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PROPERTIES OP ELECTROKINETIC TRAWSDUCERS 

1.  INTRODUCTION 

This report together with Technical Report Ho. 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 electrokinetic 
transducers in the light of current knowledge and to state 
whpt we now know or can readily foresee with regard to those 
factors which will govern future applications. Technical 
Report No. 3 will contain more general theoretical deriva- 
tions and data tabula tions which will be of interest to 
investigators of electrokinetic phenomena* 

The report contains information that was obtained in 
work on Office of Naval Research Contract Nonr-617(00). 
Much of the practical information on transducer design and 
non-contaminating choices of materials was derived from 
work done privately, on Naval Ordnance Laboratory Contract 
N6092IS-H4.6I and other fixed price sale contract** since 
the latter part of 1900. 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 instrumenta- 
tion, it is hoped that the presentation of this informa- 
tion will interest scientific personnel in the Navy and 
elsewhere, and bring suggestions for applications not pre- 
viously considered. 

Technical Report No. 3 covers work, almost all of 
•hich was done under Contract Nonr-617(00). This report 
gives detailed and complete information on the factors 
which govern electrokinetic energy conversion i« accordance 
with the following outline: 

Contents:  Technical Report No. 3 

1. Introduction 
2. Historical Background 
3. General Theory of Operation of Electrokinetic 

Transducers. 
2+. Electrokinetic Properties of Certain Liquids in 

Porous Solids 
s. Test Methods 
b. Data Tabulations 
c. Discussion 

5* Equivalent Circuits 
6. Conclusions end Suggestions for Future Investi- 

gations. 
7. APPENDIX:  Symbols, Units, and Conversion Factors 
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o In general,  It may be stated that electrokinetlc 
transducers have voltage sensitivities comparable to 
piesoelectrlc devices. Their essentially resistive out- 
put impedance makes it possible to measure from frequencies 
well below 1 cpa to 20 KC or above without special high 
Impedance amplifier Input circuits. As a result, sub- 
stantially lower thermal noise levels may be obtained. 
These factors« together with the fact that the midband 
sensitivity is independent of cable length, will undoubt- 
edly have an important bearing on their future applications. 

O 
i 

o 
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2.  PRINCIi-LES OF OPERATION OP ELECTROKINETIC TRANSDUCERS 

2.1 general: 

Eleetrokinetic transducers may be defined as de- 
vices which employ the Helmholtz double-layer at a solid 
liquid interface as a means of intraconverting mechanical 
and electrical energy* 

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

3 
The literature is extensive on elactrokinetic 

phenomena but is very limited with regcrd to transducers 
of the type described (1. 2). For this reason a rather 
complete explanation will be given on 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 Transducer? 

The basic principles of operation may be simply 
illustrated by considering the case of a single capillary 
since a microporous plug is in effect a "bundle" of capil- 
laries. 

In Figure 2-1 a single glass capillary tube connects 
two vessels each containing electrodes and ons being sub- 
jected to an applied pressure causing the llouid s'oovn to 
be forced through the capillary. The liquid may. for ex- 
ample, be dlstailed water and the containing vessels and 
capillary be made of glass. 

An expanded section of the capillary is shown in 
Figure 2-2. The polar water molecules become oriented 
at the solid-liquid interface and by virtue of this pre- 
ferred orientation and possible forced dissociation at 
the Interface cause a double-layer to develop* In this ! 
double layer the negative ions sre adsorbed to the solid 
surface and an eaual number of positive ions distribute 
themselves a short distance away in a diffuse layer* Al- 
though the inner ionic layer is diffuse, it may be con- 
sidered to be at an electrostatic center of gravity, i.e. 
with all of the Ions in the moveable layer located at a 
distance "d" from the surface* Actually this distance ndn 

is extremely small, on the order of a few molecular spacings. 

' 

When the llouid is caused to move through the capillary 
the Ions in the moveable layer are carried with the liquid 
causing a transportation of charge. The resulting potential 

Page 3 
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nH" developed between the two vessels and their electrodes 
causes a counter flow of ions in the bulk of the liouid 
and an equilibrium is simultpneously reached for non-turbu- 
lent flow in which the potential 
the pressure "p" 

uy r 
•H* i s proportional to 

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

P=-4& H + -gO^V 

(*.) 

(2.) 

O 

Where:   I is the current flowing in the external circuit, 
V is the volume flow rate, 
P is the applied pressure, 
H is the electrode potential difference 

(negle cting polarization,) 
X3 is the electric moment of the double layer or 

charge per unit area tiroes nd", 
<J is the double layer thickness, 
y? is the viscosity, and 
^ is the bulk conductivity. 
o 

The first term on the right of Eoruation (1.) represents 
the flow of current in the double layer due to the volume 
flow, the second term the conductance current due bo the 
bulk conductivity* and the last term the surface conductance 
of the double layer. Although the latter term is incomplete, 
it applies under certain conditions and is sufficient for 
purposes of explanation. The first term on the ri^ht of 
Ecuation (2.) is the osmotic pressure due to the voltage 
"H" and the second term in the ordinary relation for viscous 
flow in a round pipe or capillary. 

It can be shown that a very close approximation can be 
made in practice by neglecting certain terms. Per the stream- 
ing potential relationship the equations may be reduced for 
the purpose of this report to: 

W 12.) 

(1*.) 

o Now when X » O i.e., when the transducer is operated 
in an open circuit condition. Equations (3.) and (J4.) reduce 
to        .J J* (5.) 

! 

±1- _ /S 
P 
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In the previous eouation K^ Is the equivalent conductivity 
of the licrvid in the capillary and may be considered equal 
to KB when the effects of surface conductance are negli- 
gible, i.e., for large capillaries. 

Prom the theory given thus far several interesting 
conclusions can be drawn* 

a. The sensitivity Is Independent of the 1ongth of 
the capillary, and would for "3B rgen capillaries be inde- 
pendent of the radius. It is also evident that it would 
be independent of the number of parallel connected cap- 
illaries. 

b. For a given transducer output resistance, the 
sensitivity can be Increased by lowering the viscosity or in- 
creasing the electric moment, 

c. If the ele ctric moment is substantially Independent 
of temperature and if Waldcn's Rule were applicable in main- 
taining the viscosity-conductivity product constant, the 
sensitivity would be independent of temperature.  (This is 
true to better than 1%  from minus 20°C to plua 65°C in certain 
instances). 

2.3 A Porous Plug Transducer 

The previous discussion of the single capillary will 
assist in understanding the Important variables which affect 
the characteristics of porous) plug transducers. 

We first make the simplifying assumption that a micro- 
porous plug is a parallel bundle of capillaries with the 
same voltage to pressure relationship as exists in s single 
capillary but with r4 times the conductance where N is 
the number of capillaries. We then recognise two facts. 

a„ The factors controlling the magnitude of the 
electric moment are not fully understood and are not now 
subject to calcula tion. No theories as to its exact origin 
yet developed have been experirasntally verified. Even 
certain wrulea-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*" 

fia  we are particularly concerned with microporous plugs 
with pore radii on the order of 1 micrcn or less where the 
sensitivity is a function of pore radii and are dealing not 
with round straight capillaries but with randomly shaped 
tortuous passages in the solid, we resort to parameters which 
can be experimentally determined and are used in equations 
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which satisfy, the energy requirements of a passive system. 
In the equations so developed, no assumptions need be mad© 
A-ith regard to the shape of the capillaries: 

O 3- _ SOP)* V ¥   <^ H (6.) 

In the above equations ^C.\?}>\ is the short circuit 
current to volume rats sensitivity withH»0„^© is the plug 
overall conductance and  cj.v  is the flow conductance of plug 
for the given liquid, or the volume rate per unit pressure,, 

For the open circuit streaming potential case (6.) and 
(7c) mpy be reduced to: 

—^ - —  —;  (8.) 
9 <q* 

To understand the factors that will control the sensi- 
tivity of the transducer as shown In Figure 2-3, it is necoe- 
aary to break S(«rf)H  and ^» into their component parameters. 

We first define K>» as the overall conductivity of the 
specific porous plug filled with a particular liquid. We 

( ")        make no assumptions but merely define: 

where v3e is a measured quantity, 

Omlttirg the derivation, we also write and define: 

^C^W~ SciP^m— = //<3£      do.) 

In Equations (9.) and (10.) Ko and ^C^fOk are both 
properties of a particular liquid solid combination and 
may be determined from measurements of Cq0 and H / P  sine*: 

p K„ 
The parameter "Fw is the effective porosity defined by 

the equation in combination with the electric moment /) » 
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It la a property of the solid material• 

If Equation (11*) la rewritten as? 

(12.) 

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 la evident that  K0 the overall conductivity 
would be simply aqupl to KCLF  and the two equations would be 
similar. To a certain extent this assumption would be 
reasonable for coarse materials. For microporous plugs, 
however, we are restricted to Ecruetion (12.) in which K.» 
Is a measured auantity. /<3 is unloue to the particular 
solid-liquid combination 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 >4/p 
and (3o(or '/<=*• ), the sensitivity and output resistance. 
The ao'ov* factor** nve,  however* important, at loact In a 
?ualitativ« sense in understanding what might be expected 
o occur when changes are made or occur in area, thickness, 

porosity, viscosity, etc., 

2«t|. The E3s ctrokinetlc Cell. 

In practice an electrokinetlc transducer for use as 
an instrument must be sealed to prevent evaporation of the 
liquid. Inasmuch as certain contaminants will be present 
to be adsorbed or go into solution until a state of eoullib- 
rium is reached, it is also desireable to enclose a fired 
auantity of liouid.  Such an arrangement has been developed 
In the configuration shown in Figure 2-ij..  Here a porous 
disc is glazed into an impermeable solid insulating ring 
forming two chambers, each containing wire mesh electrodes 
in intimate contact with the surfaces of the disc.  Eer.h 
chamber is sealed with a diaphragm and filled with a suitable, 
elsotroklnetically active liquid. 

When a pressure P acts on one diaphragm, liouid is 
forced t'irough the porous disc causing a streaming potential 
to develop across the two electrodes, which is proportional 
to the applied pressure.  The output ir-pedance is essentially 
resistive and hence the equivalent circuit is simply a voltage 
source "H" in series withe resistance  ^ as 8hown in Figure 
2-$ at mid-band frequencies. 

For microporous plugs of very small pore sizes the 
viscous flow conductivity is extremely small and for 
reaaonably elastic diophrp^ms the travel Is so small when 

Pare 7 



EQUIVALENT afcCOH" FOB MtO&ANO 
FREQUENCIES 

5 '• TTT-        '|- -• 

^•••X. WWiWimi i 

HWP 

HGUBE.   ^-5 

EQUIVALENT CIRCUIT AT HIGH 
FREQOtMCIES 

So 
maw*  

A^ ^CdL 

-O 

FIGURE, e-b 



o 

o 

subjected to alternating or transient pressures that 
the diaphragms have negligible effect except at very 
low frequencies or during prolonged transients. In 
practice* experimental units have been made with fre- 
quency response extending to .02 cps. This low frequency 
response can be extended indefinitely by design but can 
never extend to zero in a closed transducer. In contrast 
to piezoelectric devices no comparable output impedance 
problems are encountered in the low ranges. Reasonably 
high impedance loads are required, however, to minimise 
polarisation affects at low frequencies. 

At high frecuencies the equivalent circuit shown in 
Figure 2-6 is theoretically applicable. Here the trans- 
ducing dlao element is assumed to be inelastic and the 
phenomena Itself independer/ nf frequency* The internal 
capacity of the unit would be expected to cause an at- 
tenuation of 6db per octave beyond the break point at 

n        <  
n ~   in R«CA 

Another factor which might be expeoted to enter the 
picture'at high frequencies is the mass tine constant 
defined ast 

where \T\   IS the mass of the liauid. 

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 Tr^ time constant to play a relatively 
minor role. Units which drop in response rapidly in 
sensitivity in water at 30 KC should have a range extend- 
ing to 5>0 EC from calculated attenuations based on RC 
or 500 KC based on ~Xyr\ • 

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

2.5 Summary: 

a. The sensitivity of an electrokinetic transducer 
is proportional to the electric moment of the double la yor, 
the porosity factor "P", and is inversely proportional to 
the overall conductivity of the liquid filled plug and 
the viscosity of the lieu id. 

b. Inasmuch as "F" is e  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 very 
directly with the viscosity of the liauid. 

Pa.;e 6 
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o c. The Reynold*s Number for the mlcroporoua plug pores 
for all liquids can be made extremely small. Linearity in 
performance may he expected over extremely wide ranges of 
pressure* 

d. Inasmuch as the viacoua forces may be made much 
greater than ek stance forces except at very low frequencies 
and much greater than inertial forces except at very nigh 
frequencies, there is no need to compromise between range 
and sensitivity, or frequency response and sensitivity,, 
The response in practice is not second order, hence the 
terms "natural frequency" and "damping ratio" would not 
carry the same direct connotations as they would for many 
other types of instruments. 

e. The low freouency limit of operation is not es- 
tablished by the streaming potential phenomena itself but 
by mechanical design considerations.  In a simple type of 
enclosed transducer* the low frequency range may be ex- 
tended indefinitely but can never reach zero becauae of 
the finite diaphragm travel limits. 

O 

o 
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3.  PROPERTIES OP ELECTROKINETIC TRANSDUCERS 

3»1 Certain Transducer Dealing; 

Inasmuch aa certain important data have been taken 
on "Type 3" transducers by the Naval Ordnance 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 
against an inner shoulder in a Teflon outer ring to form 
two chambers as shown in Figure 3-1• 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 metal backing plug to provide rigid support for the 
disc and maintain sealing pressure against the shoulder. 
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. Roles in the backing 
plug allow for flow of the elsctrokinetlc 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 metal 
diaphragms against the tapered faces of the outer ring. 

The construction, aa shown, was chosen to provide a 
nearly flush diaphragm for baffle blast pressure measure- 
ments and 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 liouid 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 center conductor of the 
shielded cable which becomes positive for a positive 
pressure. The fro.it electrode, inner ring and diaphragm 
are connected through a foil to the case and cable shield. 

The "Type 4n transducer basic configuration originally 
designed as a baffle mounted blast gage (Although not re- 
stricted to that application) was used in the form shown 
in Figure 3-2 for taking much of the data presented in 
this report and in Technical Report No. 3* Many modifica- 
tions were made for different tests, but most of the essen- 
tial components were as shown. The scale in Figure 3-2 has 
been distorted for clarity. 

In this construction the electroklnetlc cell consists 
of a porous disc glazed into a glass or porcelain ring. 
Wire mesh electrodes against the disc faces contact the 
metal diaphragms one of which is grounded and the other • 

is connected as shown to the shielded cable.  An elastomer i> 
|l 
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in front maintains sealing pressure while the backing 
plete, clamp ring, and broking contact provide rigid 
clamping to the case. The elastomer may be placed on 
either side of the cell unit. The operation of the cell 
is essentially 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 is 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 few dynes per square centimeter or less to 100 psi 
or more.  It may be said that they are to the best of our 
knowledge considerably more sensitive than any other type 
of transducers designed to operate over either the same 
range of frequencies, or the same range of pressures. 

Equation (12.) is repeated below; 

p~       /7JK, •o 
Krom this equation it is evident that it is desireable 

in 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 solid.  It is also desireable to 
employ liquids which are as free as possible from ionizing 
contaminants, or which have low conductivities. 

Some liquids will have a positive moment with respect 
to one solid, a negative moment with respect to another, 
and « negligible moment with respect to a third. The solid 
as well as the liquid plays an important part in determining 
the magnitude of the electric moment.  Because of the 
physical requirements Imposed on the solid, the necessity 
for the material to be inert and non-conducting, and the 
problem of availability, only a limited number of materials 
have been tested.  Data published in the literature indicates, 
however, that an extended search to find more suitable solid 
materials than Pyrex glass or porcelain may not have been 
worthwhile. 

The selection of liquids with "optimum'' properties was 
a long task as the object was to find liquids which pro- 
duced a large electric moment for a given 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 frorn^ 
consideration of molecular surface packing i.e., ipAtvit ^# 
dielectric constant, dipole moment, and viscosity. 
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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, ketones, nitro- 
compounds, and saturated nltrlles. The majority of the work 
done in the past has been done with water or water with 
the addition of various salts. Water, however, has been 
found very Impraotlcal to work with from several points of 
view end inferior in its electrokinetic properties. Acetonitrlle 
had been previously chosen for blast gages manufactured for 
the Naval Ordnance Laboratory and has ultimately, after 
many test*,proved to be the most satisfactory compound for 
general usage*. Moat of the data presented, therefore, relates 
to the use of acetonitrlle with microporous porcelain, or 
Pyrex glass. 

As an illustration of sensitivities Involved with 
oertaln liquids and solids the following Tables 1 and II 
are g5ven; 

TABLE I 

(.090" x .750" Dia0 ^03 Porcelain Disc) 

Liquid    KBXIO6  RoXlO"3  H/PR0   H/P    H/P(DB) 

The above data was taken in a streaming potential 
test cell at 20°C. The flow permeability of the #Q3 
porcelain material is approximately 5.6 x 10"" cm2. 

Q       Acetonitrlle 2J4.     5U.5 I4..56 258 -108.6 

Acetone .66 200 3.2 6I4.O -100.6 

Methanol 3.6 21*0 1.19 286 -107.6 

Nitromethane 6.75     9U 1.01     95.2 -117.2 

Diethyl Ketone    .2I4.   1790    0.8    II4.30     -93.6 
i 

M. E.  Ketone .56 800 0,k2 3M> -106.2 

Water *HKH> 37 0.I4. 27.2      -128.2 I' 
i 

n-Propyl Formate       .093      2280 0.215        14.90 -103.0 jj 
t 1 
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TABLE II 

/ j        (.082" x .750" Dla. Med. Pyrex Fritted Glass Disc.) 

Liquid     KBXIO*  RpXlO-3 H/PR0  H/P    H/P(E6) 

(") 

Acetonltrile 1.1*8 350 3.83 1»3M> -9IJ..2 

Water 5.25 126 2.16 272 -108.2 

Acetone • 36U 1,01*0 2.01* 2,120 -90.2 

Diethyl Ketone .1*73 1,750 1.13 1,970 -91.1 

Methanol 2.70 327 1.0 329 -106.1* 

M. E. Ketone .875 915 0.539 1*93 -102.9 

N1 tr ome than e 7.75 m 0.392 56 -121.8 

n-Propyl Formate .25 3.290 0.182 600 -101.2 

When an instrument is utilised with a short cable to a 
very high impedance lond such as a cathode follower, the 
sensitivity H/P in the table may be used to determine a good 
choice for the liquid. 

The above data was taken in a streaming potential 
test cell at 20°C. The flow permeability of the medium 
Pyrex disc material was 1*6.7 x 10"11 cm2. 

In the above table Kg la the bulk liquid conductivity 
in reciprocal ohm centimeters, R0 is in ohms x 10-3, H/PR0 
in microamperes per psi and H/P is In millivolts per psi. 
R/P(EB) is referred to 1 volt per dyne per square centimeter. 

Inasmuch as the sensitivity is dependent on the purity 
of the liquid, it is not the best index of electrokinetic 
activity.  In transducers it Is deslreable to have a maxi- 
mum sensitivity and a minimum impedance. We, therefore, 
take the ratio below in "rating" various liquids. 

jtL = c 
pR,0   ^OPJH (Prom Equation 8)    (13.) 

This gives an indication of the internal rate of flow 
of charge in the double layer - or the current sensitivity 
with a low impedance load. 
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The two tables indicate that acetonltrile has the highest 
current sensitivity with both solid materials* In the case of 
the glass diso the permeability is ten times greater than the 
porcelain and yet the voltage sensitivities are not propor- 
tionally greater* 

Note that approximate resistance for any diso of similar 
material can be obtained from: 

(1U.) 

where X refers to an arbitrary diameter or thickness and "o 
refers to the value in the table* Sensitivity is independent 
of area or thickness* 

Values obtained in a sealed and stabilised transducer 
may generally be expected to differ depedding on the surface 
history fif the disc material, but such differences are not as 
significant as the degree of purity of the liouid and clean- 
ness of the parts exposed to the liquid* 

The effects of temperature are of great importance in 
(~ any transducer used in instrumentation work* We have found 

that in several combinations the electric moment /&   is sub- 
stantially independent of temperature* We have also found 
that stabilized porceh in disc transducers with purified 
scetonitrile are not affected by temperature as far as sen- 
sitivity is concerned. The internal impedance varies In ac- 
cordance with the known change in viscosity as a function 
of temperature* 

Data is presented on a Type k*  Ser* Ifo* 9 transducer 
and on a Type 3* Ser* No* 21 transducer showing the sensi- 
tivity and impedance versus temperature in Figures 3-3 and 
3-lj.o The constancy of sensitivity is a very beneficial 
property a&d will be most important factor in regard to 
future applications* If the streaming countion is written 
In the form most frequently found in the literature, l.e.,r 

4=-^ € 
p    *TTr|Ks 

and it is considered that all four parameters on the right in- 
cluding the seta potential f   and the dielectric constant £ 
are all strongly affected by temperature, it was not obvious 

( )        that combinations could be found in which the temperature vari- 
ation of H /F would be negligible over a wide range of tempera-* 
turo* 
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In Figure 3-5 an arrangement is ahown for compensating 
a transducer whose sensitivity does increase vith temperature 
fey means of a negative temperature coeffioient 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 electrokinetic transducer, par- 
ticularly in larger sizes would be ample for driving a low 
Impedance mlcroammeter or galvanometer. It should be noted, 
however* that unless a cathode follower Is used, compensa- 
tion has to be made for low Impedance loads because of the 
change of resistance with temperature. Such an arrangement 
is shown in Figure 3-6 • 

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

(15.) 

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

The effecta of polarization and electrode impedance 
at low frequencies is discussed in Section 3.4. 

~)        3.3 Stability: 

Originally one of the most difficult problems to 
overcome in designing transducers for investigating electro- 
kinetic phenomena or for pressure measurements 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- 1 
proach a constant stable sensitivity,  (The initial decay 
is exponential in character.) After the stabilization period 
the sensitivity remalna constant.  (Although Type 1* blast 
gagea for example, have only been in use for about six 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 solid - liquid corbinations In our investi- 
gations of electrokinetic phenomena we used somewhat different 
experimental techniques from those used in the peat* We 
closed off the liquid solid combineticn in a sealed system 
and made moat of our tests at alternating pressures while 
varying the temperature. This approach was used for the 
following reasons: 
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a. It was desireable to Insure* Insofar as possible, 
rv        that a state of equilibrium had been reached with regard 
V )                     to the conductivity of the liquid and the time varying 

factors affecting the magnitude of the electric moment. 
Effects produced by the past history of the solid surface 
were thud minimized, The test toanaducers were heated and 
subjected to alternating pressures for several days, in 
most cases, before data were taken. The advantages 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 been drawn if we 
had used a apparatus in which the fresh liquid was steadily 
streamed under a constant pressure. 

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

The single disadvantage of the method of testing was 
that the bulk conductivity of the liquid after stability 
had been achieved was unknown*  It was flit, however, that 
this disadvantage was outweighed by the many other advantages. 

i   ; 
i 

It was found in general that no available elastomers, 
and very few sealing compounds or plastics could be used in 
eontaot with the liquid of the eleotrokinetic cell. In spite 
of the advantages of using materials such as Teflon for di- 
aphragms in obtaining good low frequency response with a 
relatively rugged diaphragm material, no plastics can be 
used alone for diaphragms. This is because of the diffusion 
permeability of all known plastics to air and the llculd 
vapors. Only thin metal diaphragms or foil-plastic laminated 
diaphragms have thus far bean found suitable. 

In eaoh new design the stability problem will resolve 
itself in terms of effecting absolute seals between the 
inside and outside of the efeotrokinetic cell. If the 
inside materials are inert to the pure liquid used, the 
liruid is degassed to remove oxygen and prevent bubble 
formation, and a good seal Is made, there are no reasons 
to expect a change of sensitivity with time after the 
initial stabilization period. 

3.I4. Low Freruencv 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 
frequency break point (3L6 down) is .02 cps. There is no 
limitation on the phenomena taking place in the porous plug. 
The limitation is rather a result of the stiffness and travel 
Imitation of the diaphragms and the flow conductance of 
the porous plug. 

Pa-e 16 
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The flow conductance of the plug or disc la given by: 

(16,) 

% - -*-(*) 

where B is the permeability of the solid in centimeters 
scuared, n is the limld viscosity in poise and A and t 
are in the area and thickness. The dimensions of <±y 
are centimeters $ per dyne second. The grade #03 pdrcelain 
we often use, has a permeability of 5.6xlO-J-Lcm2.  (Materials 
are available with permeability considerably higher and 
lower than this figure.) 

If Jo.© is the effective pressure stiffness of the 
diaphragms in dynes per centimeter2 per centimeter dis- 
placement), then the low frequency time constant is given by: 

end the low frequency response is given by: 

(H\     /vj\        ! (ie.) 

The response will drop 3nB or 29.3# at the frequency: 

  (19.) 
2.TT TL. 

There are numerous methods of extending the low 
freouency response. Some of these are tabulated along 
with their relative disadvantages below: 

Decrease plug permeability   Lowers sensitivity 

Decrease plug area or increase thickness . . Raises impedance 

Use thinner diaphragm material Decrease strength 

Ose larger diaphragm diameter Increases size 

It wL11 be evident that the method chosen will in 
each case, depend on the application where in many cases 
the corresponding disadvantage will not be Important. 

Aa an example, for one transducer: 

Diaphragms 3A"» -00£ Polyethylene-Aluminum 
Liouid ,. Acetonitrile at 20OC. 
piB0 .7$D by ,080, ^03 porcela in 
KL 0.16 c.i-.s. ^ 
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When current is drawn in an external circuit and the 
cell resistance is in a low range, polarization effects 
reduce the useful lower limit. The equivalent circuit 
then becomes as indicated in Figure 3-7* 

In this circuit typical effective values obtained 
in bridge measurements on a transducer* were R * 1*.5>K, 
R6 = 2GK and C9  » 0*3 mfd. These values are* of 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 end why at very low 
frequencies, it may be necessary to operate els ctrokinetic 
transducers into high impedance input circuits. For a 
given current the electrode impedance is reduced as the 
area is increased.  The valves given are for 20 mesh .010 
aluminum wire doth. j 

l 

Figure 3-8 is a complete equivalent circuit showing 
the elements which affect the low frequency responsee 
Typical values are given below: 

f^v = 29 megohms 
Coi*. * .017 mfd. 
<%© « 16.7x10-6 mhos 
He * 20K 
Ce • 0.3 mfd 
wit. » 0.28 ops 
M «• U0.7 ampere sec/meter^ 

In the eouivalent circuit, M isthe electromechanical coupling 
constant and is defined byt 

M =.  S(»lp)tt (20.) 

This ratio appears in the basic Equations (6.) and (?•) 

To summarize, two considerations are involved in 
extending low frequency response; increasing the tine 
constant T^ , and, if current is drawn, maximizing the 
effective electrode area to minimize polarization impedance 
effects. Neither of these offer serious obstacles in any 
designs thus far considered. 

3.5 High Frequency Response:, 

The following general statements regarding high 
frequency response are based on data taken on electroki- 
netic transducers of the general type of construction 
shown in Fig. 3-2, and employing .7f»0"D x .080* diacs. 

The useful range with selected cable and load capaci- 
ties extends to 20KC and based on somewhat less accurate 
measurements to 30KC or above in air. Accuracy within 2db 
can be 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 l£KC requiring 
compensation* 

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

a. The elastance of the porous disc and its clamp- 
ing means with respect to the instrument case permitting 
motion of the disc. This has been found to be particu- 
larly important in underwater measurements due to the in* 
creased mass loading, 

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

c. Transmission of sound through the instrument 
case to the disc* 

d. Capacity of the disc and other transducer parts 
(assuming a short cable.) 

e. Acoustic absorbtion phenomena in the pores. 

f• Possible non-applicability of the basic theory 
for the origin of streaming potential at high frequencies. 

A considerable number of tests wsre run under varying 
conditions and with numerous transducer modifications to 
determine which of the above factors we?e more important 
in limitl g the high frequency performance. By making 
impedance measurements, using cork insulation in vnriouc 
parts of the transducers, using materials of widely dif- 
ferent porosities, employing different types of clamping 
means and conducting teats in both air and water, it was 
eoncluded that the most important factor up to 30KC was (a), 
the elaatanee of the disc and its clamping means, par- 
ticularly in water. This conclusion was partly verified 
by the improvement in response in a unit in which the 
center portion of the disc was masked with wax - on the 
assumption that the center would most likely vibrate at 
the greatest amplitudes. The superior air response also 
indicates this. 

An •bvious approach to the problem of raising the 
high frequency underwater reaponse limits for pressures 
aoting 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 
ceramic elements have been designed and procurement of the 
elements initiated, they have not as yet been fabricated 
or tested at the time of this writing. 
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It would appear reasonable to assume on the basis 
of testa conducted thus far that the freauency range may 
be extended to several hundred kilocycles.  On the other 
hand It would not appear that construction such as shown 
In Figure 3-2 would ever be likely to be useful in the 
megacycle range,, 

Figures 3-9 through 3-15 show typical response cunes 
of data taken daring studies of electrokiretic transducers 
at higher frequencies.  In all curves u Brush BM-101 
Standard Microphone was used for a reference above 30 cps 
and an accurately calibrated Statham 3:rain sage trans* 
ducer was used at 30 cps and below.  An arbitrary £DB 
correction was made to all readings \ncde with the 3M-101 
Microphone as its calibration was ap.-arently 2D3 in error, 
as compared to the strain gage* 

Figures 3-9 and 3-10 show the a|r response curve of 
two Type 1±  transducers of the construction shown in Figure 
3-2. These pnd all other tests were made in a standing 
wave tank with the transducer face flush wl th one end of 
the tank and the sound source at the other end.  Frequencies 
were chosen to obtain resonance in the tank and the diaphragm 
pressure was assumed to be the same as the nearest pressure 
maxima as determined by the BM-101 calibrated microphone. 
Note that the usable frequency response of these udts ex- 
tends from the 3db point at less than 002 cps in both 
•cases to 30KC which was the feighest frequency at which datr. 
could be obtained in air with the available test instrument 
tation. 

Figure 3-H shows the response of a fairly high im- 
pedance Type 1*. Transducer with a 20 foot cpble. The rise 
In response, (normally encountered with a very small ex- 
ternal capacity, and due to elastsnee effects,) is over- 
compensated by cable capacity effects in accordance with 
Equation 15* 

Figure 3-12 shows the response of a Type \±  transducer 
in water where external capacity was purposely minimi zee» 
In this unit elastance effects were pronounced. 

Figure 3-13 i« the response curve of a typical Typ«- 3 
transducer as illustrated in Figure 3-1» The longer liquid 
column and the elastance of the disc support causes a marked 
resonance at 16 KC.  The effects of the resonance car. be 
largely eliminated by external RC networks to obtain reason- 
ably fist response for shock wave measurements to 15 KC 
The design in Figure 3-2 is considerably superior from this 
viewpoint. 

Another typical underwater response curve of a Type I4. 
transducer of different construction is shown in figure 3-1U- 
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This curve Is presented to show the effects of "mass 
loading" pnd the elastance of the disc and mount* A 
theoretical curve is also plotted, based, on the equiva- 
lent circuit in Figure 3-15 and the assumptions to be 
stated below. 

The equivalent flow resiatanceRvis 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. of course, an accurate assumption, as the impedance 
of the liquid cannot be represented by a aimple function. 
This assumption is made as a rough approximation for the 
sake of simplicity. The mass of the diac and outer ring 
are lumped as an equivalent inductance ULand the elastnnce 
and damping of the mount or clamping means byCLand (Ry* . 

The response function of the mechanical elements 
is given then in terms of electrical equivalents by: 

\ 

0 -&3T * <g (21.) 

Where: 

tff. 
1*1  = 

Cm (U + U) 
I 

Cm LdL 

Q}- LULJL " CBw 

(22.) 

(23.) 

(2d.) 

(25.) 

(26.) 

In Figure 3-lU» a transducer response curve is shown 
and an attempt to fit this curve using the above derived 
expression. All values were obtained for the theoretical 
curve by making the following assumptions: 

UJ, =. 2TT (20KC) 

60^ - 7.Tr(S0KC} 
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An experimental curve «s shown in Pig* 3-14 was 
not obtained in every case, and the results are not, there* 

("\ fore* voaolusive. Tho reasoning is given, however, as it 
way be worthy of future consideration* at least, from a 
qualitative point of view in the design of hydrophones. 

Means of improving high frequency response in the 
design ol urits to measure very high blast pressures are 
mentioned in Section lj..6. 

As previously stated the ultimate limitations of the 
high frequency response in air are unknown at the time of 
this writing ss our present instrumentation is limited to 
20 KC for accurate air measurements. And again, the most 
obvious method of achieving improved response in the ultra^ 
sonic range in underwater measurements would be to reduce 
the sise and Increase the stiffness of the mounting of the 
porous disc. 

3.6 Freesure Range and Linearity: 

Tests have been conducted on electrokinetlc transducers 
over an extremely wide range of pressures extending from 
a few dynes per square centimeter to 95 lbs. per square inch. 
The ceramic disc elements used in transducers of the type 
shown in Figure 3-2 have been tested at 165 psi (steady 
gas pressure) without breakage occurring. 

The excellent linearity of this type of transducer 
was anticipated in view of the very small Reynolds Number 
in the pores and the low pore velocities. Figure 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 
piezoelectric gages were used for the compsrative measure- 
ments. 

Figure 3*17 shows the results of sensitivity measure- 
ments over a range of roughly 100 to 100,000 mlcrobars 
(I.I4.5 psi). To permit a wide range of pressures to bs 
measured in the test tank,measurements were made of sensi- 
tivity a 5RC, 25KC, 50KC and 1?0 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 levels are due to experimental errors in making the 
measurements rather than to any ncn-llnearities. This 
data was taken on the same unit for which frequency re- 
sponse is plotted in Figure 3-l^« 

Figure 3-16 shows steady flow data taken with dis- 
tilled water at 66°F and a 30mm fine porosity fritted 
glass disc. An ordinary laboratory D.C. vacuum tube volt- 
meter and a mercury manometer were used in taking this 
data (on Deo. 6, 1950.) The departures csn be accounted 
for in the reading of the voltmeter scale in the low ranges. 
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Numerous other teats have been made which would have 
indicated any changes In sensitivity with pressure. In 
tests made to date* no indications of non-linearity have 
been present. Linearity ia not considered a problem in 
the design of an electro-kinetic transducer. 

The pressure operating range for static pressures 
is limited by the strength of the diaphragm and n^yiw^t" 
allowable diaphragm pressure* 

The usable dynamic range is dependent on the allowable 
travel* This csn readily be computed for any given design 
for rectangular pulses or alternating pressures at the maxi- 
Sum operating temperatures. 

For example with an .090 thick, *75>0 Die* #03 porosity 
porcelain disc at 60°C the flow resistance is 290 psi/in/sec* 
The pressure range is therefore limited to: 

P(m^) £ 2^r\{^<\0)Xo (27A.) 

where r\  ia the frequency, I is the pulse length, and X« 
is the alienable (effective) diaphragm travel In inches. 
For a maximum allowable travel of .010" and a pulse of 10 
milliseconds duration the maximum allowable pressure on 
this basis would be 290 pel* At an alternating frequency 
of 1 cps, the maximum pressure for the seme travel would 
be 18*2 psi. The range can, of course, be extended for a 
given pulse length by using discs of lower permeability or 
by effectively increasing the permissable diaphragm travel* 

3*7 Resolution and Noise; 

In view of the pressure range, and frequency response 
range of electroktnetic tranddueore it is evident that in- 
ter-raodulation effects should be extremely small, if they 
exist a»d> resolution would be expected to be excellente 
Such transducers whether used to measure pressure or acceler- 
ation should give signale capable of being Integrated or 
differentiated by electronic means with excellent results* 
Ho Information is aa yet available other than that which 
can be inferred from data givan in preceding sections. 
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By using » well shielded buttery operated high gain 
amplifier it was possible to compare the noise originating 

( )        in the transducers with that originating in ordinary oarbon 
resistors of the snme resistance as the transducers* This 
was done at various cut-off frequencies and the noise level 
was found to be identical indicating that the thermal noise 
of an eloctrokinotic transducer can be predicted by the formula 
for "Jounson noise". A transducer with a 100,000 ohm resistance 
would thus be expected to have a thermal noise level of 1.2 
microvolts over 1 kilocycle at 2$°Q.  It is evident that the 
noise level would be extremely low in large low frequency hy- 
drophone* • 

Methods of increasing signal to noise ratio, when 
necessary, are discussed in Section 1|.*2« 

3*8 Acceleration Sensitivity; 

The acceleration sensitivity 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 
art* known. The acceleration sensitivity is; 

o 
*--i*wa (28.) 

In convenient units the acceleration sensitivity 1st 

| .   . OSfcZ ( H^ *. (29.) 

where: 
V4/p    ie in millivolte/psi 

/O     is in grama/co 

I      is in inches 

H/^ is in millivolts pw 0. 

In s typical example for X, * 3/l6" •  H/P - $00 mv/psi 
and/O* .783 (acetonitrile), the acceleration sensitivity 
is 2.66 mv/0. This is very small in view of the ststed pressure 
sensitivity* 

O 
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If the above transducer, for example, 2-1/14." in 

diameter, weighing 8 ounces, were freely or elastlcally 
suspended and were subjected to a shock wave the ac- 
celeration response would be I4..25C of the pressure re- 
sponse.  It would, of course, be substantially less if 
rigidly clamped in a rugged baffle. 

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

In underwater hydrophones the effect of the accelera- 
tion sensitivity would be expected to be negligible except 
at frecuencies where the wave length is short in comparison 
with the hydrophone dlmensl one inasmuch as the hydrophone 
external pressures would be substanitally equalised on the 
case. 

O 

In designing accelerometers the liquid column is 
lengthened and a heavy liquid may be used as described 
in Section k»7» 

3.9 Efficiency; 

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„is equal to  J2©   *» 'K.v 
is normally much greater than R0. The efficiency , from 
equivalent circuit, is: 

kff%Rv 
4- 4BX, 1 

Por R0 « 60.000 ohms and R» « 29 megohms the overall 
efficiency would only be .052#. For very pure liquids the 
cell resistance can be Increased readily to 600,000 ohms 
(or greater) giving efficiencies of the order of 1%  into 
a matched load.  It can be shown from theoretical reasoning 
that the percent efficiency for zero bulk conductivity, KR# 
approaches (d/r)*\ao7'«> where d     is the double layer 
thickness and f   la the average pore radius. 

Although the efficieney is 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. 

3*10 Blectro-osmosls and Electrokinetlc Generators; 

Little mention has been mads of the electrokinetlc 
transducers as generators because of their low efficiency 
which results from power loss in the conducting liquid and, 
even in the ideal case, the loss in shearing the liquid in 
the double layer. No important applications of electroki- 
netlc generators are visualized with the possible exception 

(30.) 
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of laboratory generators where It Is desireablo to utilize 
the wide ranee, particularly at the low frequency end to 
generate sound waves or pulses. Low efficiency would limit 
their usefulness axcept where power consumption and heat 
dissipation were not important. 

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

I = q» H <»•> 

It is interesting to note that in the case of electro-osmosis 
with P • 0: 

V \      5QP)H_ _ _ fjY\ (33.) 

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

When   V -  O   the electro-osmotic pressure is given by: 

p= _• s('p)d   |-| (A.) 

This relation may be used to determine the pressure 
developed by an "electrokinetic pump1*. 

Equivalent circuits such as shown in Figure 3-6 may 
be used for electrokinetic generators by interchanging the 
source and load. The same electromechanical coupling 
constant |v) is used in the "turns ratio" in impedance con* 
version. 
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THE TYPE 3 TRANSDUCER 

4*     FACTORS DETERMINING THE SUITABILITY CF EIECTROKINETIC 
TRANSDUCERS PCR  VARIOUS  APPLICATIONS 

4*1    Generalt 

The purpose of this section is to discuss in pi-act- 
iosl terns sons of the considerations involved in utiliz- 
ing electrokinetio transducers for various applicationso 
There are two primary reasons why many possible applica- 
tions have not yet been realized,.    First, the idea of em- 
ploying electrokinetio transducing means in instruments 
for measuring pressure and the realisation of their ad- 
vantages as to pressure range,  independence of tempera- 
ture,  sensitivity linearity and frequency response are 
new, the most important transducer developments having oc- 
curred in the last two years*    Secondly, this organiza- 
tion has only recently through listings in the trade 
journals announced the commercial availability of electro- 
kinetio transducers.    In general,   the proportion of scien- 
tists or engineers who have even heard of eleotrokinetio 
transducers is at this time extremely small, and those who 
have had occasion to become aware of their principles of 
operation, advantages, and limitations, are fewer still* 

! 

o T 

t 
\ 
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It is somewhat early to be writing a aectlon on 
applications* a aubjeot which we are actually only be- 
ginning to explore. Yet certain ouestiona which are 
likely to arise, can be at least tentatively answered 
in regard to the probable suitability of electrokinetlc 
transducers for future instrumentation applications. 

I4..2 Pressure Range 1 

The high pressure limitations of a transducer of 
the general construction shovm in Pigure 3-2 are dependent 
on the mechanical strength of the porous disc end other 
mechanical elements. It would appear perfeotly practicable 
to extend the present design to cover ranges up to 1000 pal. 
The ouestion of linearity of the phenomena Itself (which 
might or might not become a problem) could be overcome by 
increasing the. disc thickness and correspondingly decreas- 
ing the pressure gradient. There is no evidence* however* 
to the effect that linearity would become a problem at such 
pressures. 

The diaphragm travel limitations a*   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 ceramic elements is discussed in Section^.6. 

When statlo or -average pressures are> high and it it 
necessary to measure down to relatively low freauencles 
and amplitudes)* for example in measuring pressure pulsations 
in gaa lines* pressure equalizing means must be used. One 
solution is the use of a differential transducer as shown 
in Figure U*l» exposing 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 permit static eouall- 
cation. 

The low pressure limitations depend entirely on 
algnal-to-noiae ratio which in turn is dependent to s great 
extent on the resistive output Impedance.  In this respect 
it is expected that they will compare favorably with other 
types of true energy transducers and be substantially superior 
to devices such as strain gages* "E" type magnetic pickups* 
and other instruments requiring an external source of 
electrical energy. 

The slgnal-to-noise ratio could in a number of appli- 
cations be increased by mechanical amplification as is done 
in piezoelectric microphones. It could also be increased 
where else limitations permit* by simply Increasing ths 
porous plug area to obtain a corresponding impedance re- 
duction at a given sensitivity. 
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The noise level* as stated in Section 3.7 is very 

low in electrokinetio transducers and would be particularly 
low in applications not reouiring use of the full range of 
freeuencise* Excellent response car. be obtained in the 
low frequency range without the use of very high resistive 
impedances which tend to increase the noise level of piezo- 
electric devices designed for low frequencies* 

If.*3 Operating Temperature Range; 

The operating tercperature iange is limited primarily 
by the boiling and freezlng point of the electrokinetlc 
liquid under the absolute pressures to which it is sub- 
jected in the transducer* At ordinary atmospheric temp* 
eratures this offers no problem* Acetonitrile at atmos- 
pheric pressures bolls at 82°C and freezes at -i|l°C* 
Propionltrile which also has good electrokinetlc properties 
bolls at 97°C and freezes at -92°C. For higher temperatures 
nitrobenzene with a boiling point of 211°C may be used, and 
there are undoubtedly other compounds with even higher boil- 
ing points which could be selected* 

For very high operating temperatures it may eventually 
be found practicable to use lieuids sealed under high static 
pressures to raise their boiling points, particularly if flnt 
response at very low frequencies were not a problem* Inas- 
much as the ceramic elements electrodes, etc., are usable to 
very high temperatures the ultimate limitation might even- 
tually be determined by thermal expansion of the materials* 
insulation requirements* or other properties related more to 
the exterior design than to the streaming potential cell 
components* 

k»k   Hydrophones: 

One of the most important applications of electroki- 
netlc tr»n«*«««rs will probably be In underwater sound pres- 
sure measurements* Data taken thus far indicates that such 
transducers vail have definite advantages over existing types 
in a number of applications* particularly at low frequencies. 
The Important properties related to the suitability of such 
transducers to underwater sound pressure measurements are 
given below: 

a* Sensitivity comparable to piezoelectric hydrophones 
in which piezoelectric elements are subjected to hydrostatic 
pressure* 

b. Output Impedance substantially lower th*m piezo- 
electric types at low frequencies and not a function of fre- 
quency* Low frequency range can be exter.dod indefinitely by 
design without increasing the resistive impedance end noise 
level* 

o* Sensitivity is not a function of cable length.. 
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d. Coupling Is Ideal In that It li only necessary 
to isolate water from the elettroklnetio liquid by means 
of a thin diaphragm. 

e. Design can be made extremely rugged with no 
moving parts or close tolerances. 

f. No critical or expensive materials are required. 

g» Noise level to 1KC would be below the lowest 
undersea random pressure noise levels, even with a resistive 
impedance of 100,000 ohms. 

Th* only known limitations pertain to the u^per 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 underwater applications are: 

a. It has not yet been demonstrated that electro- 
kinetic transducers of the type described would be useful in 
rang 38 above 30KC. Below 30 KC it would appear that they 
would be useful, properly compensated, with short cables, 
or using preamplifiers wL th cables of any length,, 

b. Hydrophones for use at great depths will probably 
be limited to an upper range of below 1000 e.p.s., when pre- 
amplifiers are not used, because of cable capacity.  As the 
attenuation will occur at 6lB per octave and will not by its 
nature reduce signal-tc-noise ratio at the higher frequencies, 
it should be practicable to make the response flat to con- 
siderably higher freouencles by simple RC differentiating 
networks in the surface amplifiers when necessary. 

Details regarding specific hydrophone applications will 
be covered in subsequent reports. 

14..5 Differential Pressure Measurements: 

With proper external fittings electrokinetic transducers 
may be used to measure alternating or transient differential 
pressures. 

When measuring differential pressures in liquids or in 
moist or corrosive gases it is necessary tc electrically iso- 
late the rear parts connected to the non-grounded or "positive" 
electrode. An arrangement such as is shown in Figure lj.-l 
would be suitable for such applications. 

0 
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In Figure 1^,-1 the rear portion of the transducer 

Is filled with en Insulating oil enclosed by a diaphragm 
on which the pressure acts. The cell is located on one 
side by an elastic gasket and is rigidly supported on 
the other by a metal ring* an insulating washer, a second 
metal ring arid a retaining ring. A wire is soldered to the 
first metal ring and connected to an hermetically sealed 
terminal. The other features of such an instrument are 
s elf-explanatory• 

" 

© 

This type of instrument may be used with a high speed 
rotary reversing valve to measure very low static values of 
differential pressure over a range of from a few dynes per 
aeunre centimeter to several hundred psi. The instrument 
combined with the valve modulator and an A.C vacuum tube 
voltmeter8 (with calibration modified for souare wave inputs,) 
would provide a convenient means of measuring pressures too 
Ion;' or varying too rapidly, to be measured by a mercury 
manometer. 

il.6 underwater Blast and other Very High Pressure Measurements 

The first electrekinetio transducers developed for the 
Naval Ordnance Laboratory were designed for air blast measure- 
ments up to 100 psi. The units shown in Figures 3-1 and 3-2 
are both suitable for pressures of 100 psi as mentioned in 
Section I+.2. 

For the pressures encountered in underwater explosions 
and the like, a different design would be used employing a 
metallic pressure reducing plug as shown in Figure I4.-2. 
This design would permit the measurement of pressures of any 
magnitude depending only on the strength of the case and the 
porous mstal plug. 

In this design the strength of the front diaphragm, and 
cell diaphragm* can be greatly increased without loss im low 
freeuency response. It would also be logical to assume that 
the damping effect of the microporoue metal plug would im- 
prove the high frequency response considerably, as it would 
In effeot 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 blsst pressures. In the unit shown, the 
porous metal 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 liquid. It will be 
evident that if the volusetric flow is the same across the 
metal plug and the electrokinetic disc element, the ratio of 
the prassure drops across the two will be a eonstent. Such 
an arrangement is made possible by the fact that a finite 
flow does exist la the ele etrokinetio cell. 

This r-ffc tionship oan be uhown mathematically by 
repeating Squstlons (&•) end f"7.) adding a term to account 
for the pressure drop across the metal plug. 

m 

I 
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I 
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For simplicity Yy the reciprocal of 3V is uaeda 

(35.) 

(36.) 
i 

Setting X* 0  to. d dripping the fir at tent on the 
right in the aeeond equation the equation may be comcS.nod 
to give: 

Jr4_ 
? 

*5ctp)H  
(37.) 

*3 :'i 

Using a prime to denote quantltiea related to the metal 
Plug and the liquid we may write; 

- and 
rv      B7 A' 

« I 
p = ^ LWI5(5M + \ 

(38.) 

(39.) 

(UO.) 

(ia.) 

• Thia Equation ia enuivalent to Situation (12.) except 
for the bracketed term which represents the proportion of 
the pressure drop across the electroklnetio cell to the 
total. The bracketed term will not be dependent on tempera* 
ture provided that liquids are chonen eo thatrvAv is a constant. 
When complete independence la necessary the same liquid may 
be used and the tame reduotlon achieved as with a viscous 
liquid, by increasing B/Q' . */A'  *nd ^'/fc • 

It should be noted that the increase of fluid flow re- 
sistance will make possible the measurement of pulses of 
longer duration for a given pressure in the low ranges and 
will extend the low frequency range in proportion to the 
pressure loss for the same effective diaphragm elaatanee. 
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The loss in sensitivity is proportions! to the gain 
in maximum allowable pressure* A £00 mv per psi cell which 
will withstand 100 psi would have a sensitivity of 5 mv/psl 
Incorporated In a transducer as shown in Figure U-2 designed 
for 10,000 psi* 

Micorporous stainless steel and other metals are 
available with tensile strengths of 15,000 psi. The 
compressivs strength of a small plug would be considerably 
greater* 

k»l    Linear Acceleration Measurements; 

The acceleration sensitivity of electrokinetlc cells 
was discussed in Section 3.6. Prom this discussion It was 
evident that an electrokinetlc transducer could be used to 
measure acceleration by subjecting the case to the unknown 
acceleration and by using the relstion: 

«/C-, - .034,2. C«/p)/OiL 

again where: 

' 

- . and 

/&    is the liouid density in grams/cc. 

H/p is the pressure sensitivity in 
millivolts per psi. 

,x_ la the length of the liquid column. 

"/<S i8 ln millivolts per 0. 

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

The acceleration sensitivity can be increased by in- Lty 
creasing "1" the length of the li 
aphragms• 

ouid column between di- 

A convenient means of producing a high sensitivity is 
shown in figure l§.—3» In this unit the sensitivity is given 

(1.3.) 

where the primes refer to the heavy liquid column. 

% 

An instrument as shown* 2-1/2" in length, was developed 
for the measurement of the low frequency vibrations over the 
precordlum* It employed mercury as the heavy liquid and was 
designed for a freouency range from 0.5 ops to 100 cpa. This 
instrument had a sensitivity of 410 millivolts per G which 
wss ample to observe the beating of the heart on a 30l|H 
oscillograph without preamplifieation.  ( A double integrating 
amplifier will provide velocity and displacement records to be 
superimposed on the same chprt with traces from the electro- 
cardiograph.) 
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£be problem of elastance in the disc and clamping means 
is important at high frequencies in electrokinetic accelerora- 
sters beoauee of the increased liouid mass. Development work 
ia being conducted on the applications of electrokinetic trans- 
ducers to acceleration measurements at the present time* This 
includes the use of piston multipliers to reduce the overall 
length for high sensitivities, 

!;.8 Angular Acceleration Measurements t 

To measure angular acceleration it would be simply 
necessary to employ a toridal tube filled with a polar 
liquid and with a porous plug restricting the flow at some 
point in the tube. With electrodes on each side of the 
porous plug the angular acceleration may be measured about 
the axis of thetoroid. the sensitivity being given byr 

CSV 7.TT 

I 

• > 

ii 

».) 

>• In a multiturn helix of N turns it woild be: 

m -. ZTT N ^>i 
....  

• • 

• 

• 

<U5.) 

In the above rela tions/° is the density of the 
electrokinetic liquid and <JL is the radius of gyration of 
the liquid in the toroidal tube from the axis of rotation. 
It is evident that such an aecelerometer would be Insensi- 
tive to angular or linear acceleration about or along any 
other axis, 

i|.,9 Velocity and Displacement Measurements: 

As is the ease with most other types of transducers, 
electrokinetic transducers may be used to measure velocity, 
displacement." and other physical Quantities besides pressure 
and acceleration. Several important considerations are in- 
volved in adapting an electrokinetic cell to measure various 
quantities: 

a. Open circuited the voltage sensitivity R/P can be 
made independent of temperature, 

b. Short circuited (i.e. operated into a low impedance 
load) the current-velocity sensitivity^/v Is independent of 
temperature when "M" is constant, Zf  velocity is measured 
open circuit, compensation must be made for dbangea of viscosity 
by means of an «TC resistor. 

>r.\ 
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o. The dynamic response characteristics mu&t isks 
into account the additional elements or the effect on 
elements previously considered* 

Figures lj.-2|A through 4-i+D show schematically several 
means of employing electrokinetie transducers to measure 
vibratory velocities and displacements c The sensitivities 
are not multiplied by the response function ft1*5) as these 
functions in each ease may be obtslned by well known methods. 

In Figure <+-liA an eltctrokinetlc acoelerometer output 
is integrated to obtain velocity.  Double integration may 
be done to obtain displacement as shown in i^-^C. Such methods 
would be particularly applicable where no fixed references 
are available. ISxamples are in measuring the Impact de- 
flection of waves striking the hull of a ship or in measur- 
ing the vibrations of an airplane wing in flight. 

In Figure l|.-i|B 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 

in»_  is zero. When a load is used such that "Rl_«v2< the 
current-velocity sensitivity is independent of temperature 
inasmuch as "M" the electromechanical coupling constant is 
substantially independent of temperature for most liquid- 
solid combinations* 

In Figure i^-J^D a simple spring Is added tc obtain 
voltage proportional to displacement* (This principle is 
to be used in measuring relative low freeuenoy heart beat 
displacements over the chest wall within a fixed span to 
eliminate the ballistic displacement components.) In this 
type of instrument the effective elastance of the added 
spring must be added to that of the two cell diaphragms, 
in computing the low frec.uency response* An illustration 
of such a transducer is on the last page of this report* 

If* 10 A Comparison with Piezoelectric Transducers: 

Direct analogies cannot be drawn between electro-* 
kinetic transducers and any other known types. Severn! 
properties are unique* 

From the point of view of applications ( excluding 
the angular accelerometer) they correspond closely in some 
respects to piesoelectric transducers partieula rly in that 
neither type will function at zero freoueney. Both are 
true energy conversion devices not reoulrlng external 
sources of power* Their sensitivities in some applications 
are comparable. The sensitivity of s typical electrokinetie 
transducer will be about l\$EB  below an ordinary air micro- 
phone (because of mechanical amplification in the microphone) 
and IJJODB above typical piesoelectric devices used for shock 

^^        wave and blast measurements.  (The latter are loaded with 
Mj        sufficient capacity for a given circuit resistance and con- 

sequent noise level to provide flat response below 1 cps.) 
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The output lTap<»d«i ce of piosoelectrie devices is 

capacitative and consequently a funciton of frequency. 
If a typical unit with a capacity of .00£ microfarad 
were used in an application which reouired 3DB reaponse 
to 1 cps the circuit resistance would be at lea*t 30 
megohms« It is evident that the thermal nolss level per 
cycle badd width would be\ »06~or 17*3 times greater 
than for a typle«I eleotrokinetic transducer of comparable 
sensitivity and with en impedance of 100,000 ohms, and 
that the sensitivity of the piezoelectric device would 
have to be reduced a factor of 17»3 in signal-to-noiae ratio* 

• 

From the above it may be seen that a principal ad- 
vantage of the els ctroklnetic transducer over the piezo- 
electric is that the impedance is resistive and indepen- 
dent of frequency.  This advantage la most significant 
in the low ranges i.e., from, say, .01 ops to 1000 cps, 
and in every case where the response of a transduce:  rst 
be flftt to frequencies below 1 c.p*s«for the accurate 
reproduction of transients or low frequency phenomena. 

In ranges above 1000 c.p.s. no general advantages 
can be pointed out for ele ctroklnetic transducers. 
Reasonable cor«4^orisons could only be made for specific 
applications where ranges of operation, ambient tempera- 
tures t  sise, weight, etc*, were specified. 

O 
In conclusion a list of advantages and disadvantages 

of eleotrokinetic transduoera la glwn which may be uaed 
-  -for comparison with other known types of transducers* 

, • 

1. 

ADVAHTA0E3 OP KLECTROKINETIC TRANSDUCERS 

"Self-generating" - reouire no external calibrated 
. power aource. 

2. High sensitivity - Independent of temperature. 

3. High resolution and low noise level - suitable for use 
where'operafclcrifi of differentistlon or integration are 
to be performed on output signal. 

k*    Vide useful pressure range - roughly 1,000,000 to 1 in 
same instrument. 

. 

£• Sensitivity independent of ccbls length or losd capacity. 

6. Vide frequency response - same Instrument useful in range 
from a fraction of a oycle per second to 30 KC or i»bove« 

7* Constructed of non-oriticel. Inexpensive materials, and 
require no oloae machining tolerances. 
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8* High Pigaal-to-noloe ratio at all ireoueneies, 

DISADVANTAGES OP EUiClSOKINKTIC TRANSDUCERS 

1. Must be connected to high impedance loads unless 
correction for sensitivity is made based on im« 
pedanoe of unit. 

2. Units must be individually calibrated. Present 
state of art does not permit sensitivity to be 
predicted precisely prior to assembly and stabi- 
lisation. 

,. 

o 

3, Not useful for measuring static quantities. 

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

5*  Acceleration sensitivity may cause difficulties in 
some low pressure applications where vibration is 
severe. 

6. Klastance effects may limit applicability to fre- 
ouencies below 30KC. 

7* Resistive output impedance a function of temperature 
(muss be compensated with low impedance loads.) 

O 
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6,  DEFINITIONS OP SYMBOLS 

A Area 

B Permaabillty of porous plug. (Defined by Eq. 16) 

C Capacity 

Cft Equivalent polarization eapaolty of electrodes 

eg Internal capacity of electrokinetlc cell 

Cp^ Electrical equivalent capaoity of diaphragm elastance 

d Thickness of Helnholtz double-layer 

• Charge per unit area of double-Set yer 

P Porosity of plug or effective pore area per unit area 

• 

0 Acceleration in "Q" units 

0o Electrical Conductance of porous plug 

g Acceleration of gravity 

gv Flow conductance of porous plug 

H    Potential difference 
.. . - . - . 

• 

I    Current (in external circuit) 

k    Stiffness 

kg   Equivalent stiffness of diaphragms in pressure 
per unit displacement 

."•A 

- 

*c 
. 

• 

L 
•• 

- 

• 

K    Electrical Conductivity 

1L   Bulk conductivity of liquid 

Ko   Eouivalent conductivity of liruid filled porous plug 

Kg E* Equivalent conductivity in capillary or pore includ- 
*  ing surface conductance 

Electrical inductance 

Electrical inductance equivalent of mass of a.'isc 
and ring 

Electrical Inductance equivalent of sffectlvo noss 
of lifTuid in liquid media 

© 
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Lengtt 

5*V^ 
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, s-,*js!?t !M«.X: i-*^N 

1 

n 

»L 

W 
• 

! P 

Q 

. r 
. 

- . *V • 
• 

- H 
- —j _J' . 

R— 

• 

- 

• 

• 

Length of capillary or liquid column referred 
to in text 

Electromechanical coupling constant 

Haas 

Preeueney 

Low frecueney limit (3DB attenuation) 

Number of pores, capillaries* etc. 

Pressure 

Electrical defined by uy-/fc 

Radius of pore or oaplllary 

Plow resistance of porous plug 

Resistance 

Realstance of plug in electroklnetle cell 

Resistance equivalent of damping of mount 

Electrical equivalent of flow resistance of plug 
S(IP)H Current-pressure sensitivity of electroklnetle 

*     cell with voltage equal to zero 

*finJh- S(IP)H£  * characteristic electroklnetle property 1 *'      **•    of the liquid-solid combination 
- 

t Thickness of porous plug 

T Time Constant 

T^ Low frequency time constant 

Tm Mass time constant 

• Volume velocity 

v Linear velocity 

V4 Linear velocity of Inner lpyer of double layer 

x Displacement 

7 Radius of gyration 

Z Impedance 

Zj. Load Impedance 

Page k.0 
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DB   Decibels (geferred u*vally to 1 Tolt per wicrcbar) 

KW   Molecular Weight 

Electric moment of the double-layer or charge 
per unit area tiae* thickneaa 

H       Viaooaity 

>0  Density 

CAJ  Angular frequency 

I 
Acceleration In *0" units 

Zafcs potential of double-layer 

£    Dielectric constant (refers to liouid in porea) 
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