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PROPERTIES OF ELECTRCKINETIC TRAWSDUCERS

1. IMTROD'JCTION

This report together with Technical Report No. 3
summarizes our current knowledge of the properties of
electrokinetic transducers which employ porous plugs
as transducing elements. The intention in this report
is to present the more practical aspects of electrokinetiec
iransducers in the light of current knowledge and to state
whet we now know or can readlly foresea with regard to those
factors which will govern future applications. Technical
Report Wo. 3 will contain more general theoretical deriva-
tions and datz tabuls tions which will be of interest to
investigators of electrokinetic phenomena,

Thes report contains information that waes obtained in
work on Office of Vaval Rescarch Contract Ronr-617(00).
Much of the practical information on transducer design and
non-contaminating choices of materials was derived from
work done privately, on Navsl Ordnance Laboratory Contract
N609218-1461 and other fixed price sule contracts since
the latter part of 1950. A more comprehensive summary of
the properties of electrokinetic transducers can be pre-
sented in this way. Inasmuch as electrokinetic transducers
are new and are not well known in the field of instrumente-
tion, it is hopcd that the presentation of this informa-
tion will interest scientific personnel in the Navy-and
elsewhers, and bring suggestions for applications not pre-
viously considered,

Technical Report No. 3 covers work, almost all of
which was done dnder Contract Nonr-617(00). This report
glves detailed and somplete information on the factors
which govern electrokinetic energy conversion in aeccordance
with the following outline: '

Contenta: Technical Repcrt Wo. 3

l. Introduction

2. Historical Brckground

3. General Theory of Operation of Electrokinetic
Transducers.

4. Electrokinetic Properties of Certain L.iquids in
Pcrous Solids
a. Test Methcds
b, Data Tabulations
cs Discussion

S. Equivalent Circuits

6. Conclusions snd Suggestions for Puture Investi-
gations,.

7. APPENDIX: Symbols, Units, and Conversion Factors
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In general, it may be stated that electrokinetic
transducers have voltage sensitivities ccmparable to
plozoelectric devices. Their essentially resistive out-
put impedance makes it possible to measure from frequencies
well below 1 cps to 20 KC or above without special high
impedance amplifier Input circuits. As a result, sube
stantially lower thermal nnise levels masy be obtalned,
These factors, together with the fact that the midband
sensitivity is independent of cable length, will undoubt-
edly have an important bearing on thelr future aprlications.
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2. PRINCIILES OF CPERATION OF ELECTROKINETIC TRANSDUCERS

2.1 General:

Electrokinetic trsnsducers may be defined as de-
vices which employ the Helmholtz double-layer at a solid
1liquid interface as a means of intraconverting mechanical
and electrical energy.

In this report we ere primarily concerned with
those devices in which a 1liquid is forced under an une
known applied pressure through a misroporous plug to pro-
duce a streaming potential which is in turn measured to
determine the unknown pressure or otherwise 1s ceaused to
perform any useful function.

The literature is extensive on elactrokinetic
phenomena but is very limited with regerd to transducers
of the type describved (1, 2). For thia reason a rather
complete explanation will be given or. the essential operat-
ing principles, but leaving the detailed theoretical deri-
vations to be presented in Technical Report No. 3.

2.2 The Single Capillary Trangducers

The basic primciples of operation may be simply
illustrated by considering the case of a single caspillary
since a microporous plug is in effect a "bundle” of capile-
laries,

In FPigure 2-1 a single glass capillary tube connecte
two vessels each containing electroces and ons being sube
gocted to an applied pressure causing the llocuid shown to
be forced through the capillary. The ligquid may, for ex-
ample, be disthlled water and the containing vessels and
capillary be made of glass,

An expanded section of the capillary is shown in
Pigure 2«2, The polar water molecules become oriented
at the solid-liquid interface and by virtue of this pre-
ferred orientation and péssible forced dissociation at
the interface cause a doudbls~layer to develop., In this
double layer the negative ions are adsorbed to the solid
surface and an equal number of positise ions distridbute
themselves a short distance away in a diffuse layer. Al-
though the inner ionic layer is diffuse, it mmay be con-
sidared to be at an electrostatic center of gravity, i.e.
with all of the ions in the moveadle layer located at a
distance "d" from the surface. Actually this distance "4"
is extremely small, on the order of a few moleculsr spacings.

When the 1iocuid 1s caused to move through the capillary

the lons in the moveable leyer are carried with the 1iquid
causing a transportation of charge. The resulting potential
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"H" developed betweun the two vessels and their electrodes
causes a counter flow of ions in the bulk of the liquid

and an equilibrium is simulteneously reached for non-turdu-
lent flow in which the potential ”Hz is proportional to

the pressure "p".

If the assumption is made that the radius "r" is mch
greater than "d", the double layer thickness, the following
relations inay be derived for a single ceplllary:

1= -o@\/ + [B"’r + -%(&)]H (x.)
P:—-%%_H ¥ _??!}%.\/ (2.)

Where: I 1is the current flowing in the externszl circuit,

V i8 the volume flow rate,

P 18 the applled pressurs,

H 1s the electrode potentiel difference
(neg)X cting polarization,)

/S is the elcctric moment of the double layer or
charge per unit area times "d",

d is the dcuble layer thickness,

N 18 the viscosity, and

1(5}8 the bulk conductivity.

The first term on the right of Ecquation (1.) represents
the flow of current in the double layer due to the volume
flow, the second term the conductance current due to the
bulk conductivity, and the last term the surface conductance
of the double layer. Although the latter term is incompletes,
it applies under certain conditions and is sufficient for
purposes of explanation. The first term on the rizht of
Eouation (2.) 18 the osmctic pressure due to the voltage

H" and the second term in the ordinary relation for viscoos
flow in a round pipe or cspillary.

It cen be shown that a very close approximation csn be
made in practice by neglecting certain terms. Fcr the stream-
ing potential relatiomship the equations may be reducea for
the purpose of this report to:

.
I.—.Eé_\/.;.l‘%’”_\.; (3.)
éﬂi}\/ )
T

Now when I=0O i.e., when the transducer is operated
in an open circuit condition, Equations (3.) and (4.) reduce

to H (S
5= A
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In the previous souation V(c is the equivalent conductivity
of the liocdd in the capillary and may te considered equal

to Ke» when the effects of surface conductance are nggli-
Bible, i.e., for lerge capillaries,

From the theory given thms far several interesting
conclusions can be drawn.

e, The sensitivity is independent of the 1:sagth of
tne cepillary, and would for "k rge” capillaries be inde-~
pendent of the radius. It 18 slso evident that it would
te independent of the number of paralliel connected cap-
illeries.

b. PFor a given transducer output resistance, the
sensitivity can be increased by lowering the viacosity or ine
creasing the electric moment,

ce If the electric moment is substantially independent
of temperature and if Walden's Rules were applicable in maine
taining the viscosity-conductivity product constant, the
sensitivity would be independent cf terperature, (This is
true to better than 1% from minus 20°C to pluz 65°C in certain
instances).

2.3 A _Porous Plug Transducer

The previous discussion of the single capillary will
a83ist in understanding the important variables which affect
the characteristics of porous plug transducers.

We first make the simplifying assumption that a microe
porous plug 1s a parallel bumdle of capilleries with the
same voltage to pressure relationship as exists in a single
capillary but with W times the conductance where N 1{s
the number of capillaries. We then recognize two facts.

a. The factors controlling the macnitude of the
electric moment are not fully undersdtood and are not now
subject to calcula tion. No thsories as to its exact orizin
yoet developed hzve been experimentally verified, Even
certain "rules-of -thumb" which work reasonable well, have
outstanding exceptions.

b. The same applies to a great extent to conductivity
in the pores and "surface conductance."

A8 we are particularly concerned with microporous plugs
with pore radii on the order of 1 micrcn or less where the
sensitivity 1s a function of pore radiil and are dealing not
with round straight cepillaries but with randomly shaped
tortuous passsges in the 8clid, we rescrt to parameters which
con be experimentally determined and are used in equetions

Psa:e §
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which satisfy the energy requirements of & passive system.
In the equations so developed, no assumptions need be made
#ith regard to the shape of the capillaries:

S \P)R
I. - (e V o+ Go H (6.)
%v
P S(&P}H H 3
TV 3”
In the stove equations <X\)W 's the short sircuit
current to vclume rats sensitivity withH=Q,Ge 15 the plug

overall conductence and v 18 the flow conductence of plug
for the giver liquid, or the volume rate per unit pressure,

(7.)

For the open circuft streamin; potential case (6,) and
(7<) mey be reduced to:

H_ . _Soen -

P Ge

To understand the factors thet will control the sensie-
tivity of the transducer as shown in Figure 2-3, it 1s necoe-
sary to break S(“,)H and q. intec their component parameters,

We first define K. as the overall conductivity of the
specific porous plug filled with a particuler liquid. We
make no assumptions vut mersly define:

Ko é-:' ﬁo—i\—

where éio is a measured quantity.

(9.)

Omittirg the derivation, we also write and define:

/Q-(;;P)k = SC'P)H K ﬂF' (10.)

In eguations (9.) and (10.) K, and n-o‘g)k are both
properties of a particular liquid solid combinaticn and
may be determined from measurements of &, and R/P since:

% . /u(ég)k (11.)

The parameter "F" is the effective porosity defined by
the equation in combination with the electric momentle .
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It 1s a property of the solid materisal.,

If Emuation (11.) 1a rewritten as:

(-]

H__ &F z.)
P~ MK

and co pared with Eouation (5.), the similarity may be
established, If the plug were a parallel bundle of similar
capillaries and the effects of surface conductance were

not present, it is evident that Kg the overall conductivity
would be simply equel to Ko F and the two equations would be
similar. To a certain extent this assumption would be
reasonable for coarse materials. FPFor microporous plugs
however, we are restricted to Ecusgtion (12.€ in which ki,

1s a measured suantity. /& is unicue to the particular
80lid=-1iquid combiration which always appears in combination
with F a property of the porous solid. The product can be
experimentally determined for a given combination,

In this report we are principally concerned with W /e
and R, (or !/ Ge ), the sensitivity and output resistance.
''he aoove Taciurs asre, nowever, lipgortant, at 2cact 4rn 2
gualitatjv. senseé in understanding what might be expected

o occur when changses are made or occur in area, thickness,
porosity, viscosity, etc.,

2.4 The Kb ctrokinetic Cell.

In practice an elactrokinetic transducer for use as
en instrument mist be sealed to prevent evaporation of the
liquid. Inssmuch as certain contaminants will be present
to be adsorbed or go into solution until a state of emuilib-
rium is reached, it is also desireable to enclose a fixed
ouantity of liocuid. Such sn arrangement has been developed
in the configuration shown in Figure 2-lj., Here a porous
disc is zlazed into an impermeable so0lld insulating ring
forming two chambers, each containing wire mesh electrodes
in intimate contact with the surfaces of the disc. Fsrh
chamber 18 sealed with a dliaphragm and filled with a suitadble
elsctrokinetically active liquid,

When a pressure P acts on one digphrazm, liocuid is
forced t'wrough the porous disc causing a streaming potential
to develop across the two electrodes, which is proportional
to the applied pressure. The output irpedance is essentially
resistive and hence the equivalent circuit is simply a voltage
source "H" in series witha resistance R as shown in Figure
2-5 at mid-band frequsncies. °

For microporous pluzs of very small pore sizes the

viscous flow conductivity 1s asxlremely small and for
reasonably elastic diephrezms the travel is so small when

Paze 7
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sudbjected to alternating or transient pressures that

the diaphragms have negligible effect except at very

low frequencies or during prolonged transients. In
prectice, experimental units have been made with fre-
quency response extending to .02 cps. This low frecuency
response can be extended indefinitely by design but can
never extend to gero in a closed transducer, In contrast
to plezoelectric devices no conparadble output impedsnce
problems are encountered in the low ranges, Reasonabdbly
high impedance loads are required, however, to minimize
polarization offects at low frequencies,

At bigh frecuenciss the equivalent circuit shown in
Pigure 2-6 1is theoretically applicable. Here the transe
ducing disc elsment 1z asaumed tc be inelastic and the
phenomena 1tself independev.” »f frequency. The internal
capacity of the umdt would be expected to cause an ate
tenuation of 6db per octave heyond ths break point at

'
ne= I . Ca

Another factor which might be expected to enter the
Picture-‘at high frecuencies is the mass tiie constant

defined as:
‘m

where vy, is the mass of the liquid,

In practice, however, the upper frequency response
in various designs thus far, has been limited by elastance
effects in the disc, its supporting ring, and mounting
means, causing the Tm tims constant to play a relatively
minor role, Units which drop in response rapidly in
sensitivity in water at 30 KC should have a range extende
irg to 50 KC from calsulated attenuations based on RC
or 500 KC based on Tm .

Although more complete theoretical derivations have
been omitted for Technical Report No. 3, certain conclue
sions can be summarized from the theory of operation as
presented tms far,

2.5 Summary;

a. The sensitivity of an electrokinetic transducer
is proportional to the elcctric momerit of the doubdble la yor,
the porosity factor "P", and 1s inversely proportional tc
the overall conductivity of the liquid filled plug and
the viscosity of the 1lieculd.

be Inasmuch 88 "F" 1s s constant essentially indepen-
dent of temperature, if combinations are selected wherein
the electric moment and the sensitivity ere independent of
temperature, the output resistance can be expected to vary
directly with the viscosity of the lieuld.

Paze 8
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ce The Reynold's Number for the microporous plug pores

for all liquids can be msde extremely small. Linearity in
performance may be expected over sxtremely wide ranges of
pressure,

d. Inasmuch as the viscous forces may be mads much

greater than ek stance forces except at very low treq;enciea

and much greater then inertial forces except at very high
frequencies, there is no need to comprcmise between range
and sensitivity, or frequency response and sensitivity,
The response in practice 18 not sscond order& hence the
terms "natural frequency” and "damping ratio” would nct
carry the seme direct comnotations as they would for many
other types of instruments,

e. The low frecuency limit of operrtion is not es-
tablished by the streaming potential phenomesna itself but
by mechanical d@sign considerations. In a simple type of
enclosed transducer, the low frequency range may be ex-
tended indefinitely but can never reach gzero because of
the finite diaphragm travel limitsa,
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PROPTRTIES OF ELECTROKINETIC TRANSDUCERS

3.1 Certain Transducer Designs:

Inasmich a8 certain important data have been taken
on "Type 3" transducers by the Naval Ovdnance Laboratory
and this Corporation which will be later presented, their
construction will be described.

In this unit an inert porous disc or plug is clamped
sgainst an inner shoulder in a Teflon outer ring to form
two chambers as shown in Figure 3-l. Electrodes of fine
wire mesh cover both faces of the plug or disc, being held
in place in front by an inner metal ring and in the rear
by a matal backing plug to provide rigid support for the
disc and maintain sealing pressure againat the shculder,
Support from the rear is provided by the backing contact,
and the backing plate which, in turn, act through the di-
aphragm to support the backing plug. Holes in the backing
Plug allow for flow of the electrokinetic liquid.

The outer clamp ring, and Teflon pressure ring in
combination with the front and rear pressure gaskets
locate the cell and provide sealing pressure of the me tal
diephragms against the tapered faces of the outer rirg.

The conatruction, as shown, was chosen to provide a
nearly flush digphragm for baffle blast pressure measuree
ments end to provide rigid support for the porous plug
(while providing for thermal expansion) to enable it to
withstand high blast pressures.

In operation a pressure acting on the front diaphragm
forces a minute amount of lieouid through the porous plug
pores causing a streaming potential to develop across the
electrodes, the potential is conducted through the backing
plug, rear diaphragm, etc., to the eenter conductor of the
shielded cable which becomes poaitive for a positive
pressure. The froat electrode, inner ring and diaphragm
are connected through a foil to the case and cable shield.

The "Type 4" transducer basic configuration originally
designed as a baffle mounted blaat zage %:i’though not re-
stricted to that application) was used in the form shown

in Figure 3«2 for tasking much of he data presented in

this report and in Technical Report No. 3. Many rodifice-
tions were made for different tests, but most of the essen-
tial components were as shown. The scale in Pigure 3-2 has
been distorted for clarity.

In this c¢onstruction the electrokinetic cell consists
of a porous disc glazed into a glass or porcslsin ring.
Wire mesh electrodes ageinst the disc faces contact the
metal dlaphyagms one of which 18 grounded and the other
is connected as shown to the shielded cable, An elastomer
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ir: front mainteins sealing pressure while the backing
plete, clamp ring, and becking contsct provide rigid
clamping to the case. The elastomer may be placedon
either side of the cell unit. The operation of the cell
is essentlally the same as previously described in
Section 2.3.

3.2 Sensitivity Output Impedance, and External Loads:

One of the most important advantages of electrokinetic
transducers i1s their high sensitivity, in combination with
the fact that they are self-generating, a single instrument
being equally suitable for measuring pressures in a range
of a feow dynes per square centimeter or less to 100 psi
or more. It msy be sald that they are to the best of our
knowledge considerably more sensitive thanany other type
of trunsducers designed to operate over either the same
range of frequencies, or the seme range of pressures,

Equation (12.) is repeated below:

H_  BF
P N Ko
From this equation it is evident that 1t 135 desireable
1= order to obtain a high sensitivity to employ a liquid
with a low viscosity and which will produce a large electric
moment in contact with the 80lid. It 1s slso desireable to
employ liquids which are as free as posaible from ionizing
contaminants, or whicii have low conductivities.

Some liquids will have a positive moment with respect
to one solid, s negative moment with respect to another,
and a negligible moment with respect to a third, The sclid
a8 well as the l1iquid plays an important part in determining
the magnitude of the electric moment. Because of the
physicnl requirements imposed or the s0lid, the necessity
for the material to be inert and non-conducting, and the
problem of avsilablility, only a limited number of materinls
have been tésted. Data published in the literaturs indicstes,
however, that sn extended search to find more sulitable solid
materisls than Pyrex glass or porcelain may not have been
worthwhile,

The selection of liquids with "optimum" properties was
a long task a8 the object was to find liquids which pro-
duced a large electric moment for a gliven conductivity and
satisfy other requirements as to activity, boiling and
freezing, viscosity, toxicity, etc.. A rule-of~thumb method
was employed to eliminate a great number of liquids rr%
consideration of molecular surface packing i.e., (P/MW

dielectric constant, dipnle moment, and viscosity. !

Page 11

o —— — o g ¢ 2

i

____._____.....,—..




Starting with all known liquid compounds on which tabulated
information could be obtained, it became evident that the

best choices were among the lighter alcohols, ketonvs, nitro=-
compounds, and saturated nitriles. The majority of the work
done irn the past has been done witl water or water with

the sddition of various salts. Water, however, has been

found very 1mpractical to work Wi th from several points of

view end inferior in its eclectrokinetic properties. Acetonitrile
had been previously chosen for blast gages manufactured for

the Naval Ordnance Laboratory and has ultimately, after

many tests, proved to be the most satisfactory compound for
general usage.. Moat of the data presented, therefore, relates
to the use of acetonitrile with microporous porcelein, or

Pyrex glass,

As an 1llustration of aensitivities involved with
certain liquids and solids the following Tablea I and II
are givent

TABLE I
(.090" x .750" Dia. #03 Porcelain Disc)

Liquid Kpx10® R_x10"3 E/PR,  ®/P H/P(DB)
Acetonitrile 2.4 SheS U456 258 -108.6
Acetons .86 200 3.2 640 =100.6
Methanol 3.6 240 1.19 286 -107.6
Nitromethane 6.75 9 1.01 95,2 -117.2
Diethyl Ketone o2l 1790 0.8 1430 -93,6
M, E. Ketone »56 800 0.42 340 ~106.2
Water | #iHE 37 Ol 27.2 =128.2
n-Propyl Formate .093 2280 0,215 490 =103.0

The above data was taken in a streaming potential
test cell at 20°C. The flow permeability of tyo #83
porcelain material is approximstely 5.6 x 10-11 cm
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TABLE II
(.082" x .750" Dia. Med. Pyrex Fritted Glass Disc,)

Liquid Kpxl10° Rgx10-3 H/PR, H/P H/P (DB)
Acetonitrile 1.48 350 3.83 1,340  -94.2
Water 5.25 126 2.6 272 -108.2
Acetone 364 1,040 2.04 2,120 -90.2
Diethyl Ketone 473 1,750 1.13 1,570 =91.2
Methanol 2.70 327 1.0 329 -106.4
M. E, Ketone .875% 95 0.539 493 ~102.9
Fitromethene 7.75 Ly 0.392 s6 -121.8
n-Propyl Pormate ,25 3,290 0.182 600 -101.2

The above data wus taken in a streaming potential
test cell at 20°C. The flow permeigilizy of the medium
Pyrex disc material was 6.7 x 10=++ am<,

In the above table Kp is the bulk liquid conductivity
in reciprocal ohm centimefers, R, is in ohms x 10~3, H/PR,
in microamperes per psi and H/P gs in millivolts per psi,
H/P(DB) is referred to 1 volt per dyne per square centimeter.

Inasmuch as the sensitivity i1s dependent on the purity
of the 1iquid, it is not the best index of electrokinetic
activity. In trensducers it 1s desireable to have a maxi-
mum sengtivity and a minimum impedance. We, therefore,
take the ratio below in Yating"™ varicus liquids.

H_
PR,

This gives an indication of the internal rate of flow
of charge in the doutle layer - or the current sensitivity
with a low irpedance load.

= €5(JP)H (From Equation 8) (13.)

When an instrument is utilized with s short cabla to a
very high impedance lord such es a cathode follower, the
sensitivity H/P in the table may be used to determine a good
choice for the 1iquid.

Psge 13
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The two tables indicate that acetonitrile has the highest
current sensitivity with both s0l11d meterials. In the case of
the glass disc the permeability is ten times greater than the
porcelain and yst the voltsge sensitivities are not propore
tionally greater,

Note thet approximeate resistance for any diss of similar
material can bs obtained from:

V
R= R, (D
T\ D
where 7¢ refers to an arbitrery diamster or thickness and "o

refers to the velue in the tadble. Sensitivity is independent
of area or thickness,

(14.)

Values obtained in a seeled and stabilized transducer
may generally be expected to differ deperding on the surface
history af the disc material, but such differences are not as
lIgnIgicant as the degree of purity of the limid and clean-
ness of the parts exposed to the liquid,

The effects of temperature are of great irmportance in
any transducer used in instrumentation work. We have found
that in several combinations the electric moment &8 is subdb-
stantially indepemdent of temperature. We have also found
that stabilized porcel in diasc trensducers with purified
acetonitrile are not affected by temperature as far as sen-
sitivity is coneerned. The internal impedance varies in ac-
cordance with the known change in viscosity as a function
of temporature. :

Data 13 presented on a Typo 4, Ser. No. 9 transducer
and on a Type 3, Ser. No. 21 transducer ahowing the sensi-
tivity and impedance versus temperature in Pigures 3-3 and
3=}i. The conatancy of sensitivity is a very beneficisl
property aind will be most important factor in regardéd to
future applications. If the streaming ecustion is written
in the form most frequently found in the literature, i.e.,:

H_ _ _f€

P 47T qKs

and it is considered that all four parameters on the right in-
cluding the zeta potentiel and the dielectric constaent £
are all strongly affected by temperature, it was not obvious
thet combinations could be found in which the temperature vari-
ation of H /P would be negligible over a wide range of terpera-
turo.,

et ol ML s 0 . B B T 5 DD IS e

Page 1it




-———

AW - AAIALLISINIS

1S3 B2

FANLYAIAHWIL SASHINA ALINLIENAS ONY ODNWLSISIY LNhdlnO

€-£ 3Y0O5id

Do OS5 DTV .08

=0
]
O

oo
|

_ _ _ | _ _ _

H.UiLlﬂ_ﬂU;& 4 CelnO

oSy
e-

la/..,

.r....-l.....-

O~—_

—

‘I-l.l-*]&l]!llllk

(o 9}

oss
i

- PR v L ” [ »

FNZLINAUDBDY 7$'Q NIVI3IYaog OB
(25922 5002~ 20rva BACIW2ECWIL)

G 'ON "JIDOASNWRLL v 3dAL

259

oG

=Y & oLl oo
¢ 0! X SIAMO ~ IDNWLSIS32] Lind1nO

T

—  ——— s - ——



e e e —— S PR St o ot

ALINIZISNES

0¢

Sct ¥Id AW N

1™~
e

r-C YOOI
JANLVYIIdWIL SNSUIA ALIAILIANIS ONv INVLASISIY 1dL 09D
L. JgNIVvVAIANWIY

& 03 oS ov 815 oz ol ) -

h,o 2

osv

oot

| m _ _ | m _

...-0:;.......0

~

...!l.-ll...-...@

/G
e JONVLSIS3Y LRdLND /

0.69+ OL (O02Z- 39NV 3INNLvE3dWil
3WALINOLINY- DSIA MYI3D30d €0 ¥
B IZ°N A3ONASNVY L £ 3dAL

» 3 x - LI v m
ALIALLISNG S /

O

ov

00
Iy A4

07:

oyt
g-Oi £ SWHC NI 30N7LS!

l'f‘\.o

4.

-~
>



'-—-JL PILIEEpY

In Figure 3-% an grrangement is shown for compensating
a transducer whose sensitivity does increase uwith temperature
5 means of a negative temperature coefficient resistor,
Such an arrangement would be necessary when acetonitrile is
used with a Pyrex disc and in a number of other material
combinations.

The power output of an slectrokinetic transducer, par~
ticularly in larger sizes would be ample for driving a low
impedance microammeter or galvanometer. It should be noted,
however, that unless a cathode fcllower is used, compensa-
tion has to be made for low impedance loads becausec of the
change of resistance with temperature, Such an arrangement
is shown in Figure 36,

The high frequency effects cf cable capacity can be
readily computed by the equation:

(%%2*:'(%%)‘VﬁTh4_ (<13F2°CL)1'

For frequencies up to 30 KC and cable lengths up to
ten feet this has not been found to be a limitation,

The effects of poiarizetion and svlectrode impedance
at low frequencies is discussed in Section 3.4.

3.3 Stability:

Originally one of the most difficult problems to
overcome ln designing transducers for investigating electro-
kinetic phenomena or for pressure messurements was that of
stability. It was found, however, that with proper choices
of inert material combinations, for the liquid, electrodes,
diaphragms and sealing compounds that such transducers when
sealed and heated over a period of several days would ap-
proach a constent stable sensitivity. (The initial decey
1s exponential in character.) After the stabilization period
the sensitivity remains constant. (Although Type } blast
gages for example, have only been in use for about st x months
we have had no reports to the effect that changes in sensi-
tivity have occurred. Very complete tests have been run
by laboratories to whom such units have been delivered and
after time lapses of several months,)

In taking data on the electrokinetic properties of
different porous 8solid - liquid corbinations in our investi-

——dea

(15.)

gations of electrokinetic phenomena we used somewhat different

experimental techniques from those used in the past. We
closed off the liquid solid combinsticn in a sealed system
and made most of our tests at alternating pressures while
varying the temperature., This approach was used for the
following reasons:

Page 15
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a. It was desireable to insure, insofar as possible,
that a state of equilibrium had been reached with regard
to the conductivity of the liquid and the time varying
factors affecting the magnitude of the electric moment.
Effects produced by the past hiastory of the solid surface
were thus minimized. The test ppansducers were heated and
subjected to alternating pressures for several days, in
most cases, before data were taken. The advantsges of
this method were verified by the fact that in many cases
preliminary test results on the first day were erratic -
so that incorrect conclusions may have bvaen drawn if we
had used a apparatus in which the fresh liquid was steadily
streamed under a constant pressure.

b. Polarization effects were negligidble and it was
considerably simpler to obtain accurate results and measure
small differences using an A.C. vacuum tube voltmeter.,

The single disadvantage of tlre method of testing was
that the bulk conductivity of the liquid after stability
had been achieved was unknown, It was #it, however, that
this dissdvantage was outweighed by the many other advantages,

It was found in general that no available slastomers,
and very few sealing compounds or plastics could be used in
contact with the liquid of the electrokinetic cell. In spite
of the advantages of using materials such as Teflon for di-
aphragms in obtaining good low frecuency resporise with a
relatively rugged diaphragm materiasl, no plastics can be
used alone for diaphragms. This is because of the diffusion
permeablility of all known plastices to air and the liculd
vapors. Only thin metal diaphragms or foileplastic laminated
diaphragms have thus far been found suitable.

In each new design the stability problem will resolve
itself in terms of effecting absolute seals between the
inside and outside of the ekstrokinetic cell. If the
inside materials are inert to the pure 1igquid used, the
licuid 13 degassed to remove oxygen and prevent bubble
formation, and a good seal 1s nade, there are no reasons
to expect a change of sensitivity with time after the
initial stabilization period.

3.4 Low Frecuency Response:

As previously stated, the low frecuency response of
the type of transducer illustrated in Pig, 3-2 for example,
may be extended indefinitely by design but cannot extend to
zero. Experimental units have been made in which the low
frecmuency break point (3DLB down) is .02 cps. There is no
limitation on the phenomena takin~ place in the porous plug.
The limitation 18 rather e result of the stiffness and travel
Emitation of the digphragms and the flow conductance of
the porous plug.

Paze 16
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The flow conductance of the plug or disc 1s given by:

3\/ - ;51 (_%_ (16.)

where B is the permeablility of the solid in centimeters
scuared, N is the licuid viscosity in poise and A and t

are in the aree and thickness. The dimensions of v

are centimeters S per dyre second. The graif #03 porcelain
we often use, has s permeabllity of 5.6x10~ icm2. (Materials
are available with permesbility considerably higher and
lower than this figure.)

1t ho is the effective progaure stiffness of the
diaphragms in dynes per centimeter< per centimeter (dis-
placement), then the low frequency time constant 18 given by:

A (17.)
& R
= <€}V‘qu>

end the lcw frequency response 1s given by:

Qi) - Q_*. \ (18.)
N PNi+(/annTO)>

The response will drop 3DB or 29.3% at the frequency:

\

n\- 2T T

There sre numerous methods of extending the low
freouency response, Some of these are tabulated along
with their relative disedvantages below:

Decrease plug permeability . . . . « . . . . Lowers sensitivity
Degrease plug area or increase thickness . . Raises impedance
Use thinner diaphragm materisl . . .. . . .Decrease strength
Use larger diaphragm diemeter . . . « . . . .Increases cize
It W 11 be evident that the method chosen will 1in
each case, depend on the application where in many cases
the corresponding disadvantage will not be 1rportant.
As an exanmple, for one transducer:
Diaphraw e o6 ® o6 o © o & o ¢ o o o 3/1#". .005' POlyethylene-Aluminum
LAould « ¢ ¢ « o o o o s o o o o o o« o« Acetonitrile at 200C,

Dllc e & o ®© @ o & o o o o e o6 o o o .75D by 00803 #103 porce]ﬂ in
“Loo..ooooooo- e © @ o o o 00160.}..8.

L Cowboda bt Mkl b Bnsnd S BEAAE bk
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When current is drawn in an extermal circuit and the
cell resistance 18 in a low range, polarization effects
reduce the useful lower limit, The equivalent circuit
then becomes &3 indicated in Figure 3-7.

In this circult typical effective values obtained
in bridge measurements on a transducer, were R_ = [SK,
Rg = 20K &and Cqg = 0.3 mfd. These valuas are, 8r course,
a function of bridge current, but are given to indicate
how erroneous results can be obtained by assuming a pure
resistance in bridge measurements and why at very low
frequencies, it may be necessary ‘o operate el ctrokinetic
transducers into high impedance input circuits, Por a
given current the electrode impedance is reduced as the
area 18 increased. The vealves given are for 20 mesh ,010
aluminum wire dolh.

Pigure 3-8 218 a complete equivalent circuit showing
the elements which affect the low frequency response,
Typical values are given bolow:

Ry = 29 megahms
Coin, = 017 mfd
o = 16.7x10~0 mhos

e s 20K
Ce = 0.3 mfad
nL = 0028 cpl
™M = 0.7 ampere sec./meter?

In the ecuivalent circuit,M isthe electromechanical coupling
constant and is defined by:

M = SOPH (20.)

This ratio appears in the basic Equations {6.) and (7.)

To summarize, two considerations are involved in
extending low frecuency response; increasirg the time
constant T , and, if current is drawn, maximizing the
effective elecirvae arsa to minimigze polarization impedance
effecta. WNeither of these offer serious obstacles in any
designs thus far considered.

3.5 HRigh Prequency Response;

The following general statements regarding high
frequency response are based on datu taken on electroki-
netic transducers of the general type of construction
shown in Fig. 3~2, and employirg .750"D x ,080" diacs.

The useful range with selected cable and load cepaci-
ties extends to 20KC and based on somewhat less accurate
measurements to 30KC or above in air, Accuracy within 24b
can bte achieved with respect to diaphragm pressure response,
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The useful upper response range is limited to 20 to
30KC in water with resonance effects above 15KC requiring
compensation,

There are several facters which could act to limit
the high frequency response of a transducer of this type:

a. The elestance of the porous disc and its clemp-
ing means with respect to the instrument case permitting
motion of the disc. This has been found to be particu~
1s rly important in underwater measurements due to the ine
cregsed mass loading.

b. The inertia of the moving mass of electrokinetic
1liquid = in air and gas measurements, assuming the porous
disc is completely rigid.

c. Transmission of sound through the instrument
case to the disec.

d.

Capacity

(assuming a short

L.

Acoustic

Possible

for the origin of

of the dlasc and other transducer parts
cable,)

absorbtion phenomena in the pores,

non-applicability of the bsaic theory
streaming potential at high frequencies,

A consideradble number of tests were run under verying
conditions and with numerous transducer modifications to
determine which of the above factors were more imporsant
ia 1imiti g the high frequency performance. By making
impedance measurements, using cork insulation in variouc
varts of the transducers, using materials of widely dif-
ferent porosities, employing different types of clamping
means and conducting tests in both air and water, it was
concluded that ths most important factor up to 30KC was (a),
the elastance of the disc and its clamping means, pare
ticularly in water. This comslusion was partly verified
by the improvement 1n response in a unit in which tre
center portion of the dsc was masked with wax - on the
sssumption that the center weuld most likely vibrate at
the greatest amplitudes. The superior air response also
indicates this,

An ebviocus approach to the problem of raising the
high frequency underwater response limits for pressures
acting on the diaphragm would be to simply use porous
discs of stiffer construction, i.e., smaller in diameter
or greater in thickness. Although transducers using such
cersmic eleaments have been designed and procuremont of the
el anents initiated, they have not &8s yet been fabricated
or tested at the time of this writing.
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It would appear reasonable to assume on the bas!s
of testa conducted tius far that the frequercy range may
be extended to seversl hundred kilccvecles. On the other
hand it would not appear that construction such as shown
in Figure 3-2 would ever be likely to he useful in the
megacycle rangs.

Figares 3-9 through 3-15 show typical response curves
of data taken during studies of elsctrukiretic transducers
at higher freque¢ncies. In all curves s Brush BM-101
Standard Microphone was used for a reference above 30 cr.s
and an sccurately calibrated Stethem s:rain gage transa-
ducer wus used at 30 ¢ps and below. An arbitrary 2DB
correction was made to all readings’incde with the BM-101
Microphone as its celibratjon was ap_arently 2DB in error,
as compared to the strain gage,

Pigures 3-9 and 3-10 show the a}r response curve cof
two Tyre li tmnsducers of the construction shown ir Fisure
3-2. These pnd all other tests were made in a standing
wave tank with the transducer face flush Wi th cne end of
the tank and the sound source at the other end. Frequencles
were chosen to obtain resonance in the tank and the diaphregm
pressure was assumed to be the same sa the nearest pressure
maxims 83 determined by the EM-10l calibrated microphone.,
Note that the usable frequency response of these urts ex-
tends from the 3db point at less than 0,2 cps in both

.cases to 30KC which waa the highest frequency at which date

could be obtalined in air with the available test instrumen-
tatior.

Pigure 3-11 shows the response of a fairly high im-
pedance Type 4 Transducer with a 20 foot ceble, The rise
in response, (normally encountered with a very small ex-
tsrnal capacity, and due to elastance effects,) ls over-
compensated by cabLle capacity effects in accordance with
Equation 15,

Pigure 3-12 shows tha response of a Type L transdicer
in water where oxternal capacity was purpcsely mininized.
In this unit elastanco effects were pronounced.

Figure 3-13 1s the response curve of & typicel Type 3
transducer as i1llustrated in Figure 3-1, The longer liquid
column snd the elastance of the disc eupport causes & msrked
resonance at 16 KC. The effects of the resonance car he
largely eliminated by externsl RC networks to obtdln reecson=-
ably flst response for shock wave messurements to 15 KC.

The design in Figure 3-2 is considerably superior from thie
viewpoint.

Another typical underwater response curve of a Type 4
transducer of different construction is shown i1 Figurs 3-il,
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EQUIVALENT CIRCOIT WHICH ACCOUMTS FOR
MASS LOAODING IN LIQUID MEDIA,AND THE
ELASTANCE AND DAMDING IN DISC AND MOUMT

“Las INDUCTANCE EQUIVALENT OF EFFECTIVE
MASS OF LIQUID - IMSIDE AND OUTSIOE OF CELL.

LAz INDOCTANCE EQUIVALENT OF MASS OF
DASC ANO OOTER RING

COMBINED CAPACITANCE EQUIVALENT OF
ELASTANCE OF DISC AND CLAMPING MEANS

Rans RESISTANCE EQUIVALENT OF DAMPING
COEFFICIENT OF MOUNT

(1}

Com

FIGURE 3-\S.

Y

e




&

O

©)

This curve is presented to show the effects of "mass
loading"” esnd the elastance of the disc and mount., A
theoretical curve is elso plotted, tased, on the equive-

lent circuit in Pigure 3-15 and the assumptions to be
stated below,

The equivalent flow resistance®,is infinite and
may be disregarded in determining the frequency response
of the mechanical elements. The effective mass of the
surrounding liquid is assumed to be constant, This is
not, c? course, an accurate assumption, as the impedance
of the liquid cannot be represented by & simple function.
This assunption is mede as a rough epproximation for the
sake of simpiicity. The mass of the disc and outer ring
are lumped as an equivalent inductance Ldand the elastance
and damping of the mount or clamping means by(;“and Rm
The response function of the mechanical elements
is given then in terme of dectrical equivalents by:

o= [ -(‘7"5,_\‘"]1* Q%
L -G @

Where: :
‘L-
it Tty o (La+Le)
(S {
Wy &t
__wl
. Qr )
o wi\asly
o @ T .
Q. __Ld _ [
GQ4-|41+‘_R. (jzri)

In Pigure 3-14, a transducer response curve is shown
and an sttempt to fit this curve using the above derived
expression. All valuos were obtalned for the thecretical
curve by making the following assumptions:

W, = 2T (20K <)
Wy = 2w (SOKC)
£f(w)= +4.5PB
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An experimental curve as shown in Pig, 3~1ll; was
not obtained in every case, and the results are not, there-
fore, couclusive, Tho reassoning is given, however, as it
may Ye worthy of future consideration, at least, from a
Qalitative point of view in the design of hydrophones.

Means of improving high frequency responze in the
design of urits to measure very high blast pressures are
mentioned in Section l.6.

A8 previously stated the ultimate limitstions of the
high frequancy response in air are unknown at the time of
this writing as our present instrumentation is limited to
20 KC for accurata air measurements., And agein, the most
obvious method of achieving improved response in the ultra-
somic range in underwater measurements would be to reduce
the size and increase the stiffneas of the mounting of the
porous disce.

3.6 Pressure Range and Linearity:

Teats have been conducted on electrokinetic transducera
over an extremely wide range of pressures sxtending from

a few dynes per squsre centimeter to 95 lbs. per squsre inch,

The ceramic disec elements used in transducers of the t
shown in Figure 3-2 have been tested at 165 psi (steady
gas pressure) without broakage occurring,

The excellent linearity of this type of transducer
was gnticipated in view of the very small Reynolds Number
in the pores and the low pore velocities. Pigure 3-16
Shows the linearity of an earlier Type 3 gage at high air
blast pressures. This data was taken by the Explosion
Effects Division of the Naval Ordnance Laboratory, Silver
Spring, Maryland. The blast pressures were produced by
one pound spherical cast pentolite charges. Tourmaline
plezoelectric gages were used for the comparative measure-
ments, 2

Figure 3-17 shows the results of sensitivity measure-
ments over a range of roughly 100 to 100,000 microbars
(1.45 psi). To permit a wide range of pressures tc dbe
measured in the test tank,measurements were made of sensi-
tivity a SKC, 25KC, SOKC and 120 KC. The average sensi-
tivity for each frequency was obtained and deviation from
the mean is plotted in DB as a function of pressure.

The resulting plot simply shows that the departures at
sound level: are due to experimentsl errors in making the
measurements rather than to any ncn-linearities. This
data was taken on the same unit for which frequency re-
sponse 18 plotted in Pigure 3-1l,

Figure 3-18 shows steady flow data taken with dis-
t1lled water at 66°F and a 30mm fine porosity fritted
glass disc. An ordinary laboratory D.C. vacuum tube volt-
meter and a mercury nancmeter were used in taking this
dats (on Dec. 6, 1950.) The departures can be acoounted
for in the reading of the voltmeter scale in the low ranges,
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Numerous
indicated any
tests made to
been present.
the design of

other tests have been made which would have
changes in sensitivity with pressure, Ip
date, no indications of none-linearity have
Linearity is not considered a problem in
sn electrokinetic transducer.

The pressuro operating range for static pressures
is 1limited by the dtrength of the dlgphregm and maximum
allowable diephragm pressure,

The usable dynamic range is dependent on the allowable
travel. Tk1s can readily be computed for any given design
for rectangular pulses or alternating pressures st the maxie
mum operating temperatures.

For example with an ,090 thiek, .750 Dia. #03 porosity
porcelain disc at 60°C the flow resistence is 290 psi/in/sec.
The pressure range is therefore limited to:

F%h&ux) éé 2Ttn (2140)1t°
Plmax) € 27N (2a6) %

where "\ is the frequency, T is the pulse length, and X,
is 'the allowable (effective) diaphragm travel in inches.
For s maximum allowable travel of .010" and a pulse of 10
milliseconds duration the maximum allowable pressure on
this basis would be 290 psi, At an alternating frequency
of 1 cps, the maximum pressure for the ssme travel would
be 18,2 psi. The rangs can, of course, be éxtended for a
given pulse length by using discs of lower permechility or
by effectively increasing the permissadle disphragm travel.

3.7 Resolution and Noise:

In view of the pressure range, and frequency rssponse
range of electrokinetic tranddusesrs it is evident that in-
ter-modulation effects shoukd be extremely small, if they
oxist apd resolution would be expected to be excellent.

Such transducers whether used to measurs pressure or accelere
ation should give signals capadble of being integrated or
differentiated by electronic means with excellent results,

No information is as yet avallable other than that which

can be inferred from dete givon in preceding sections.
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By using a well shielded battery operated high gain
amplifier 1t was possidle to compare the noise originating
in the transducers with that originating in ordinary carbon
resistors of the same resistance as the transducers, This
was done at various cuteoff frequencies and the noise level
was found to be identical indicating that the thermal noilse
of an elccotrokinetic transducer can be predicted by the formla
for "Jounson noise". A transducer with a 100,000 olm resistance
would thus be expected to have a trermal noise level »f 1.2
microvolts over 1l kilocycle at 259C, It is evident that the
noise level would be extremely low in largs low frequehey hy-
drophones.

Mothods of incressing & gnal to noise ratio, when
necessary, are discussed in Section 4.2,

3.8 Acceleration Senad tivity:

The acéeleration sensi tivity of gages as shown in
Figures 3~1 and 3-2 can be readily anticipated by compu-
tation, since the length of the liquid column and its mass
are known. The escceleration sensitivity is:

_%_.; (%)/.)i% 3 (28.)

In convenient units the acceleration sensitivity is:

' H
.g. = ,03(,2(—‘;)/09\ (29.)

where: ,
H/p 1s in millivolts/psi

is in grams/cec
l_ is in inches
H/G 1s in milltvolts per G,
In a typiecal example for‘ﬁ. = 3/16", B/P - 500 mv/psi
and O = ,783 (acetonitirile), the scceleration sensd tivity

is 2,66 mv/G. This i8 very small in view of the stated pressure
sensitivity.

B
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If the above transducer, for example, 2-1/4" in
diameter, weighing 8 ounces, were freely or elastically
suspended and were subjected to a shock wave the ac=-
celeration response would be 4.2% of the pressure re-
sponse., It would, of course, be substantieily less if
rigidly clamped in a rugged baffias,

Acceleration effects could be readily cancelled by
incorporating two opposing cells in one transducer housing
with only one cell hsving an exposed diaphragm.

In underwater hydrophones the effect of the accelera~
tion sensitivity would be expected to b. negligible except
at freouencies where the wave length is short in comparison
with the hydrophone dimenal ons inasmuch as the hydrophone
external pressures would be substanitally equalized on the
case,

In designing accelerometers the liguid columm 1is
lengthened and & heavy liquid may be used as described
in Seetlion §.7.

3.9 Efficlency:

Referring to Figure 3-8, it can be seen that at mid-
band frequencies the maximum efficiency in delivering power
to a load would occur when Zj 1s equal to . 2, as Ro
is normally much greater than R,. The efficiency , from
equivalent circuit, is:

= =
R _ _ G F
- §
ARy 4B\<,'1
Por R, = 60,000 ohms and Ry = 29 megohmas the overall
erricgency would only be .5 e For very pure 1liquids the
cell resistance zsan be increased readily to 600,000 ohlms
(or greater) giving efficiencies of the ordsr of 1% into
a matched load. It can be shown from theoretical reasoning
that the percent efficiency for zero bulk conductivity, Kg»

approaches (d/v) %1007 where is the double h yor
thickness and ¥ 1s the average pora radius,

Although the efficiency 1is low it should be noted
that it is equally low or lower for all transducers with
flat response characteristics over a wide range of fre-
quencies,

Eg =

3.10 Electro-osmosis and Electrokinetic Generators:

Little mention has been mads of the electrokinetic
transducers as generstors because of their low efficiency
which results from power loss in the conducting liquid and,
even in the ideal ca&e, the loss in shearing the liquid in
the double layer. No important aspplications of electroki-
netic generators ara visuvalized with the poscible exception

-
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of laboratory generators whers 1t is desireable to utilize
~ the wide range, particularly st the low frequency end to
(‘) genercte scund wavss or pulses., Low efficiency would 1limi¢t
their usefulness sxcept where power consumption and heat
diasipation ‘were nct important,

In an electrokinetic generator equation (6) and (7)
can be reduced to:

I=GH (32.)

P= - S0MH H - Y (32.)
v

av

It is interesting to note that in the case of electro-osmosis
with P = O

(—-\i\) — _S.g.!.@_t‘_ = - (.‘i\ (33.)
I P=o E%O P/T=0

This equality has been used frequently to check the
Ci) validity of measurements in electrokinetic apparatus.

when V=0 the electro-osmotic pressure is given by:

P=- Suod (34.)

v
This relation may be used to dgiermine the pressure
developed by an "electrokinetic pump®,

Equivalent circuits such as shown in Figure 3-8 may
be used for electrokinetic generators by interchanging the
source and load., Ths same electromechanical coupling
constant V| 18 uscd in the "turns ratio"™ in impedance con-
version.
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C) 4, FACTORS DETERMINING THE SUITABILITY OF ELECTROKINETIC
TRANSDUCERS FOR VARIOUS APPLICATIONS

4.1 Gene 4

The purpose of this section is to discuss in practe
icel terms some of the considerations involved in utilize
ing electrokinetic transducers for various applications.
There are two primary reasons why many possible apnllica-
tions have not yet been realized, Firat, the idea of em-
ploying electrokinetic transducing means in instruments
for mpasuring pressure and the realigzation of their ad-
vantages as to pressure range, independszcs of temperae
ture, sensitivity linearity and frequency response are
new, the most important transducer developments having oc=
curred in the last two years, Seoondly, this organiza-
tion has only recently through listings in the trade

ournals ennounced the commercial avallebility of electro-

tic transducers, In gensral, the proportion of soclen-
tiats or enginsers who have even Lheaxrd of eleotrokinetic

transducers is at this tims extremsly small, and those who
have had occa:=ion to becoms aware of their principles of
operation, adventages, and limitations, are fewer still.
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It is somewhat early to b8 writing a sectlion on
spplications, a subject which we.ere actually only be-
ginning to explore. Yet certain cuestionsz which are
likely to arise, can be at least tentatively answered
in regard to the probable suitability of electrokinetic
transducers for fuiture instrumentation applications.

4.2 Pressure Range:

The high pressure limitations of a tranaducer of
the general construction shown in Pigure 3-2 are dependent
on the mechanical strength of the porous disc end other
mechanical slementa., It would appear perfectly practicable
to extend the present design to cover ranjes up to 1000 psi.
The ocuestion of linearity of the phenomena itself (which
might or might not become a problem) could be overcome by
increasing the disc trickness =nd correspondingly decreas-
ing the pressure gradient. There is no evidence, however,
to the effect that linearity would become a problem at such
pressures,

The diaphrﬁfm travel limitations as discussed in. - -
Section 3.6 would have to be taken into account in any

design regardless of ultimate range. A special design

for explosion pressures so high as to require protection

for any glass or cersmic elements 1s discussed in Sectionl.5.

When static or average pressures are high and it is
neceslari to measure down to reélatively low frecuencies
and amplitudes, for example in meéasuring pressure pulsations
in gas lines, pressure equalizing means rust be used. One
solution is the uss of a differential transducer as shown
in Pigure lj~1, &xpusing one diaphragm to the measured
region and the other to the average pressure of the
measured medium. The latter may be accomplished by using
a valve (closed when measurements are made) or an orifice
or porous filter damping means to isolate the opposing
diaphragm from the pulsations and yet permlt static equali-
gation,

The low pressure limitationsz depend entirely on
signal-to-nolse ratio which in turn is dependent to a great
extent on the resistive output impedance. In this respect
it 1s expected that they will compare favorably with other
types of true energy transducers and bs substantially superior
to devices such as strain gages, "E" tipe magnetic pickups,
and other instruments requiring an extoernsl source of
electrical energy.

The signsle=to-noise ratio could in a number of appli-
cations be increased by mechanical emplificatiouii sa is dore
in piezoelsctric microphones. It could also be increased
where size limitations permit, by simply increasing the
pcrous plug area to obtain a corresponding impedeance re-
duction at a given sensitivity,
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The noise level, as stated in Section 3.7 is very
low in electrokinetic transducers and would be particularly
(:;‘ low in applications not recuiring use of the full range of
freousnciss., Excellent responsa can be obtained in ths :
low frequency range ithout the use of very high resistive
impedances which teni to incresse the noise level of plezo- 1
electric devices designed for low frequencies, 4

L+.3 Operating Temperature Range:

The operating tesiperature dange is limited primarily :
by the boiling and freezing roint of the elsctrokinetic 1
liquid under the absolute pressures to which it is sube
jected in the transducer. At ordinary atmospheric tempe J
eratures this offers no problem. Acetonitrile at atmose
pheric pressures boils at 829C and freezes at =-41°C,
Propionitrile which also has good electrokinetic properties
Loils at 979C and freegez at -92°C, For higher temperatures ;
nitrobenzene with a bolling point of 211°C may be used, and .-f
there are undoubtedly other compounds with even higher boil- )
ing points which could be selected,

For very high operating temperatures it may evsntually 1
be found practicable to use licuids sealed under high static i
pressures to raise their toiling points, particularly if flnt ‘
response at very low frequencies were not a problem, Inas- y.
mach as the ceramiz elements electrodes, stc., are usable tc :
GS)- very high temperatures the ultimete limitation mignt even- %L}
— tually be determined by thermal expansion of the materials, 4
insulation requirements, or other properties relsted more to '
the extarior design than to the streaming potential cell
components.

k.4 Hydrophones:

One of the most important applications of electrokie
netic transiucars will probably be in underwater sound pres-
sure measurementa, Data taken thus far indicates that such
transducers W 11 have definite asdvantages over existing tyres
in a number oi applications, particulai’ly at low frecuencies,
The important properties related to the suitability of such
transducers to underwater sound pressure measurements are
given below:

a. Sensitivity comparable to pilezoelectric hydrophones
in which piezoelectric elements are sublected to hydrostatic
Pressure.

b. Output impedance substentially lower thsn plezoe
electric types at low frequenciss and not a function of fre-
quency. Low frequency range car be extendad indefinitely by
design without increasing the resistive impedsnce and noise

leovel.

6. Sensitivity is not a function of cable length.
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: d. Coupling is ideal in that it is only necessary
(j) to isolste water from the elestrokinetic liquid by means
¢f a thin diaphragm.

e. Design can bs mhdo extremely rugged with no
moving parts or close tolerances.

f. Ko critical or expensive materials are required. 1

g+ Noise level to 1KC would be bhelow the lowest 1
undersesa random pressure noise levola, even wi th a reslistive ¥
impedance of 100,000 ohms, =

The only known limitations pertain to the uiper fre-
quency range which will be limited by the output resistive
impedance and the cable capacity (when no preamplifiers are ]
used.) The only statements which can be made at this time
regarding high frequency underwster applications are: B

a. It has not yet been demonstrated that elestro- 2
kinetic tranasducers of the type described would be useful in K
rang2s sbove 30KC. Below 30 KC 1t would appear that they
would be useful, properly compenseted, with short cables,
or using preamplifiers i th cables of any length.

o

b, Hydrophones for use at great dépths will probably
- be limited to an upper range of below 1000 c.p.s., when pre-
amplifiers are not used, because of amble capacity. As the
attenuation will occur at 68 per octave and will not by its
nature reduce signaletoenclse ratio at the higher frequencies,
it should be practicable to make the response flat to con-
siderably higher frecuencies by simple RC differentiating
networks in the surface amplifiers when necessary.

o
T

i TEag v'n l .
lld ik a.,ﬁit——u.&di}h&.‘-bu“

Doetails regarding specific hydrovhone applications will
be covered in subsequent reports.

4.5 Differsntisl Pressure Measurements:

With proper external fittings electrokinetic transducers
may be ussd to measure alternating or transient differential
pressures,

When measuring differential preaaures in liguide or in
molst or corrosive gases it is necessary tc electricelly isc-
late the rear parts connected to the non-grounded or "positive"
electrode. An axrrangement such as 1s shown in Figure ﬁ-l
would be suitsole for such applicstions,
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In Pigure lj~1 the rear portion of the tra sducer
iz £1lled with an insulating oil enclosed by a diaphragm
on which the pressure acts. The cell 1s located on one
s8ide ty an elastic gasket and is rigidly supported on
the other by a metal ring, an insulating washer, a second
melal ring and e retaining ring. A wire 1s soldered to the
first metal ring and connected to an hermetically sealed
terminal. The other features of such an instrument are
self-explanatory.

This type of instrument may be used with a high speed
rotary reversing velve to measure very low static values of
ifferential pressure over a range of from a few dynes per
sgusre centimeter to several hundred psi. Thc instrument
gcombined with the valve modulator and an A.C. vecuum tube
voltmeter, (with calibration modified for scuare wave inputs,)
would provide a convenient means of measuring pressures too

low; or varying uOO rapidly, to be mesasured by a mercury
manometer. .

4.6 Underwater Blgst and other Very High Pressure Measurements:

The first electrekinetic pransducers developed for the
Naval Ordmmnce Labcratory were designed for air blast measure-
ments up to 100 psi. The units shown in Pigures 3-1 and 3-2
are both suitedble for pressures cf 100 psi 23 mentioned 1n
Socticn k.2

For the pressures encountersd in underwater explosions
and the like, a different design would be used employing a
metallic pressure reducing plug as shown in Pigure 4-2,

This design would permit the measurement of pressures of any
magnitude depending only on the strength of the case and the
porous métal plug,

In this design the strength of the front diaphragm, and
cell diaphragms can be greatly increased without loss im low
freouency response. It would also be logicnl to assume that
the damping effect of the microporous metal plug would ime
prove the high frequency response sonsiderably, as it would
in effect provide rigid means of eliminating vibrations of
the porous disc element. The only loss in such an arrange-~
ment would be a proportional loss in sensitivity - not im=-
portant for high blast pressures. In the unit shown, the
porous matal plug would be of stainless steel (an available
material) either small enough to cause a sufficient pressure
drop or used with a viscous oil having nearly the same tempera-
ture coefficients as the electrokinetic liguid. It will be
ovident that if the voluwmstric flow is the same across the
metal plug and the electrokinetic disc element, the ratio of
the preasure drops across the two will be a eonstant. 8uch
an arrangement is mads possible by the fact that a finite
flow does exist in the el ctrokinetic aell,

This reh timbig can be ubown mathesmstically by
repeating Equations (6.) and (7.) adding a term to account
for the pressure drop acrose the wetal plug.
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For aimplicity ‘fb tne reciprocal of %v is usad.

I= SupnreV + Gt
P:-—S(,PNYVH + (Vv“’\(v,)\/

Setting =20 ma drépping the first term on the
right in the second equation the equation may be combined-

to give:
H Suedn Yv
Rk — - Y (37.)
P G!"O . Yv 4"rv
Using a prime to denote quantities related tc the metal
Plug and the liquid we may write:
Suen = /Qr%:_ % (38.)
Go - Ko% ! (39.)
by = 4.3 (40.)
/- n%;_?t' (41.)
rv = Bl ‘_A-.I
and 3 _
n . BF (42.)

g I
P BEE) +

This Equation is ecuivalent to Ecuation (12.) except
for the bracketed term which represents the preportion of
the pressure drop acvoss the electrokinetic cell to the
total. The bracketed term will not be dependox)t on tempera~
ture provided that 1iquids are chosien so thatn/'/m is a constent.
Whan complete independense is neceasary the same liquid may
be used and the same reduction achieved as with a viscous
11quid, by increasing B/g/ , A/a/ and '/t .

Jt should be noted that the increase of fluid flow re-
sistance will make possible the measurement of pulses of
longer duraticn for a given pressure in the low ranges and
will extend the low frequency range in proportiorn to the
pressure loss for the same effective diaphragm elastance,
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The 1088 in sensitivity is proportional to the gsin ?
in maxirum ellowable prassure. A mv per psi ceil which
will withstand 100 psi would have a sensitivity of S mv/psi =
incorporated in a trensducer as shown in Pligure -2 designed 'j
for 10,000 psi.

Micorporous stainlass ateci and other metsls are
available with terisile strengths of 15,000 psi. The
comp:essiva atrength of a small plug would be considerably
greater.

Le7 Lineer Accelerstion Measurements:

The sccelsration sensitivity of electrokinetic cells
was discussed in Section 3.8. From this discussion it was
evident that an electrokinetic transducer could be used to
measure acceleration by subjecting the case to the unknown
acceleration and by using the relation:

~ ”/c‘ = .0362 (H/p\)/op\

again where: i
: is the 1iouid density in grams/cc.

!4/@'15 the pressurs sensitivity in
millivolts per psi.

J[; i1s the length of the liquid column,
and H/q 1s in millivolts per G.

It will also be evident that in general all of the
previously developed dynamic relationships will be applicable,

A
E. !,'M‘t
‘e

v} 240
DELE LAt s

" The acceleration sensitivity can be increased by in-
creaging "1" the length of the licuid columm between di-
apnragms,

A conveniant means of producing a high senaitivity is
shown in Pigure L4-3. In this unit the sensitivity iz given

bys o
Wae oz (R)Tpree ]

where the primes refer to the heavy liquid column.

An instrument as shown, 2-1/2" in length, was decveloped
for the messuremant of the low frecuency vibrations over the
precordium, It employed mercury as the heavy liquid and was
designed for a frecuency range from 0.5 aps to 100 cps. This
inatrument had a sensitivity of 410 millivolts per G which
was ample to observe the beating of the heart on = 30LE
oscillograph without preamplifieation. ( A double integrating
amplifier will provide velecity and displacement records to be
superimposed on ths same chert with traces from the electro-
cardiograph.) .
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ihe prodblem of elastance in the disc and slamping means
is important at high freecuencies in electrokinetic accelerome
sters because of the increased lisuid mass, Developmant work
is being conducted on the aprlications of electrokinetic trans-
ducers to acceleration msasuraments at the present time, This
includes the use of piston multiplisrs to reduce the overall
length for high sensitivities,

4.8 Angular Acceleration Measurements:

To measure angular acceleration it would be simply
necessary to emplcy a toridal tube filled with a polar
liquid and with a porous »lug restricting the flow at some
point in the tube. With slectrodes on each side of the
porous plug the angular ascceleration mey be measuresd about
the axis of thetorold, the sensitivity being given by:

&) By s

In a multiturn helix of N turns it woukd be:

(_g_) = 2T N (ﬁ;)/o ‘3” (n5.)

In the above rel tions/C is the density of the

eléctrokinetic 1liguid and Lt.ia the radius of gyration of
the 1liquid in the toroidal tube from the axis of rotation,
It &8s evident that such an accelerometer would be insensi-

tive to angular or linear acceleration about or along any
other axis,

[e9 Velccity and Displacement Meusuremente:

8 1s the cas¢ Wi th most other types of transdicers,
eloctrokinetic transducers mgy be used to measure velocity,
displacament,” and othex physical cuantities besides pressure
and acceleration. Seversl important considerations are in-

volved in adapting an elactrokinetic cell to measure various
quantities:

a. Open circuited the voltage sensitivity E/P can be
made independsnt of temperature.

b. Short cirsuited {i.e. oparated into a low impedance
lcad) the current-velocity sensitivityX /v is independent of
temperature when "M™ 1s constant. If velocity is measurad
open circuit, compensation must be made for ébanges of viacosity
by neans of an WiC resistor.
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c. The éynamic response characteristios musi i=ke
into account the additional elsments or the effect on
elements previously considered,

Pigures 4=4A through lL-iyD show schematically severel
means of employing electrokinetic transducers to measure
vibratory velocities and displacements. The sensitivities
are not mltiplied by the response functisnfw)as these
functions in each case may be cbtained by well known methods.

In Pigure L=4A an electrokinetic acceleromeder cutput
is integrated to obtain veloecity. Double integration may
be dons to obtain displacement as shown in J-}4{C. Such methods
would be particularly applicable where no fixed references
are available. Ixamples are in measuring the impact de-
flecticn of waves striking the hull of a ahip or in measure
ing the vidbrations of an airplane wing in flight,

In Pigure 4-4B velocity is measured by coupling di-
rectly to the diaphragm. In this case the response at
low frequencies is not affected by the diaphragms, hence

i 18 zero. When a load is used such that R <<, the

current=velocity sensitivity is independent of temperature
inssruch as "M® the electramechanieal coupling constant is
substantialiiy independent of temperature for most 1iquid-
80l1id4 como.nations,

In Pigure 44D a simple spring is added tc obtain
voltage proportional to displacement. (This principle isa
to be used in measuring rela tive low frecuency heart Heat
displacements over the chesat wall within a fixed span to
eliminate the balliastic displacement comnnnants,) 1In this
type of instrument the effective elesstance of the added
spring must be added to that of the two cell diaphragnms,
in computing the low frecuency response. An illustration
of such a tranaducer is on the last page of this report.

410 A_Comparison with Plogoeiectric Transcducers:

Direct ;halogies cannot be drawn between slectro~
kinetis transducera and any other known types. Several
properties are unique.

From the point of view of applications ( execluding
the angular accelerometer) they correspond closely in some
respects to plesocelectric trenaducers particularly in that
neither type will function at zero frecuency. Both are
trus ene conversion devices not recuiring external
sources of power., Their sensitivities in some applications
are comparadle, Ths sensitivity of a typical electrokinetic
trensducer will be about 4SDB below an ordinary air microe
phone (because of mechanical amplifisation in the microphone)
and 4ODB above typical piezoelectrie devices used for shock
wave and blast measurements. (The lacter are loeded wwith
sufficient capacity for a given circuit resistance and con-
sequent noins level to provide flat response below 1 cyps.)
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The output impedmice uf piozoelectric devices is
capacitative and conssouently a funciton of frequency.
If a typical unit with a capacity of .005Smorofarad
were used in an application which recuired 3DB responss
to 1 eps the circult resistance would be at least 30
megohms. It is evident that the thermal noise level per
cycle baud width would be \)‘53'01' 17.3 times greater
than for a typlesli electrokinetic transducer of comparetle
ser.sitivity and with en impedance ¢f 100,000 obms, and
that the sensitivity of the plezoelectric device would
have to be reduced a fastor of 17.3 in signeal=toenoise ratic,

.From the above it mey be seen that a principal ad-
vantage of the els ctrokinetis transducer over the piezo-
electric is that the impedance is »esistive and indepene-
dert of {requency. This sdvantage is most significant
in the low ranges i.e., from, say, .01 cps to 1000 cps.
and in every case where the response of a transduce: :st
be flat to frequencies below 1 c.pés.for the accurate
reproduction of transients or low frequency phenomena.

In renges above 1000 c.p.8. No general adventages
can be pointed cut for electrokinetic transducers,
Reasonable conpuisons could only be made for specific
applications where ranges of operation, smbient tempera-
tures; si=e, weight, etc,, were specified,

In conclusion a 1ist of advantages and disaeadvantages
of electrokinetic transducers is givvn which may be used

--for comparison with other known types of transducers.

ADVANTAGES OP FLECTROKIVETIC TRAWSDUCERS

l. "Self-genereting” - recuire no external calibrated
. power source.

2. High sensitivity - 4independent of temperaturs.

3. High resoclution and low noise level - suitadle for use
where cgperatichr of differentiation or integration are
to be performed on cutput signal,

L. Wide useful pressure range = roughly 1,000,000 to 1 in
samé instrument. : ‘

S. Sensitivity independent of cable length or load capacity,

6, "Wide frequency response - same instrument useful in range

from a fraction of a cycle per second to 30 KC or rbove,

7. Constructed of non=critiecel, inexpensive materials, and
require no close machining tolerances, '
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8.

1.

2.

3.

l&.
S
éo

7.

High #2ignal-to-noise ratio at aull rrequencies,
DISPDYANTAGES OF ELACTROKINETIC TRA“SIXICERS

Must be connected to high impecansce loala unless
cerrection for sensitivity is made based on ime
pedance of unit,

Units must be individually calidbrated., Present
state of art does nct permit sensitivity to be
predicted precisely prior to assamdbly and stabi-
1ization.

Not useful for measuring static quantities,

High frequency response limit affected by cable
length or load capacity.

fcoeleration sensitivity may cause difficulties in
some low pressure applications where vibration is

severe.

lestance effects may limit aprlicability to fre-
auencies below 30KC.

Resistive output impedance a function of temperature
(ms: be compensated with low impedance loads.)
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6. DEFINITIONS CF SY¥BCLS

e

Area

Permeability of porous plug. (Defined by Eq. 16)
Capacity ‘

Escuivalent polerization capacity of electrodes
Internsl capacity of electrokinetic cell
Electricel equivelent capacity of dliaphragm elastance
Thickneas of Helmholtz duuble-layer

Chaxge per unit area of doudble-k yer

Porosity of plug or effective pore ares per unit ares
Acceleration in "G" units

Electrical Conductance of porous plug

Acceleration of gravity

Flow conductance of porous plug

Potential d4ifferenco

Current (in external circuit)
Stiffness
fquivalent stiffness of diaphragms in pressure

" .per unit displacement

Electrical Cénductivity
Bulk conductivity of liquid
Eouivalent conductivity of lieuld filled porous plug

Eculvalent conductivity in capillary or pore includ-
ing surface corductance

Electriocal inductance

Electrical inductance ecuivalent of mass of diac
and ing

Blectrical inductance eguivalent of sffective mass
of limid in liquid media
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o W 0 X
4 BH o

S(IP)B Current-pressure oehsiti&ity of electrokinetic ,

8(1p)h" S(IP)E:'.’ a characteristic electrokinetic property

Length of caepilliary or liquid column referred

to in text
Electromschanical ccupling constant
Masms

Frequency
Low frasouency limit (3DB attenuation)
Rumber of pores, capillaries, etc.

Pressure
Electrical defined by W'- /R,

Radius of pore or capillary

bykrnrin, o« AR Blpi
e 0f ) i ;
AR AR TS L P

iy
P

Flow resistance of porous piug 1
qu;lt‘nce

Resistance of plug in electrokineticv coall
Resistsnce equivalent of damping of mount
Elecprica} equivalent of flow resistance of plug

cell with voltage equsl to zero

of the liquid-so0lid combination
Thickness of yporous plug |
Time Constent
Low frequmncy time conatant .
Mass time constant
Volume velocity
Linear velcolity
Linear velocity of inner lgyer of double laysr
Displacement
Radius of gyration
Inpedance
Load Impedance
Page L0




Decibels (Referred urvally to 1 volt per microbar)

Moleaular Weight

Electric moment of the double-layer cr charge
per unit area timss thickmess

Visocosity

Dens! ty

Angular frequency
Acceleration in "G" units
2ot potential of doudblee-layer

Dielectric constant (refers to liouid in pores)
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