | (5
where D 48 the prossure driving the solution tarough the porous plug or

capillary. The marked similerity betwsen og. (4) and eq. (5) has been
dsmonstrated experimsntally in torms of the exo2llent correlation of ths
a.c. slectrokinetic offect at ultrascnic frequencles with d.c. streaning

potential data for the zsme fibers.
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X THEE FREQUENCY DEPENDENCE AND RELATED CHARACTERISTICS oF THE A.C.
POLARIZED GAS ELECTRODE EFFECT

On the basis of previous work with the polarised hydrogen electrode,
1t has been concluded that this effect canbe primarily attributed to the
modulation of the I-R drop in the splution adjacent to the electrode
surface by periodiocally expanding and contracting gas bubbles. Although
this hypothesis is reasonably well established, the present investigation
has been dirscted towarde further substentiating this conclusion and at
the same time establiching the frequency characteristics for the polarized
hydrpgen elscirods.

1. Expsrimental Techaiques:

The acoustlcal system used in this work ves similar to that employed
for investigating the electrolinetic effsct sxcept for the probves involved -
in the detection of the effects. A desoription of the acoustical system
is presented in the sppendlx to this Teport.

A Qlagrem of the electrode used for detsoting this oﬁ’o_@t is glven in
Figura 1l. The hydrogen gas was liberated by electirolysis on & cathode
censiating of a platinum wirs, (Fo. 39, B. & S.) sealed in moft glass
tubing. The length of the exposed wirs was approximatsly 0.3 cm. and
2 The surfaco of the wire was
platinigzed. Tha lead wire from the cathode was shialded Ly & drass
Probe housing whioh connected to the pre-amplifier housing ihrongh a
eingle~contact miorophons connector. The a.c. potentiels were
moasured between the platinised-platinum cathode and ths bulk of the
tolution or ground |

A platinum  wire mealed in soft glass tubing served as ths anode
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‘Flgure 11 pcoustical Hydrogen Electrode
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with approximately 4 cm, exposed to the solution. The annde vas
isolated from the solution around the cathnde by a fritted-glass
disc to minimige contamination Dy oxygen gas. The anode was not in
the ultrasenic fisld. end did not contriduts diractly to the a.c.
potontials. . } . i
The polarizing current was obtalned from two voltage-regulated
pover supplies, plaged in series to provide a toial voltage of 500
volts at 2 maximum of 100 ma. The polarizing current ves measursd with
a Simpson milliammeter .Modsl 373. Fince the mlternating componsnts were
gevaloped on the cathole relative to ground, a two-sectlon, radio-
frequency filter was used in the lead wirs from the source of the
polarising current to the cathode. This filter prevented the d.c.
eource of polarising current from leading the polariszaed elsctrods with
respect to the scousticslly produced radio-freguency component in the
oclectrode potential. _
Consideradle difficulty was encountersd when this effcot was
Anvestigated at 1 mo./sec. The tubdls cloud which formed _sbout the
slecirode atispruntad and scattered the ultrasovic vaves_%o s far
graator extent thap at 200 ko./sag. A stesdy 2.¢. rasponso couwld not
be obtained. On the Dasis of theorstical considerations 1t iz evidant
thet the tWubbles immediately edjacent tov iha surface 2re responsible
prinarily for the offect and that the bulbles at any appreciable
distancs contriltute virtually nothing to the observed effect, This
suggested the use of a bigh volocity directed Tlovw of solution passed
the electrods to remove the latter $yps of bdabblea, $.8., the ubble

dlgud. Such a flow of electralyte would have only a minor effect on



the bubbles at the surface.
The detatls of the constructinsn used to accomplish this purpose
are shown in Figure 1l. A glass tube drewn to 2 large capillary tip
has been placed over the tube containing the platinum electrode with
sufficient space between them for the flo¥ of the solution. The glass
envelope has a side arm at the top through vhich the electrolyte 1s
pumped by a high veloolty centrifugal pump from the acoustical cell and
cycled through the systam. This technique proved to be very satisfactery
in removing the gas bdubdbles,and hence, allowed the ultrasonic waves to
interact with the gas btudbles on the electrode surfgece. With this type
of cathnde, the fluctuntions in the acoustical response have been
raduced to less than 5% at 1 mc./sec. with current densities as high as
500 ma. /c!‘goz 3 3 i
In most of the measurements to he desoribed, ths a.0. polarized
hydrogen electrode has been studied in sodium sulfate solutions with
the concentrations determined from specific conductance measurements,
The solutions have been saturated wiin purified hydrogen gas Iirior to
the acoustical moasurements.

»

2. Experimentsl Results: .
In Figure 12 1s shown the froquency dependence of the acoustival
responss in sodium sulfate solutions with a specific conductance of 49
micromhos/om. and & polarizing durrent density of 240 ma. /ogoz The
%0lid line represents the torminated response in db.re: 1 volt per dyme/
on®. The dotted line indicates the open-circuit valuss calculated from
impedance measursments assoclated with ths electrode assemdly as de-

scribed for thé éiéétrokhietic offect. ‘For the 'hydrogen electrode
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effect the situastion was more complex. The internal impedance has been
determined with the unpolarized probe® in contact with the solution with
no bubbles present. The calculated open~circuit response indicates that
- the loading effest is appreciable in the dilute solutions. In solutions
| vith specific conductance greater than 100 micromhos/om., the terminated
respouse 1s spproximately the same as the open-circult responss. Figure
% 12 indloates that the effect is a continuous function of the frequency _
; with no apparent inflectlon polnte. The relative frequency dependence of
‘this effect 1z a funotion of the conduotivity of the solution and the
ﬁ - polarising current density. . . 3

In Figuze 13 _is presented ths dependence of the observed response
on frequency in sedium sulfate splution with spescific conductances of
215 and %00 micromhos/em. 2t & polarising current density of 80 ma/cm.2

The dependence of the &.¢. hydrugen electrode effect on conductance

of a sodlum sulfabte solution for ceveral frequencies is illustrated in
* Pigure 14. Thoss data are presented for the froguencles 200, 550, and
1000 ko./se0. wi%h a polarising ocurvent density of 200 maojomaa The
’ - loading effect on the rosponsa in the dilute solutions is apparent by
comparison of the calculated open~-cirouit response (dotted lines) with
the terminzted response (polid lines) in Figure 14. In the more con-
cendrated splutions, the offect tonds to have a constant frequency
depagdance wiph increasing concemiration.

In Figure 15 the dopénden@e of &tho a.c. hydrogen alectrode offoct is

® Since the offect 18 produced when bubbles are formed, the impedsnce
may Akffer tu & emall axtend with tho gas bubblss surrounding the slacirgie,
Further impedance measurements will be made with polariged eleostrodoes.
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Responses 4 Volts x 10* per dyne/cm,Z
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10
A: 550 kcd/sec.
B: 750 kec./sec.
9 C: 1000 ke.7sec.
81"
7 povne.
6 -
5r
b
3 e
2 o
1k . Solutiont 0,001M NazSO,
' Spe Cond.: 215_u mhos/cm.
l . l 3 I 1 l '}
0 - 100 200 300 1,00

Current Density ma./cm.?

Dependence of A.C, Hydrogen Electrode
‘Effect on Current Density,
Figure 15 . . ,




Considered as & function of the polarising current density in sodium

sulfate solution with a specific conductance of 215 Y mhos/cn, For the

frequencles and current density range considerad hers, the effect is

linearly dependent on the current density. Similar dependence is noted

fgr'zoo kc./sec. in Figore 16. This is in contrast to the non-linearity

noted in previous work without the directed flow of electrolyte. )
The magnitude of the effect has also been determined as of a function

of the acoustical amplitude. Within the limits of the intensity available,

the offect is ungarly_&opendent upon the acpustical pressure. In Figure 17

is shown the response of the hydrogen electrode effeoct at 200 ko./sec. _

with increasing acoustical awplitude of the ultrasonic waves, The response

1s recorded in microvolits and the acoustlical pressure amplitude in atm,

as measurad with a calibrated barium titanate hydrophons. A similar linear

dependence on acoustical amplitude hss been found for the other Irequencies

gonsidered. This ie in contrast %o that found in the previous work at

200 k. / g6C. whare a complex deopendence was observed. The oonpiéx depen~

donce csn be attributed to the interaction of the ultrasonic waves with the

gae bubbles in the vicinity of thé electrode under static solution conditions.
Since ths acoustical response of the polarized hydrogen electrads

presentsd hero has been obtalned with a d.c. stream of electrolyte to

remove the btubbles, the depondence on this stirring action has been. Con-

sidered. The response was very unstable under st.atio golution condi-

‘bigm at the higher frequoncles; there.fore., tho study of stirring

effects has beon carried out at 200 kec./sec. In Figure 18 is shown the

dependence on stirring at 200 ko./sec. in_a sodium sulfate selution

¥ith a sgpecific conductonce oi“ 790 /U shos/om. The lover curve repre-
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sents the response under static solution conditons with the gas bubbles
alloved to diffuse into ths solution around the electrpde, The charac-
teristic plateaus are present as desoribed in the previous wnrk at

200 ko./sec. The upper curve is the response when the elscirolyte is
flowing past the oathode surface to remove the gas bubbles, It 1is
evident that the magnitude of the effect is increansed as the plateaus
are eliminated. The complex dependencs in the absence of directionel
flow is assoclated with the gas bubbles present in the vioinity of the
electrpde. These bubbles attenuate and scatter the sound waves in a
crmplex fashion.

The following experiment was devised to confimm the conclusion that
the modulatien of the I=R drep in the immediate vicinity of the electrode
produced the acoustical respomse. The polarizing ocurrent was interrupted
while the polarized hydrogen eleotrode wee exposed to the ultrasonic
waves. According to the hypothesis advanced above, the effect should
vanish virtually instantanecusiy.

The apparatus used for interrupting the polarizing current consisted
of a gating tube inserted in the polarizing cirCuit. The tube was blased
te operate at saturation current with nn signal on the grid. A negative -
pulse was placed on the grid nufficieﬁt to cubt the tude off at & time when
the ultrasonic pulte was producing the a.c. effect. Whon the gating
tube was cut off by the negative pulse, the polariging current was also
cut off and the resulting acoustical response observed on tha oscillioscope.
A sultable filter network has been inserted in the inmput circuit to the
prewamplifiér to prevent the amplifiers of the detectinn apparatus from
being blocked by the d. ¢ pulse,

The results »f the abave experiment indicate that the acoustical
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rosponse is terminate within the resnlving time of the filter network
and the amplifiers when the current is cut off, i.e., 0.001 sec.

There is relatively little doubt that the effect ie praduced by a
modulation of the I-R drop in thes lmmediate vicinity of the electrode
surface as a resuli of the interaction of the nltraspnic waves with the
bubbles at the surface.

In work with the bydrogen electrode effect involving cantinuous
ulirasonic propagetion, the problem of electromegnatic Coupling can be
eliminated by modulating the d.¢. polarising current with an sudio=
frequency component, The detection apparctus oan be ituasd te ths
rasulting eide band frequency which 1s not present in the electro-
magnetic coupling. This Hechnique has bsen used in our laboratory and
hag proved 4o be very satiazfact~ry in this application.

3. Interpretation and Conc}usionﬁx

From the expsrimental results obtained in this investigstion as
¥ell as the obeervatinng mada in the previous work at 200 kc,/eacea the .
hyirogen elsctrode offect mey bs atiributed to the modulation ﬁf tha
I-R drap in ths solutlon adjacent to the ¢lectrode. The acoustical
rospones of the hydrogen slectrade 1ndicateé that the gas bubbles at
the slectrodo surface ara‘most affective in preducing the aucotoffecto
The bubble cloud present around the electrode in the absence of a
directional flow scatters the sound in a complex fashion, thersby
reducing the obsorved sffect.

The alternating oomsponents cen bs sxplained in terms of perledic -
variations ln the dimensions ol the gas bLubbles at the electrude

surfacs. The gas budbbles are formed Dy electrolysis at the electrode
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surface Dy the dischargs of the hydrogen inns to faxm hydrogen gns.
The surfaoe nf the electrode acquires a discontinuous film of gas vublloe
vhich may be considered as a psrt of a variadlo rosistance, The slse and
quantity of the gas bubbles will determine the offective impedance o
the flow of ions, Tho effective area of the electrode surface may be
considersd so beirg decrsased by the prosence of ths ges bubbles.

¥hen sound waves avrs inirsduced inte such a system, thas gb.s bubdles
undergo periodic contraction and expansion. Since the gas bubdles ars
periodically changing their dimensions, the effeotive impedence will vary
in a similar fashion. The potentlal developed across this impedance
as a result of ths ourrent flow will likewise be a psriodic function of
thé sama fraguency as the acnustical waves,

The a.¢. Component in the elactrade potentlal may De reprosented by

an eguation of the foim

§ = I(Z]) expint 6)

whars f is the alternating cemponend, I the polerisipg current, (Z: )
the emplitude of the impedance changsds produced by the unlizrascnle waves,
and 211 the mma_inms aymbols havs their usuasl mesning, The impsdance

(Z; ) ' deponds o2 tho moustical dlsplacement amplitude A, &8 well as

the specific conductence ( X ) of the solutiocn,

AP/ K) (7)

te

Thus ‘ZZ )

where A is & praperiinnality cometant and ‘{;J is the pressure amplituds.

In terms of these eguatlions, the relatlive response should be linearly
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deperdent on the polarizing current and the pressure amplitude and
inversely dependent on the frsquency and the sypecific conductance.

These relatlsnships have been verified approximately in the experimental .
work.

The 5. ¢. hydrngen aleotrode effect can be used for laboratory
measurements of acnustical amplitude at freguencies above 100 kc./sec.
where probe dimeneion.s muet be small to minimize diffraction effedtis.
This effect may also find use in the study of the kinetics of Tubble

formation associanted with gas electrodes.
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APPENDIX

INSTRUMERTATION ¥OR THE DETERMINATION OF THE FREQUENCY
DEFENDENCE OF THE ACOUSTO~ELECTROCHEMICAL EFFECTS

Since one of the primary objectives of this investigation has been
the determination of the frequenoy dopondencé of ths various acousto~-
elactrochemical effects, the apparatus has been designed with this
objective in mind, )

The apparatus involved in this investigation may be classified into
thres categories: (1) the variable-frequency ultrasonic generator,
(2) the acousto-slectsochemical cell, (3) the detection apparatus. The
ultrasonic generator conslsts of a pulse-modulated variable-frequency r.-f.
gonarator and & barium tltanate trensducer which serves as the source .of .
the ultrasenic wavas. The acoustical cell contains the selution under
investigation in which the various a.c. effects are produced. This cell
mus¢ have provisions Ifor the transmission of the ultrasonic waves while
1%0lating the solution within from the aguecus deley medium. The detection
apparatus include the various probes and electrodes on wh!.oli the alter-
nating potentisls ars dovsloped as wgll as the e‘_lactro‘nic _apparatus
necassary {or the emplification and moasurement of the various effects,
The acnuitipal- probes and additional esquipment required for the detection
of each specific effect have been presented in the previcus ssctions
on experimental data. In Figure 19 is shown & block dlagram of the
apparatus and assogia'tad switching network.

- Pulse-Modulated, Varieble Frequsncy Ultrasonic Generaior.--
The requirments for this unit are: (1) the generator must supply well-
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whyly-

defined rectangular pulses of uwltrasonic waves, (2) the pulse repetition
rate and pulze duration for the msdulation should be variable,
(d) the acoustical output of the ultrasenic generator should be stable
with reepect te fregquancy and pover, (4) the genarator should be capable
of producing ultras;)nto waves over a frequency rangs of 200 kc./ sec. to
1000 ko./sec., (5) the ultrascnic generator should supply instantaneous
acoustical intensitles of 1 watt/cmoz or More. '

In Pigure 20 is a block dlegram of the variable frequency, pulse-_
modulated vltrasonic generator which has bsen constructed to conform to
the sbove raquirements as close a® possibls. Although the frequency range
&ésimﬁ bes beon detwesn 200ke./sec. and 1000 kc./sec., this vnit opsratss
most officiently betwsen 550 kc./sec. and 1000 keo./sec. A& 200 ke./ssc.

ultrasonic generatorl( haa heen avallable .end  fplfills the requirements

. listed sbove- and serves to meet the lowsr frequency dssirsd.
R.F, Signsl
Genarator
: R.F, Ampiifier : R.F, Power - Barium Tiiznate
aad Jmplifiex Transducer

Pulse Madulator

~

Pulae Genarator

e

R e T T = -

E‘igtﬁm 20: Variable Frequency, Pulse-Modulated
. Ultrasonic Generator: Blook Diagrsm
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In Figures 21~24 are shown the varicue circuiis employed in the
radio~frequency generator used to drive the barium titenate transducsr.
The generator consisis of g (1) a conmoreial signel generator (Precision
Apparatus Co., Model B~200), modified by incerporating a cathode-follower
output to ensure frequency stadbilliy with external loading, (2) 2 d.c.
pulse generator {Figure 21) and powar supply (Figure 22), (3) 2 pulse
nodulator and amplifier (Figure 23), (i) a tuned radio-frequsncy power
emplifier (Figure 24), and (5) a barium $isanste $ransducer and mounting
(Figure 25), The frequency of the signal generatnr has boon calibrated
with a frequency meter.

The d.c. pulse generater (Figure 21) comtalns 2 multi-vidbrator of
variable repetitien freguency, the output of which is differentiated.

The resulding poeltive pulses ars deletsd by means of a diode while the
remaining negetive pulees are amplified and irigger a univibrator which -
produces rectangular pulses ol controllable duratbion. The pulses are
insToduced inte the modulator cirouit to pulse-modulste the radie-
frequency signal. The repotition frequency is veried by & coarse (sl}
and 2 fine (Rﬁ)_con$rol frem 10 through 10,000 sec.”F or one-half the
repa;;%iun poriod{whichsver ias shorter). |

The pulse-modulator stage (Figare 23) is preseded by & radlo=
frequency amplifiexr (V;) to increass the amplitude of the signal. Two
pontagrid twbes (V2 and Va) ssrve as the pulss~modulator tubes. The
radlo-frequency signsl is placed on the remete cut=off grid of Vs while
the peslitive pulaes from the pulse generatnr sre placsd on the sharp
cut-off grid, This grid 1s pormally blaged to Deysnd futenff, The
tube VB in parallsl with Vz haa = pegative pulss placed on i§s sharp cut-

off grid while tha rsmote cut~eff grid bas no signnl. The purpnse of this
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COMPONENT PARTS FOR PULSE GENERATOR

(Figure 21)
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' Figure 22:

COMPONENT PARTS FOR POWER SUPPLY:

Raz

Cos =120

Part No.
Cz2gs Czes Czvs
Con o o
C 30 o o
,Ra o o o
R5 1 s o
32 o o
|R3 a o [-]
yRa ‘ L] ©
Ve o o o
V7 [ (-3 ' -]
Ll ’ Lz [

<

iov

Power Supply for

Czs

°

Q

¢ © @ © ¢

-]

o

3 0 o o O

o
¢ o o o 9 o

o
Q

Pulse Generator

'
I
¥

FOR PULSE GENERATOR

e 9 o

°

o o o o o

o ] -] (-] -] o

[

Value

20
10
0s1

500, 000
50,000
50,000

180,000

5,000

5Y3
0A2

15 h,

mnf. 450V,
mf. 200V.
mfo

ohm
ohm
ohm
ohm
ohnm

100 ma,
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COMPONENT PARTS FOR PULSE MODULATOR AND AMPLIFIER*

(Pigure 23)

Part Noo Value
clp 029 C6; GB° 012 . » L] ° a ° . L] 001 mf9
G © ° ) o L] e L . ° L) a . L] ” 2 n‘f y
03 D glu C 1 of )

L}o csg 09, Clog 13 o L] . ° ° © L} @ lo fo
c,?o 11 e ° 3 . 3 ° ° . . * . . 5 mis
c ° L o L] ° o [ ] o o -] . . [ ] - nf k]

15 ,
Rl ° ° © . s - ° . ° ° . . o 509000 611!!1 (potc )
Rz o - o > o . o . . ° - » . 500 3 000 Ghm
23 I’ R19 L3 o . © . . 1] L] . - . L] ’ 200 6m
Bk L) 3 - . LY ‘. 3 3 ° ® . . ° L“g OOO dhm
3-5 2 Rlo e ° . . [ - . ° . o . s 5 3 000 - Ohm
Eé ° e * . . . . . ° n . . L) 129 000 ) Ghl'l
B? 4] Rla » ] o s ° . » ° ° 3 . o 100 e 000 ohm
R w ::1“9 Rls ° . ° ° ° ° ° . . . 5(6) ® ggg O:

b] 12 ° 2 ® o . o . a 3 . 3 ° [ [+ ]

Rll Ll L . » L] . L) ° L3 . L4 . A4 lo& 000 ﬁhm
1216 o ‘ [ ° ° . - . 3 . ° . . . 15 ) 000 Ohﬂ
Bl? L] o » . . s o o © . © ° » 300 61’3&
R18 o . ® 3 . ° - . ° ° . [ ° m - Dhn
7 ¢ o . . s ° L * ° ) ° - L ° 6

1 6“5
v2g V3 L 9 . L3 ¢ 2 ° © - ° L ] . I‘?
v&g vs © ] ] L] ° 1] o o . ° . . . 6146

* A commercial pover eupply (Zenith, No. 4AB6) has bean used %o
supply plate voltage for this unit. & filement transformer has
been incorporated with the power supply to provide filament voltage.
The bias voltage is nbtained from the pulse generator power supply-
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arrangement is to eliminate the d.0. pulse by placing oppositely
directed voltage pulses simulteaneously on the grids of the two tubes
with a common plate resistor. The radic-frequency pulses are ampli-

#ied by two beam-power tubes (V, and V,) in parallel with by & cathode-

follower output to the power smplifier.

The power amplifier (Pigure 24) 1s a conventiosnal radio-frequency
amplifier with two tuned stages. All components are well shielded to
eliminate oscillatinne and feed back. Fixed bias has been used on all
stages to minimize changes in grid biss with pulse length. The }'aian
Voltage may be adjusted by B, and R.. The £inal stage is link-coupled
%o the Darium titsnate transducer. & tw position switoh is employed
in the nutput to provides sdeguate nmatching for the transducer over the
frequency vange used.

The transducer consists of a 2-in. diameter barium titamate csramic
disc with a vesonate frequency {thickness mode) of 1 me./sec. It has
been mounted in & brass housing shown in Figure 25. "he coustituent
parts of the housing are held together by scldered Jolints oxcépt for the
back plate which is bolted %o the housing through a mb'ber gasket. The
barium titsnate elament is held in place by a shoulder in the front
plate and & circular contact ring mounted in a plastic disc. The Dbrass

contact ring ssrves as sn electrical contact between the silvered surface

of the transducer and the lesd~in wire., The plastlc disc which holds the

contact ring is held firmly in place by a ftension sorew which is threaded

through the center of a circular Drass fitting, This brass plate is
screved intp the main hnusing and serves at 2 stop for the tension screw.
The front surface of the transducer is coated with sllver conducting

paint to meke contact with the brass heousing which serves as the ground
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Figure 2l: Power Amplifier
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. COMPONENT PARTS FOR POWER AMPLIFIER
(Figure 24)
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Co~Axial Cable
Connector

1" Brass
Support Pilpe

—

Rubber Gasket

D

10 6-32 Brass
Machine Screws

:ﬂ ——— Lead-in Wire
/ |
- \ # Tension Screw
|\ |
: ‘ Lucite Disc

? Brass Fitting
%
T~

Brass Contact Ring

Barium Titanate
Trangducer

Figure 25t Transducer Mounting
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Barium Titanate
Transducer

Figure 25: Transducer Mounting
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Connectidn. The entire houming is coated with Tygen paint end ths - -~
support pipe is nickel plated.

The t;:anlduoor mounting has haen sfnpen&ed in 2 250=gellon
thermostatsd tank:lo by means of a specially coneiructed aluminum ailoy
support. The transducer mey Ve positioned vertically and harlzontally
iﬁ the direction of propagation. The desired positions are maintsined
by suitable positioning locking sorsws., Figure 26 Lo s drawing of the
ultrasonic propagation systom. The barium titanate trensducer can be
sean sugpended in the 250-gallon tank. Immadlately babind.ihe barium
titanate transducer is the 200 ke./sec. gquartz transducer used in
conjunction with ths 200-ke./sec. ultrasonic gansrater.

Acousto-Rlectzochemical Usll. ~-- The msin criteria in the design

of the acousto-electrochemical cell has boen to have minimun attenvetion
and scattering of the ulirasecaic wave.a propagated into the cell., In
the previous work at 200 kec./sec., the scoustical cell conasisted of a
thin gluss vss8sl in the shape of » bulb. This type of éell s
unsatisfactory for work at highor froquencies due to the excivation of
various radisl modes of the apherical vessel and interfering reflec-
tions from the btack surface. A% frequsncies of 1 mC./ses., the inter-
ferencs and scattering of the ultrassnic waven as ohserved with a
dariun titanate hydrophone placed in a cell showed that quantitative
measuraments would be difficult.

The acoustlcal cell that has bsen used in this investigatinn
consisted of an 8-in. dlamster plastic tube, 33 in. lang wiith 3/8-—;&;10

wells. This tube bas Deen mounted on one end of the 250=-gallon tank ap
thown 1in Figure 26. The end of the cell which is fastened to the tabk
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protrudes into it one inch and a llb-in. thick rho-¢ rubber diaphragm
has been fastened over the open end to isolate the water in the tank
from the contents of the cell. A 1/16-in. plestic plate has aleo
be;n used as an acoustical window with very little attenuatlon of the
ultrasonic waves. The other end nf the cell has hoen 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 diameior with 1/4-1n,
walls, have been placed. Thess tubes serve as entrance ports to the
golution contained in the cell. The entire cell has been covered with
a copper L4611l to provide shielding Xrom stray radiations and eleciro-
magnetic plclt=up from the ultrasnnic generator. The éapacity'of ﬁho-
cell is approximately 30 liters.

The various detoction probes were held by a support rack con-
structed over the cell mounting. The cell was mounted in a cradle
support and rigldly secured to the framework of the tank.

. A varlable spesed stirrer has been placed ln ons of the porte to
provide adequate siirring of the solution. Tho.temparature was contrelled
by an immersion heater enclozed in a glass tube conteining traensformer
oil as a heat transfer medium. A plastic reflector, at an obligue mnglep_
has been placed in the last port bohind the acoustically sensitive probe.
This permitted the pulses to be scattered after producing the desired
effect and thus oliminated possible interference by roflected pulses
from the end of the,colia

The advantages of this construction for the acouticel cell are the
relatively uniform e&ugd fleld over tho froaquency range considered, and
the additional delay time offered by tho increosse in the accustical path

length. This latter asdventage pormitted the use of longer pulse widthe
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which improved the performance of the tuned stages used in the
detection apparatus.

Detection Apparatus. -~ The detection of the various a.c.
asousto=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.

10 has been used to messure acoustioal

A barium titanate hydrophone
pressure amplitudes of the ultfasonic waves propagated through the
acoustiocal cell, The construction of the hydrophone 1s shewn in
Figure 27. The sound sensitive element is a 1/8-in. dismeter redially-
Polarised barium titanate ceramic cylinder,1/8~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 invesitigation has besn compared with & hydrophone of similsar
construciion that has heen calibrated bHy the U, S. Navy Underwater So*;md
Raference Laboartory_ at Orlando, ¥Florida. The response is not linear
with fraquency due to the excitation of the various vibrational modes
of the coramic element. The frequency points that have Daen used for
the frequency dependency data ars situsted at points in the hydrophore

calibration curve where theze 1s no abrupt change in the responss. The

frequency ¢allibration of the monitoring hydrophone has besn done with

the veriable-frequsnoy ultrasonic generator provipusly described. The
two hydrophones bave been positlvned in the sound field by means of a
poeitioning mechanism constructed over the 250-gallon fank. The
response of the monitoring hydrophone has been ocalculated in terms of
2

The detection system for the scousto-electrochemical offects includes

the probe on which the a.o. Components are developed, a pre~-amplifier,
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an intermediate-frequency amplifier, an oscilloscops, and a standard
signal generator. The a.c. components are first introduced into a
cathode follower, followed by a pre-amplifier similar in design to
that of a Ballantine wvacumm tube voltmeter, Model 305. The amplified
signal is then fed to & modified Hallicrafter conmerc;.ial receiver,
Model SX 200, to smplify further the signal in the frequency range of
550 ko./sec. to 1000 kc./sec. The 200 kc./sec. signal is passed through
a multi-stage intermediate-frequency amplifier consisting of one stnge
at 200 ke./sec. and two stages at 456 kc./s00. The output from the
1.-f. emplifier is examined with a Tektronix olcillbacopa, Model

514 D, in conjunction with s Tektronic provampl;ficz’.,’ Modal 120.

The response from the harium titanate hydrophone is also sent
through a cathods follower stage and then by means of a Junction
switching Box through the same amplification circuits as the detected
8.0, offact. A folector switch in the Junction Dox psrmits the signal
to by-pacs the tuned i.-f. clrcuits. This permits the investigation
of the structure of the pulses exclusive of any tuned otigu wien the
signal is of sufficient amplitude.,

The magnitude of the pulse-modulated signals from the probe as well
a8 the response from the barium titanate hydrophone have been moeasured
by the substitution methad with a General Radio standaxrd signal
generator, Model 805-C, a8 the source of known r.~f. voltage. This
calibreting voltage is introdused intn the Junction switching box
where 1t is sent through the man;e'ampliﬁca‘bion stages as the obner#ed
signal. Tho frequency of the voltage standard is carefully adjusted

to sero beat with the carrier of the pulse-medulated ulirasonic waves.

N T O e et s e s rr—es e At o1 oo o oo o
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By comparing the voltegss .of the a.c. effect snd that of the darium
titanate hydrophone placed in thes cell, the magnitude of the effect

can be calculated in terms of the intensity of the ultrasonic waves

and converted to a convenient reference standard.



