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PROPERTIES  OP ELECTROEINETIG  TRANSIXJCERS 

1.  IHTRODUCTIOS 

•Tali. report Is a sequel to Technical Report Wo. 2 which con- 
tained suisatarized information relating to properties of etsrtain 
types of electrokinetic cells and emphasized factors which might 
Influence their selection or design for various applications, 

In this report theoretical deprivations will be given and 
test methods and results will be presented. An attempt will be 
mf.de to define and isolate the various parameters which affect 
the conversion of energy In electrokinetic cells and to illus- 
trate how their magnitude is affected by temperature and other 
factors» 

Insofar as is known the data presented in this report are 
the first in which streaming potential measurements at alternat- 
ing pressures are used to study variations of the electrokinetic 
parameters with temperature under fully stabilised conditions, 
all prior work of this type having been done under conditions of 
steady flow. The advantages of this mathod of investigation are 
discussed. 

An objective of the tasks performed was to study various 
combinations of materials and techniques which would lead to 
greater energy conversion efficiency* Inasmuch as the factors 
which govern the magnitude of the electric moment at a solid- 
liquid interface are not well known or understood* an experi- 
mental approach was necessary. As an almost- unlimited number 
of liquid-solid combinations are possible it was necessary to 
limit the number of combinations attempted by a rule-of-thumb 
method for the liquids and to choose porous solids from those 
available from the commercial sources. Various coatings and 
addition  agents were selected on a more or less intuitive 
basis and a few of these showed definite prosaiaa. 

Another objective was to obtain sufficient information on 
the best available tested material combinations to enable pre- 
dictions tc be made in advance as to the probable performance of 
an underwater microphone or hydrophone with regard to sensitivity, 
stability, impedance and frequency response insofar as it ie af~ 
feeted by the electrokinetic cell. To a large extent it is be- 
lieved that this phase of the work has been successfully accc®— 
plished. 

Should the liEport&nce ©f certain applications of electro- 
kinetic transducers at some future date dictate, it would appear 
that additional detailed analytical and experimental studies 
should be carried out with regard to maximising the electric mo- 
ment and increasing the porosity-permeability ratio of the por- 
ous materials. Such studies might best be carried oat by organ- 
isations with the required specialized facilities end personnels 
Suggested future studies are discussed in this report. 
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The Investigations of eleetrokinetle phenonena on which this 
report is based were sponsored by the Acoustics Division of the 
Office of Haval Researoh under Contract Wonr-6l7(00)f Project HR 
385 U07. 

Future reports will relate largely to the derelopnent of ex- 
perimental eleotrokinetlc hydrophones. 
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2.  HISTORICAL BACKGROUND 

An excellent historical review of the important diseovsri&s 
relating to eleetr©kinetic phenomena is given in Afrraason1*' JS^c^, 
troklnetie Phenomena. (1). 

The phenomena of electro-osmosis and electrophoresis were 
discovered by Reuse (2) in 1808, his discoveries having sluoe led 
ta many important applications in biochemical research and in in- 
dustry. 

The streaming potential phenomenon was discovered by Qclnske 
(3) in 1859 * Ha first observed that s.  "streaming potential*' 
would develop across a porous diaphraga through which a liquid 
was forced under a pressure dirferential.  He further observed 
that the voltage was independent of the dimensions of the dig 
phragm or the amount of liquid but was proportional to the applied 
pressure. His later experiments included measurements with a 
large variety of materials of streaming potential and electro* 
osmotic pressure. 

In later publications theories were developed by Helmholts 
(it)j Saoluchowaki (5)» Goay (6), Briggs (7) end many others to 
explain the origin of streaming potential, 

Coamerclal applications of the streaming potential phenomena 
have been very limited. Schlumberger (8) recognized that the 
pressure of drilling fluid in open oil wells in driving it into 
porous formations traversed by the bore hole would produce a 
self-potential useful as a means of locating porous and possibly 
oil or gas bearing formations. Doll (9) developed a logging tool 
with a means provided to produce alternating pressures and thus 
alternating electroklnetie potentials in the vicinity of porous 
formations. 

Insofar as is known* Williams (10), (11)* was the first to 
recognize that the stressing potential phenomena might be applied 
to a self-contained A - wasr^e measuring instrument or transducers 
His experimental transducers for measuring ^hammer" in high pres- 
sure oil lines are desoribed in the references. 

The alternating streaming potential phenomena and its pose 
sible applications have also been recognized by Japanese investi- 
gators at Kyoto University and are discussed in Reference (12), 
Most of their experiments* however* were with electro-capillary 
instruments employing mercury acid interfaces. 

The results of work carried out by this Corporation have 
been reviewed in Technical Report No. 2 or will appear in this 
report. Experimentation in this field was carried out as early 
as 1950. Military and commercial applications have included 
prsssure gages* blast gages* physiological instruments* acceler- 
ometars* and will in the near future include both experimental 
Haval and geophysical hydrophones. 
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A modified classical Torts,  of the streaming potential equa- 
tion developed by Helmboltz ik)p  but containing the dielectric 
constant, (assumed by Helmboltz to be unity.) is given below; 

H = 4-4 
4.TT *\  J<- 

where: 

H is the streaming potential 

f is the seta potential across the doable-layer 

£, is the diiectric constant 

s^ is the fluid riscosity 

E is the fluid conductivity 

and F is the applied pressure 

This equation which applies to porous plugs or single capil- 
laries indicates a linear relation between voltage and pressure 
independent of area* length* or pore size. Experimental evidence 
has been obtained to verify the independence of voltage-pressure 
sensitivity on pore aise in certain ranges (13)• For very small 
poi-o iradii the sensitivity is affected and equations predicting 
this effect have been developed* (14) • (15)* This reduction of 
sensitivity has been found to be important in transducers designed 
for low frequency operation* i.e. below 10 c.p.s. and using micro- 
porous plugs. 

Conflicting data say be found with regard to linearity in 
various published papers but it la believed that most departures 
from linearity observed in the past have been the result of the 
techniques employed rather than anything Inherent in the ?h5n«nen* 
particularly in apparatus eiaploying rigid porous plugs of glass 
or ceramics. Tests conducted in ranges from a few microbars tc 
up to 95 psl by this organisation have shown no seasureeble de- 
partures from linearity. The latter measurements were nade with 
sealed and stabilised transducers and *e?9 not subleot to  notice- 
able errors due to polarisation or unafcahllized adsorbtion of 
foreign matter. 

It is anticipated that the streaming potential phenomena 
will receive renewed interest among physical chemists and others 
as more applications develop* 
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3. GBKHIAL THTORT OF OPSUTIOH OP KLECTROKItfETIC TRANSDUCERS 

3.1 Single Capillary Tranaduccr 

The general theory of energy conversion in a poroua plug can 
beat be understood by first considering the caae of a single capil- 
lary since a porous plug is in effeot a bundle of oapillsrles of 
Irregular else and shape. 

Pirat consider a round liquid filled capillary such aa is 
shown in a broken avay section in Figure 3-1. It is assumed that 
a layer of liquid a distance "d* from the capillary vail is charged 
with a oharge "t" per unit area and that the capillary wall la 
equally and oppositely charged. The produot of the distance and 
the oharge "do" is defined as the electric moment */8"  of the elec- 
troklnetlc double layer assumed to sxist at the interface. 

It is now assumed that a voltage gradient 8 exists In the 
capillary along its axis and that, as a result, a force P is pro- 
duced on the unit area which is equal to the product of the charge 
e and the gradient B or: 

F • Ec (i) 

If the unit area or ahell of liquid la moving, a viscous 
fores will act due to the shearing of the double layer, this force 
being equal to: 

F="Vf 
where vd la the velocity of the unit element of the Inner layer. 

If no longitudinal pressure gradient exists, it is evident 
that the forces will balance and that: 

Ea-lf- 
Prom the definition ot/&  : 

oTau = \ (U) 

The above relation relatea the inner shell velocity to the applied 
voltage gradient when no differential pressure exists across the 
capillary. It la evident that the bulk velocity in this inetanoe 
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would be simply* 

'   V = TTY-X^nlr Trr^z/l- (5) 

where r is ths radius of tbs capillary. 

To obtsln ths layer ourrent wo simply relate the charge per 
unit length to the velocity of transportation of the charge: 

When a differential pressure "?" is applied to the capillary 
firing rise to a longitudinal pressure gradient "p" an additional 
force acts on the unit element of area. It is simply the pressure 
gradient multiplied by the cross sectional area and divided by the 
olroumferenoe. 

In this instance the balance of forces becomes: 

E-lf+fi = ° (8) 

In this Instance the total volumetrie flow will be equal to 
the shear velocity multiplied by the area plus the flow in the 
center of the capillary in accordance with Polacollie'a formula: 

V=TrrVa.-v^^. (9) 

Solving Equation 8 for vd: 

and substituting from Equation 9: 
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©The assumption Is now made that r/k » d, the thickness of the 
double layer permitting the equation to be rewritten as: 

jp. = -  8£ E 4.   6^ v (12) 

Equation 12 ia one of the fundamental i»leetrokinetle equations 
for a single round capillary* 

The total current under a given voltage gradient sad condi- 
tion of volumetric flow la simply the current transported in the 
oharged layer plus the current flowing ss a result of the bulk 
conductivity of the liquids 

X =  •LTTre'tfi-r- K8TrrVE (13) 

Again substituting for vd and using the relation/3~ a<J -4 obtain: 

Wt  WUH 

X.Tr^f.^fMK.Tfy (14) 

A    In all inatanoea for small capillaries where the flow is laminar 
we may write: 

and substituting Equation 1$ Into lht 

(16) 

This equation is a second fundamental equation which in com- 
bination with Equation 12 describes the eleotrokinetlc phenomena 
taking place In s single capillary. 

The first term of Equation 12 is the eleotrooamotlc pressure 
term* significant only when the oaplllary is connected to en 
energy source, and being negligible when the ends of the capillary 
are oonneoted through electrodes to a passive load. The second 
term of Equation 12 is merely the preaaure gradient due to viscous 
shearing in the body of the liquid. 

In Equation 16 the first term represents that component of 
double-layer current which la effective in tranaduoing external 
mechanical and electrical energy. The first bracketed term re- 
lates to that oomponent of layer current aaaooiated with the in- 
ternal viecous dissipation of energy due to the shearing of the 
double layer ss a reault cf an existing potential gradient. The 
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last bracket term is siaply the conductance per unit length due 
to the bulk conductivity of the fluid. 

The "surface oonduotanoe" tena9 or the first bracketad term 
of Equation 16 corresponds with the one derived by Smoluehowakl 
(5) In terms of the "seta potential" wherer 

- 4lTdt (17) / 

and In vhloh / Is the potential across the double layer and £ Is 
the dielectric constant. 

More complete relations for "surfaoe conductance" Including 
the ohangea In concentration and mobilities of Ions produced by 
the presenoe of a charge surface have been developed by others In- 
cluding Blckerman (16), and presumably should be considered for 
high vslues sf sotr potential. Suoh considerations are not, how- 
ever, treated In this report, as an experimentally determined 
overall conductivity parameter is employed in the final equations. 

3.2 Energy Conversion In a. Porous Plug 

In Figure 3-2 a liquid filled porous plug is shorn in which 
the pressure and voltage gradients are perpendicular to the paral- 
lel faces of area "A". It la assumed that the faces are good con- 
ductors, aa they would be if covered with a thin deposited metal 
film, and that the gradients are uniform. 

We now consider a unit oublcal element in the plug with one 
face perpendicular to the direction of flow. The cube lo assumed 
to be porous, the pores being Irregular In shape and following 
tortuous paths through the cube. This oonoept is then replaced by 
oondidering only the multiplicity of active pores effectively 
parallel to the direction of flow, agsin of Irregular shape out 
with average flow resistance and area equivalent to the average of 
the aotual pores. 

It is then necessary to define the following new termst 

Ni is the number of pores per unit area. 

f is the average total pore area par unit area. 

F/ls) is the average pore area. 

Jowl* the flow conductivity of the porous material. 

f- is the perimeter of en average pore (sversged with respect to perimeter). 
I 

Y^ is the flow resistance of an average pore per unit 
length and is equal to 

- 8 - 



• 
JL, is the current per unit area. 

rvt la the effective velocity per unit area or the bulk 
Telocity divided by the unit area.  (It ia not the 
average pore velocity.) 

It ia evident that beeauae of the complicated nature of ths 
flow In a pore of Irregular ahape that It would not be posalble 
to derive an expression fwr flow resistance. On the other hand 
from dimensional consideration* it should be recalled that for a 
typical ahape the flow resistance would decrease with the fourth 
power of the effective pore radius, and that the flow conductivity 
of the element would vary with the number of pores per unit area, 

The first tern in Equation 12 was obtained from the laat term 
of Equation 11 being related simply to the shell velocity of the 
inner layer resulting from the gradient E,  It ia evident therefore 
that aince shell velocity ie independent of the pore shape: 

1°--F&4E* (18) 

?*-*•$£,*• 4-+-*r I 

H-Kv      Jo.v (19) 

Similar methods may be applied to modifying Equation 16 to 
apply to the unit element of porous material. Again the flrat 
term relates to ehell velocity* The flrat bracketed term ia de- 
pendent on the pore perimeter rather than the radlua. For a 
round poret 

-* 
2.TT (20) 

permitting a substitution. 

The laat term la dependent merely on the average effective 
pore area per unit area. Equation 16 can then for the porous 
materiel be rewritten asi 

In determining the property of the aolid material related to 
the flow conductivity it is convenient to define a permeability 
factor "B" which will be independent of vlecoalty. This factor is 

- 9 - 

• -«. - 

i 



• 

o 

defined aa folloua for a porous plugt 

where 7 la the total balk Telocity, A is the ere* perpendicular to 
the flow, n 1* the viscosity, t la the thlckneaa, P la the applied 
pressure ana B la the permeability characteristic of the solid, 
(only), and baa the dimensions of length squared. 

For a unit cube of Material$ 

where T la the effective velocity and p la the preaaure gradient. 

For the second tens In Equation 21, it is convenient to intro- 
duce the experimental parameter H^ .he overall electrical conduc- 
tivity of the liquid filled aolid uberet 

*o « m%)•KBF] 
Equations 19 and 21 aay then be rewritten aa follows: 

(2k) 

f *t * k,v 

JL = vce 
(26) 

It should be noted t hat the flrat tersa on the right of both 
• uations contain the coupling constant P/6/B and that certain 
feneralisatlona aay be noted slnee It will be later evident that 
t is desirable to maximise this coupling ocnatant: 

(1.) The electric moment "/6
W and the porosity factor 

"F* appear aa a product. It la therefore equally important 
to maximize porosity as to maximise the electric moment. 

(2.) The electric momentJQ ie unique to a given liquid- 
solid material interfaoa.    / 

(3.) The terms forming the ratio F/B are both charac- 
teristic to the struoture of the aolid material. The appear- 
ance of thia ratio llluatratea the importanoe of aecurlng a 
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material with the largest ratio of poroetty to permeability, 

It la now convenient to define the coupling constant K: 

M = IS- (37) 

The Eouationa 2$ and 26 are then rewritten aat 

= - ME 4-Tr./\r f 
i   =   HAT 4-  K.E 

(29) 

The above equations contain three parameters, M, the coupling 
constant, kv the flow conductivity, and Ko the overall electrical 
conductivity, all aubject to measurement, and together completely 
deseribe the eleotrokinetic properties of a given liquid filled 
porous solid. These three parametera are used throughout this re« 
port* 

By including the area nA" and length "1" of the equations may 
be rewritten in terms of pressure, I, bulk velocity, V, the poten- 
tial difference, H, and the total current I in an external circuit 
as follows: 

X =  MV 4-Vctt-|H (3D 

The above relations may be used by substituting the values 
{lotted in Section k  to determine the performance of a porous plug 
n converting energy under any circumstances. It is important to 
recognise that the valuo of *B" was derived from the actual 
gradient and corresponds to terminal voltage only when polarisa- 
tion afreets are negligible at the electrodes. 

The eloctro^lnnMc relations may <lao be written in terms of 
the current pressure sensitivity with the voltage equal to zero 
as was done in Technical Report ffo. 2. This sensitivity ii con- 
venient as an index of various liquids in the same solid or when 
a transducer is operated into a low impedance load 

- 11 - 

£  

-j 



-J 

o Here by definition* 

G,. - K. - = — 

(32) 

(33) 

(3U) 

where 00 and gv are the electrical conductance and the fluid flow 
conductance of the plug. 

With the above •ubetitutione Equation! 30 and 31 become: 

(35) 

(36) 

3»3 Important Relations Obtained from Blectrokinetic Bqnatlona 

3«3«1 Streaming Potential: 

The atreaming potential of an electroklnetic call operating 
open circuit may be derived from Equations 30 and 31* When no 
external voltage aourc6 la preaent the first term on the right 
of Equation 30 may be neglected and the equations may be rewritten 
act 

P -    —    — V 

0  =   MV *V<£ H 

(37) 

(38) 

Prom which we obtain: 

«L- MAQ.> 

« 12 - 

* 
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Using Equation* 23 and 271 

(Uo) 

Trcua the above it la evident that since 7 is a fixed property 
of the solid, lf/0 vere oonatant with temperature and the O K.0 
product v«re constant or with the deviations cancelling, the sensi- 
tivity B/P would be independent of t«ir.j eratura. This has been 
found to be the case for certain material combinations* bat not for 
others* 

3*3*2 Osmosis with no Pressure Differential 

By assuming P aa zero and neglecting the first term on the 
right hand side of Equation 31 to be zero whan no external mechani- 
cal work is involved! 

l: 
». - I/p-6      V< 

M^v (14) 
O 

Inasmuoh as the voltage does not appear in this relation it la 
evident from comparison with Equation kO  that the sensitivity H/P 
may be determined from measuring the volume rate of flow for a 
known currant* 

3*3o* Oamostlc Pressuret 

If s porous plug were inserted with electrodes in the bottom 
of a "U" tuba filled with electrokinetic liquid and a potential 
applied between two non-polarizing electrodes a difference of 
level would be observed as first discovered by Reuss (2)* Since 
the net volume flow would be zero the difference In pressure 
aoroas the plug from Equation 30 would bet 

P(V.o)=-MH «*> 
Prom energy consideration! it is evident that some electrical 

energy must be diaalpated other than that oonverted to heat in the 
bulk of the liquid, ainee the eleetroklnetle forces act at the 
pore walls only* Actually a circulation takes place in the pores 
with ths liquid moving in one direction near the walla and flowing 
back through the oenter* A circulation of this type will always 
be present when both the pressure and voltage are finite* but its 
effects are negligible when the external circuit ia passive. 

3*3*U Other Relationst 

A number of relations and equalities may be derived from Bqua- 
tlons 30 and 31 without approximating assumptions other than that 
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the pore radius la assumed to be much greater than the double 
layer thickness,  this relation being implicit In the equation*. 
Some are Important In that they suggest measurement techniques 
and methods of checking In the laboratory! 

Vl/Vao      \ V il.o Ke  A 

A 

(37) 

(38) 

(39) 

(uO) 

(Ul) 

(U2) 

(U3) 

(W 

(45) 
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1*.    ELECTROKIHBTIC PROPERTIES OP CERTAH LIQUIDS ART) SOLIDS 

U.l   TEST METHODS 

J+.l.l Measurements of Streaming Potential. 0*11 Resistance, Pres- 
sure and Temperature for the *!Se"t«rm.lnatlon of H/F, M, ano* 
Ko as Functions of Temperature, 

Por satisfactory determinations of the effects of temperature 
on the sensitivity, the electromechanical coupling constant, and 
the overall conductivity of the liquid filled porous solid, it was 
necessary to employ an enclosed end sealed cell mounted in a trans- 
ducer such as is shown in Figure 3-2 of Technical Report No. 2 and 
to use alternating pressures.  In addition to the fact that it made 
linearity and frequency response measurements possible on the same 
transducer, this method has the following advantages: 

First, the method lends itself to rspld pressure measurements 
using an accurately calibrated strain-gage transducer operating 
safely within its useful frequency range. Second, the streaming 
potentials may be readily amplified with an A.C. vacuum tube volt- 
meter with negligible polarisation effects and Using the same 
amplifier and scale to read pressure for comparison. Last and of 
greatest importance is the fact that the transducers may be stored 
with a fixed sealed off body of liquid to allow complete stabili- 
sation to take place internally. 

In some instances it was found that seversi days storage were 
required to obtain repeatable measurements. This la understandable 
aa some time would be required to achieve complete uniformity of 
the liquid with regard to contaminants which go into solution dur- 
ing assembly or which are adsorbed on the surfaces of the solid 
components.  In each instance, however, the sensitivity approached 
an equilibrium level in an almost exponential fashion by either In- 
creasing or decreasing with time. This is illustrated in Figure 
U-i. 

In Figure k-2  a plot is shown which illustrates the extent to 
which data may be in error prior to approaching stabilisation.  The 
arrows Indicate the sequenoe of the measurements during temperature 
cycling. Here deviations from the final curve are noted during 
temperature cycling indicating temperature differences between the 
measuring point and the porous disc in the transducer. These may 
be averaged for Increasing and decreasing temperatures.  The initial 
points are far removed from the final curve. For the ressona stated 
above the majority of the data wae taken using alternating tech- 
niques with apparatus later described. 

Figure U-3 shows a sectionel view of the steady flow cell used 
in oartain measurements where it was desirable to run a variety of 
liquids through the oell in a reasonably short time (for compari- 
sons) and further where It was advantageous to know as nearly aa 
possible the bulk conductivity of the liquid.  It wss not possible 
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to measure the latter in the sealed transducers employed in other 
tests.  In the apparatus shown in Plgure 4-3 a porous disc glazed 
Into o solid ring is clasped, using Insulating materials, In the 
path of the liquid flowing under a knovn pressure. Electrical cir- 
cuits to the wire mesh electrodes on esoh side of the plug are 
established by foils and wires not shown* 

A few steady flow and alternating pressure meesurevter.te were 
made using sealing tubes (Corning #39560) modified ss illustrated 
in Pig* k~k-    This apparatus was only used for certain comparative 
experiments in early phases of the work. 

In determining E/P from the alternating pressure test date 
the measured voltage was merely divided by the measured pressure 
and the ratio converted to the MKS aystern of units for plotting. 

The cell resistance was measured at each ter.iporature either 
using a bridge or by measuring the drop in cell output with a 
known shunt resistance.  Inasmuch as the porous disc dimensions 
were known and most of the impedance was in the disc pores, the 
overall conductivity of the liquid filled porous solid material, 
KQ, could be readily computed. 

The flow conductivity of the material for the given liquid 
is computed from the material's permeability and the liquid's 
viscosity, the measurements of which are later discussed. 

Knowing the sensitivity; H/P, the electrical conductivity, 
Kp, and the flow conductivity, kv, for the liquid-solid combina- 
tion from direot measurements^the electro-mechanical coupling 
constant, M, was computed from the relation: 

M »( H\     K 
P/r-e Ao-< 

The above methods were employed using apparatus Illustrated 
in Figures J+-5 and J4.-6 to obtain the data plotted in Plgurea 4-13 
through U-2J. 

4.1.2 Apparatus Employed in Measuring Alternating Streaming 
Potential* 

The apparatus used to obtain data plotted in Plgures 4-13 
through 4-23 la illustrated in Plgure 4-5. A diaphragm pump with 
the valves removed was used to produce s near sinusoidal alternat- 
ing pressure of about 1.5 psl. and at n freeuency of 30 cps., the 
latter being well within the midband range of the transducers tested 
and the reference transducer. The line from the pump was connected 
through a small orifice, (for wave shaping), into s T fitting with 
one short line connecting with sn external standard transducer and 
the other to the electrokinetlc unit under test. 

The electrokinetlc transducer in each instsnee was screwed to 
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/*i     a large adapter block Into which a thermometer wee inserted, end 
^     which provided aubatantlal thermal Inertia. The clternate use of 

dry Ice and a 300 watt lamp provided for the required temperature 
cycling, a fan being used for air circulation. 

The alternating preaeure apparatus waa wired as shown In 
Figure !*-©.  Bere the reference transducer waa a Statham F21-100-3C0, 
temperature compenaated and calibrated to within l£.  The awltchoa 
ahown provided for reading the output of the transducer under teat, 
the output of the reference gage, and the cell rosistance in rapid 
sequence. 

4.1.3 Apparatus for Obtaining Response to a Step Function. 

A simple device which waa used largely for comparative purposes 
is illustrated in Figure q.-7« Here the transducer was clamped 
against an open port in a block having an internal cavity with a 
fragile cellophane diaphragm opposite.  A vacuum line and gage made 
it possible tc set a predetermined pressure difference relieved in 
a few milliseconds with a violent transient upon bursting the dia- 
phragm. A Sanborn direct writing recorder unresponsive to the 
transient oaclllation recorded the transducer output thus providing 
an approximate means of calibration and an accurate means of deter- 
mining the time constant and low freouency 3db "break point"0 

L.l.q. Apparatus for Determining Frequency Response. 

Frequency response studies were conducted In a test tank as 
shown In Figure k-o. This apparatus which was designed for mea- 
suring diaphragm rather than free field response was subject to 
some uncertainty In making measurements but provided a means of 
making comparative calibrations in relatively ahort time and with 
sufficient accuracy to show deviations of 1 to 2 db. 

In practice,frequencies were selectedto set up longitudinal 
standing waves In the tank aa indicated by peak readings of the 
test transducer at the end of the tank. The region near the tank 
wall was then explored for the first or second pressure antinods 
with the head of the Brush microphone.  It was assumed that the 
pressure at the end of the tank was the same as that at the first 
or second antinode. A switching arrangement made possible com- 
parative IB readings (on the scale of a vacuum tube voltmeter) 
which were used in combination with the Brash Calibration curves, 
corrected for the preamplifier response, to plot the various fre- 
quency response curves given and discussed in Technical Report 
Ho. 2. 

Tests from about 100 ops. to 20 KC were conducted In air using 
varloua loudspeakers for sources. Tests from about 10KC to 100KC 
were conducted with the tank filled with water using a Prush BM-102 
transducer as a sound source. 

Any Important resonant effects in the transducers were clearly 
measurable by this method. 
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j 
£\ 4.1.5 Impedance Measurements. 

Wiring diagrams of circuits used for measuring the internal im- 
pedance and the Internal shunt capacity of the eleotroklnetle eella 
are llluatrated in Figures U-9 and 4-10, 

In Figure 4-9 two 10 meghhn resistors provide current sources 
of equal value. The transducer to be tested is placed across one 
eouroe and the circuit shown vaa wired in series with the other* an 
oscilloscope being wired to both aa shown. The dummy transducer 
circuit provides for the internal resistance of the porous plug and 
for the capacity and resistance of the electrodes. The parameters 
were adjusted until equal and in phaee voltages appeared on the 
oscillosoops free 20 cps. to 1000 cps.  The equivalent values for 
the transducer were then obtained from known or measured values in 
the dummy circuit. 

In Figure 1**10 a ahunt choke was used to produce a resonance 
dependent on the totsl shunt oapaelty of the circuit. Here the 
resonsnt frequency was first obtained without the transducer con- 
nected to determine the total effective circuit capacity. The 
transducer waa then connected and the two frequencies noted. Know- 
ing these two frequencies and the inductance of the choke the shunt 
capacity of the transducer was computed. 

4.1.6 Permeability Measurements. 

Rough valuea of the permeability of the various materials are 
contained in the manufacturere* literature. These were verified on 
sample discs by measuring the els^oed time required to pees a given 
quantity of fluid at a measured temperature. The permeability waa 
obtained using the relation: 

e-viaV" 
where B Is the permeability, (as here defined), t ia the plug thick* 
cess, A is the plug area, n Is the viscosity at the known tempera- 
ture, Q is the volumetric quantity of liquid, &T Is the elapaed 
time, and P ia the pressure differential. 

4.1.7 Conductivity. 

Inaamueh aa the majority of tests were conducted with acetonl- 
trile and very frequent conductivity measurement* were necessary, 
special apparatus was made up and calibrated for conductivity mea* 
surements.  (Hoble metal conductivity cells are unsatisfactory for 
use with nitriles because of the formation of complex ions.) The 
cells used sre illustrated in Figures 4-11 end 4-12. In the ap- 
paratus in 4-11 the liquids could be readily streamed Into the cell 
by means of a pipette and emptied by revolving the cell about the 
bearing hole in the upright Insulating atand. An impedance bridge 
waa uaed to measure the oell resistance with a variable capacitor 
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wired screes the opposing bridge arm to balance eel! and stray 
capacity to produce s sharp soil at the 1,000 epe. teat fre«ucncy« 
In© dip cell vac used occasionally to measure continuous ohaoges 
in resistivity. 

U»l»8 Other Teat Methods. 

The above discussion of test methods and app&r&tus supple- 
ments indorsation given la Technical Report Ho. 2* Other methods, 
relating to linearity, noise, ate, ere discussed briefly in that 
report* 

U.2 DATA SHEETS AND TABULATI0II8 

1*.£8I Plots of g/P, tey, K^ and M vs. temperature. 

In PIgures U-13 through l|-23 values of H/P, kv and £0 are 
plotted versus temperature for several liquids and various grades 
of fritted glass and porous porcelain* These plots represent 
only a fraction of the data taken in the tnsta bat are in sore re- 
Sects representative. Comparative data on a wider variety of 

Quids are given in Section 3«2 of Teolmical Report No. 29 The 
data presented in Figures U-13 through 14.-23 illustrate how the 
different electro-kinetic parameters vary with temperature.  Inas- 
much as the quality of the porcelain test elements in the #02 and 
#015 grades was poor the figures for the different grades should 
not be compared quantitatively on the basis cf pore size. The 
manufacturer;a figures for pore size are as follows; 

Grade Pore Radius (Microns} 

015 l.U 
02 .35 
03 .6 

The manufacturer's figures for porosity are given as between 
50£ and 70/6s but measurements on several samplea of the 03 grade 
indicated a porosity near 30$. 

U.2.2 Data on Liquid Selection 

A previous investigation* conducted in connection with the 
fabrication of blast gages for the Naval Ordnance Laboratory, in- 
dies ted aoetonitrile to be superior* to other common organise f*s* 
uss in sleetroklnetle transducers. A more intensive study of the 
problem of liquid selection has been made. Thia included cress 
tabulations based en dipole moment, viscosity, molecular weighty 
dleleotple constant and other properties. Rejections were mad* 
in sease Instances on the basis of boiling point, freezing point- 
etc* to obtain a list of liquids to try expsrissentally in electro* 
kinetic cells. A modified rule of thumb method as developed by 
p&irbrother (17) and including the dielectric constant was used 
as a basis of rejection of electrokinetioally inactive 11quids. 
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fhfi degree of val-idity of this method of selectim is illustrated 
in Figures k~2k and k-%$ fw differ ant solid materials*    In 
general it shows thst;   {with the exception of aoetene)* any liquid 
sMsh has a poor *figsrs of merit® is likely to be isaffieieat in 
a transducer.    A very large nsssbcr and variety of eempesssds were 
considered    fhs relatively aisple* lr*v molecular weight eo^pousds 
are in general superior•    Aoetonitrile has more advantageous 
properties than any tested-s    Inese are tabulated in Appendix B# 

The number of very pure and inert porous solid materials which 
may be procured in a mlercperous state with a high ratio of porosity 
to persss»Mlity is vesj limited.    Although limited experiment* «ere 
conducted on other solids such as sulfur* slundum, and powdered 
realms* most data were obtained using fritted glass or porous 
porcelain*    For the two types of solids* it is interesting to oos« 
pare the changes of relative cell conductivity and relative liquid 
viscosity with temperature*    Ideally if ion mobility were to vary 
inversely with viscosity one would expect the relative inverse 
conductivity curves in Figure S6 to coincide with the relative 
viscosity curve.    It say be noted that for the median grade Pyrex 
material with the largest pore sise* the ideal relation holds ss^s 
closely,.    All substantial departures are believed due to surface 
conductance effects in the pores*    A similar set of curves for the 
porcelains in Fig. U**2? shews the effects of surface conductance to 
be far less pron&tmoed*    fhis difference lacks a simple theoretical 
explanation but accounts for the superiority of porcelain to glass 
with respect to the effect of temperature on seositiv£tys 

h.»2-h   Liquid Mixtores. 

Several tests were conducted on mixtures of different liquids 
to determine the effects of mixing pure compounds on electrokinetie 
properties*    In each instance the electric moments were of the same 
sign* i*s» the inner layer being positively charged.    As was ex- 
pected the current-pressure sensitivity of the mixtures varied 
linearly with the percentage of each liquid.    This is illustrated 
in Flgs k-28-    She naat^ical sensitivity values are only significant 
in a relative Bense* 

U.2.5*   Addition Agents and Cleaning Methods. 

2t would be expected that certain addition agents added to the 
Hi quid might *tro|'**»^,r •ffec% phsuosjena securing at the liquid—solid 
interface!    They might also affect the conductivity* the temperatsre 
so-efficient ez*d the rate at which stability i« approached*    In aces 
instances variations in performance between cells* scse being i»» 
provements* could only be accounted for in terms of uov.ne^n contami- 
nants*    Different addition agents Here* therefore* added with the 
general results noted in the fallowing table« 
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Tatr&ethyl £.ssB5iiJ.iss; bromide w*« tried ia various eoa~ 
castrations is highly polished aeatooitrile with the es?i» 
duetiwity ranging es high a» > x 10~*» siSss/ess* 1% waa 
chosen as £ ecs^5*£:id «Ith 2&rg# molecular dinsnaioris i*«sir- 
likely to have its i*ms affected by solTatisis aad Iik«ly to 
predace % snail terapsrature eoefficisate, She -permit* w«?»s 
initially good, bat with n large P*»ltl*« «o«fflc*«at i§» 
•eloping after several days* poaai^ly t*aemuss of a ebonies! 
raaetien with the aluatnug alaetrodoe. She insults ware 
iaeoaelaalva* 

Cther additlea agents were tried for various reasons 
iacludlng glyoine,, dl«£odli2s versenate, di-HS-butyiamines 
sodiOEB heazeae sulfenate. sodium sulfsnilate, thie^urea, 
sad various datarganta with ao outstanding effects mtcda 

Various cleaning netheda for the pcroaa discs were 
employed whieh included atroag baa as • strong acids with 
oxidising agentss firing to bora oat organic traces* ate* 
The past aurfaca history of the porous plug has a pronounced 
affect oa what may be expected of it oaee it ia eealed ia £ 
cello A method of permanent "activation" focmd very sueoes- 
ful waa to straas a 2$, aclatioa ef hydrofluoric acid through 
the plug followed by a flashing with water and a volatile 
solvent such as s&etonitrile or aoetons. The plug say then 
be thoroughly dried by firing or heating to 300° to 400°Fo 

U«2«6 Coating Agents? 

various materials, aaae aelacted for their dieleotrie 
propertied, were depoalted ia the porea of porcelain plugs 
to attempt to increase the electric moment to a value great- 
er than that for porcelaia* Theee included dyea, shellacs, 
polystyrene, sulfur, and various exchange resins. Ho sig» 
nificant reaulta were obtained in the short tine aiioted to 
such experimentation. It waa noted, however, that anioa 
reels coatings reversed the aign of the electric moment and 
stressing potential* 

U«3 Diseuaaloa of Reaulta; 

Ia all of the earves iacluded in Figures 4-13 through 
U-?.l it nay be noted that the variatioaa of the seasltivlty 
asd coupling C32»*t*r»t St are aiBall ia conpariaaa with X« and 
kw as fractions of temperature. Ia all figures pertaining 
to aoatoaitrile the variation of H ia either quite small or 
ia negative* Recalling thets 

M - 

£z - 



wfeans F »:ad B are teraamtwrg i&depsndeeit «g&gfea»ta af ths 
i&Md* it is «v?,e«Bt that a>»B» tha #l*»tFis ssmeat-s has a 
relatively assail aoaffioleet? as&etantially asalier than 
*f * §^ "£,% the sata potential sad dielaets&s soastast 
•r the olaasifeal tbsasryc    Mass the value ef ^s seta p©>< 
&«sfcS.&.t »ay only fe« inferred by arbitrarily easmsing the 
valu© «f t*B.ft disltsetric* constant 1B, the polarised donbla 
It&er to be the ssse as that is the bulk of the liquid f it 
ia «sssig«»t«d that the &©ta potential sonaept aeawmly appear- 
ing Sn the literature is an artificial ecnaept and should be 
abai>ikmede     (The peroaity factor *P* is subj©et§ t© Keasura- 
sent by filling a plug with a liquid of a lew ooncne&ivity 
sad Bsasuring its resistaaoa.)    ?«« sttggeetios* that tfc® seta 
potential concept ba abandoned baa been sado aeveral tiaos 
and for tba im reasons bet it continues to appear.    By 
using the esperlnontaliy deteralned values fa? B# ?# Ms K^, 
I^# theory^ and sapcrlsai|fcal results stay be readily correlated, 
si'WmA u»«« rituer t*sas*/»  wu F in tha yosk en this project 
as little central could be ssar-slsed ore? the properties of 
the pag^cs sateriaia tested^    The ether approach would only 
ha worthwhile when accurately graded sleaents were available. 
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5.   E^I^ALSS? CIRCUITS 

S^oivalsnt circuits were discussed wad derived la 
sections 2,lj, and 3C£ of Technical Report lo- 2«    Because 
of the variety of laaehaoicai* acoustic and electrical 
sources sad loads pssaicl« no atfeaqpt will be made hes*e 
t*j derive a -variety of equivalent circuits.    Impedances 
nay be tranafowed and voltages, pressures* ©te» con- 
verted to equivalents by the use of the leetrcmeohanieal 
coupling constant B      s. 

An example of hot* the data given in the MKS system 
of units may be applied to the eleetroklnetlc element, 
omitting the frequency dependent parameters is given below. 

For steady flow the equivalent circuit of a porous 
ping element is as shear* s 

t 

Is the Above eJroui* M is the eleetroeechsnical 
coupling constant* E* is the voltage equivalent of pressure* 
and I' la the currant equivalent of volume velocity* The 
above oiroult is applicable tc the conversion of ensrgj 
in either direction* In its appliestlen, however, the 
following factoru must be kept In minds 

1* Sloctrocie polarisation potentials for steady flow 
or at lew frequencies uhen I is appreciable« 

2,    Changes in liqaid conductivity due to electrolytic 
polishing for steady values of R« 

3« Changes in viscosity and conductivity due to heat- 
ing for large values of Xt 

?h 



Fesse of the above factors 5 a ia^ortsm^ when the transducer 
f.« usoei «p»a 5ireui'£ as & r®o«iv«r9  «a« p&larlsaiioa effects 
are only laportant at 1®M fipequesseie* when the lead is ©se- 
parable to H«* 

ffa» s<paii^s describing ike a'cws nstnoj's  are? 

i =r'^ ^«|H 

If 1=  is replaced by fcv and the   second aquation is wulti- 
tliad by M, with MH> being replaced by p, it will be seen that 

he relations are identical with those developed in section 3» 

As an illustrative asasple fron data in Figure ij.»19 st 20°0f 

w/p •* 4.9 x 10~5 rolts/newton/neter2 

k^   • 1.56 x 10-U meters^/newton second 

KQ   • 7«7 s 1Q~5 nhos/eeter 

M      * SitO Asp,  Sec/neter2 

Assuae now a porous disc 2" O.D. x 1/8" s 

t « .00318 meters 
A « .002 meters 

Thsnt 

^ • l/lo •    t   • 20,600 obas 
AQA 

Hv "      *       • 1.76 meghobms 

For an applied pressure P * ME(   the voltage H is  thereforet 

H« H» 20.600 

H« - | (.0115) 

5 * - «01j> » -U«83 x 10"> volts/frets.^et.2 

I * - 332 asv/psi 

A departure of about 19%$ frca the value of H/P taken frost 
the plot is a result of the sppresdmtioss in sssoothisg  the carves 
between the plotted points*.    If the plotted points ere used the 
values should eheek closely sinea the values for H were derived 
fp4b lyl*, S@9 find kfs 
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It is possible in the afeo^e eatsuple to &ppr©?.lsate the 
ef:?ieieagy of tracefeerelng; energy iato a sst-tffc.*d loadi 

©- *'-«» 

The input; energy is s&proxlsstely given bys 

•a. 4  /       '- 

And th» portion of energy delirered to the load is? 

Therefore, the efficiency iss 

V 
Efis ^S- = o.37o 

O 
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&*    3GfCLUSI0SS mi) SUO^BSSTCSS FOR PGTtTll WrSSTlQATimB 

ffes revolts obtained thi&s ?e? indicate that aoetessi-* 
t#il* with sderop^roue perFoelain ('sfith per* *adil of about 
©©4 elorons)* f@sBC a ves-y satisfactory tgeaadaging ecssbi» 
nation with voltage sensitivities ap to >0G WSF/P*Z. ear «X©3 ms 
Isgh«r ssssitivifcios say be achieved at a sacrifice of greate* 
resistance ootd a greater tsBper&ture o@*ffislsrst fcv tha eddi- 
t£«sa of traces ef «©rt&ia asa-ienic detergents* 

She electric aneaent with sxuiy eosbinaticas undergoes 
oaly small changes with temperature.    It- i* a funda»*nt&2. 
el«ots*oidLss«tic parameter unique to a given liq&ld eoii& 
eaablnatiao and should be used rathsrthan tha s^ta pet^*' 
tial in describing tht» characteristics af tha double-layer » 
Relations expressing the relation of the electric s«f&£it_» 
the porosity, and the permeability to the electromechanical 
coupling constant have been derived and suggest future studies 
of vhe ©rigia of olootrafclaetle phsnemesas 

A diseussliKi of applications uas given in Technical 
Report BC's 2«    The outlined suggestion* which folio* relate 
to possible b&sle .Investigations suggested by the vezfc done 
in the past on this projeet* 

{!•)    A study of the effects of porosity and permeability 
and their ratio (using carefully graded materials) 
en the eleetrokinetle parameters, K, /& • and s^* 

CS2)    A study of the electric ~.:>sent3 ef selected liquids 
vita a variety of solid materials under carefully 
controlled conditions tc identify the properties 
of the solids W6»t important is affeetiag ia© megni- 
tado of the electric aom&nte 

C3«)    A study of the action cf detergents on the double- 
layer*    {Such a study should net only throw light 
an the origin ef the phenomena but also on the 
action of detergents») 

(k*)    A detailed study of the nature of polarisation of 
aluminum or tin electrodes in acetonitFlle and 
method* of reducing polarisation by the use of 
addition agents, coatings or methods of increas- 
log the effective- arees 

-J5»I    * sfeidy of elsetrokinetic activity at high tampers- 
t*sro* and hydrostatic pressures? veil beyond tha 
sea level boiling range9 

2? 
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Appendix A 

SYMBOLS, UNITS, AND CONVERSION PACT0R3 

A~l Symbole Uaed In the Report 

A - Face area of poroua plug perpendicular to direction of flow, 

B = Permeability characteristic of poroua plug material. 

C * Electrical capacity, 

d * Thiokneae of Helmholtz double layer. 

e * Charge per unit area of double layer*, 

E * Potential gradient,, 

F * Poroaity characteriatic of poroua plug material. 

gT * Flow conductance of poroua plug 

00 • Electrical conductance of poroua plug. 

H • Potential difference. 

H* * Potential equivalent of pressure difference. 

1 a Current denalty (average) in porous plug material, 

I » Current flowing through cell from an external circuit0 

I• m Current eoulvalent of bulk velocity0 

k^ * Flow conductivity of llouid in porous solld0 

KQ » Overall conductivity of llouid filled porous  aolia, 

L * Inductance. 

M * Electromechanical coupling conatant of liauld filled poroua 
aolid material. 

m « Haaa. 

V » Average number of pores per unit area. 

p » Preaaure gradient. 

P r- Preaaure difference acroaa plug. 

C " Volutmetrio ouantity of liouldo 

r • Radius of pore or capillary. 
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r7 « Flow resistance of plugs 

R0 * Heaietanee of llould filled porous plug* or cell, I.e. l/t-0 

RT • Electrical equivalent of flow realetance of plug, 

a(ip)h m    Unit current denelty-prassure gradient aenal"ivity with 
no potential gradient. 

S(1#)M « Current-pressure sensitivity of plug with E zero. 

t » Thickneaa of porous plug« 

T - TIJBS 

vd » Velocity of inner layer. 

•   • Velocity  (effective)of liouid in plugt 

V   • Volume velocity of llouldo 

Z    « Impedance 

O - Electric moment of double-layer at liquid solid Interfacac 

£  * Dielectric constant of liquid* 

f   = Zeta potential across double-layorv 

n  — Viscosity. 

Tt « 3.1ia59 
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A-2 Convar.slona from KSP to KES vnx i .J ; 

O 

o 

Quantity tSSTJ Kalttply by 
t.o Obtain 

MLS 

A <*.* ic-!* Mote2 

B c»«2 10'* Mot.2 

C Statfarada 1 ?H~ada 

d Cfcc 10•2 Met, 

e Statooulombs/Cm*2 3<33 x 10-6 Cteuli/He'c. •- 

E Statvolts/CtOc 3 x 10^ Volta/Hot. 

P(Pcroa) Dyne* 10-5 Nevtonu 

P(Poroaity) -    -  .  _  . 

«-* Cm«vl)yne See. 10-5 Metc^/NeKi. 

°o Stataahoa l 
Tx~T(F 

Mhos 

H St"tTolta 300 Volts 

i 3tat asp•rec/Cm»* 
TxTS* 

Arops./llet '- 

I Statamporea riTo? 
Anpereec 

*T 
CUe^/Dyne Socc io-3 Mat.U/Havfc 

*o Statnhoa/CBi« 
9 x 10* 

Khr a/Mot, 

L Stathenriea 9 x 10" Hcn^let 

a drama 10^3 Kilograms 

5 Cm.2 1& Krt-..-2 

P Oynaa/Cme 3 10 Newioru/ttr, 

P Dynaa/Gn,,2 10-1 Hevi tone/ft-: >t 

9 C«o3 10**6 Hfct<.3 

r Cau i0~2 He t. 

*T Dyna Sec ./Cm, 5 io5 K«v c<S&c ./)' 

esrSS 
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Quantity 83U Multiply by 
to Obtain 

f\ ."V—- 

R Statohma 9 x 10- Chi«. 

e(lp)h S ta tamp • etc / D^n e 
Tx t& 

Arp.H»t,/Heut-. 

S(*p)fc Stataap. Cr., 2/Dyvn 
3 x "5B8 Attp«Mat,2/WrfVi 

t ca. lO-2 *.etei«a 

T S«o,   Sec, 

Td Cw./3eo. TO"2 Mat ./See-. 

V Cm./Sec io-2 
Wet./Sec 

V CaoV3w. 10*6 Ket#3/Seco 

z Statohaa 9 x 10*1 Ghma, 

I6 Statcouloabe/Cm « 3.33 x 10-8 Coul-,/Mat« 

t e.a.u. a-, k.a.u. v^ 9 x 109 

s Statvolta 300 Volts 

1 Dyne Sec/c»«>2 10"1 Fevt.Sec/Met 

yOC» Dyne Sac Aha. 3 10 Few t. Sec/Met 

A-3    Other Convenient Conversions 

1" Hs»    •    3.38 x 10** Dynea/Cto.2 

Bg.    -    13.5951 0mvCm.3 g 0«C 

1 pal      •    6.8947 x 10^ Dynea/Cau2 

1 pal    •    6.891*7 x 103 lewtona/Met.2 

(water 25°C)    «    .00896 polae 

(acetonltrlle 20®C)    «     .00358 poiaa 

1 On.  Hg.    «    .19337 pal    -    oW|602* Pt.lB^G) 

=    1.333 x 10U Dynaa/CBi.2    . 

1 m/pal      «    -157 DB re 1 Volt/Dyne/Oe2 

* Cbaruotarlatlo aoouetle Impedance of a media, 
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O    A-3 (Continued) 

O 

1 ?olt/lwt./fc*t.2   «•    -201B r« 1 •o!t/Djn«/Cfc.2 

1 W«wton Heter    •    1 Watt 8<*«3ond    »    Srg* x 10~* 

«... .   \   .••*       ?.*•%».- v   • 
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fHorswiss OF ACBfewirans 
(Methyl Cyanide) 

sostonltvllLs has been feued to 1M the west effi***1** ejoektro- 
kinetic liquid of ell those tested to date,    Its ra*i« « •£®c*r.ie 

Boaent (with glaas and p©?©elsis)  to viscosity i« gT«»J#r  *• *?r 

say other known liquid.    Forfxu&atoly its mechanical* therms/3?/namle, 
flhowrtcal, and pSiytiletlogissl properties ell make it sonvsiuen* to use 
la laboratory tests* 02s for the construction of transducers.    In 
view ©f the absve ard sissce ®ueh of the d%t* in See£i°a 4 rjlstes 
to scetenltrlle, & auraber of its ijeportant properties *r* Slir«n 
below* 

B-X    Cqndactlvlfcyg    & pvbwSpl* sapolier lista the conductivity 
oT"!3I£~*7*¥eial tells as 7 x 10s* mhoe/cm. at 20tfc»    Ifc J*?* 
however*, beer pi versed sra may occasions in a compereisl 
grade **ith the ©asdaetivlty ranging from 1.6 x 10 w ahos/Os* 
fhi materiel my l» eleowrolyti saaly polished aai*?6 s-iminas 
elsotrodes in r^m :o to 30 sd rates at 100 vol**/toc" *° • 
eandactivitj as leu as 0.24 x 10-*.    It sill, jsow©ver, return 
e»s stand*^ to a rsnge fross 1 to 2 x 10~°.    CbP^a°J wJJa th* 
noble motels anc; vith c>>pp^r„  sine, and a number °f others 
will cause s saricsd laurens* in conductivity.    1 -    I newev*r» 
aomplete Inert to glassp hl^h grade porcelains, aJfarl,:aij,

4.m*?r 
nssl&a.  antfcsooy,   Sin and certain other metels.    It is mutually 
insoluble sith ssiCFvcrystalline hydrocarbon wa*»" wbich may be 
sts^d &$ sealing ?c*mpoundo6 

8-2 F&lscular Weight*    1&.05 

B-3 Penalty fljjflgg&    0.787i»© 

B-4 Freeglnq gglg&l     -iiii^^C 

8-5 Boiling Paints    8l.6co 

B-6 Vapor Praasuret    {2d&Q)g    <0.2 raa Bg 

B-7 Flash Point:    68©F 

B-8 Spaolflo Heat (e.nel/g.mol.):    0.541 

B-9    H*»«  rtf  Vtaalon   (fjil./ff.molrh     2110 

E-10 ggst of Vaporisation (g.oal/g. 80.5°C)i    173«,& 

B-ll Surface Tension (dyne/cm,air 20°C)t    29.3 

B-12 A diabetic Compressibility (26*>C)t    52.2 x 10^ 

3-13 Digole Moaentt    $*%> x 103-S SSU 

•3k- 



B»I6    Gdo»*    Mild Sthereal 

S*»l?    Bielectyie 0oa*t«at; 

0©C 1*2 
20*» 36,8 
«1.6 26.2 

B-18    nacoaityt 

fejjp.    °C Viscosity  (ep) 

0 O.hi^ 
10 0»39ii 
20 0.353 
30 0,328 
EO 0,30^ 
$G 0.283 
60 0.264 

B-19    gosicltyj     Clans to  that of acetio acid,  Sot irritatiag to 
STySSBly absorbed by the Bki«s     It is reported that la 
the anlaal body the eonpoand hydrolysis to fom s«etla acid 
and does not liberate hydrocyanic acid.    Prolonged braath- 
lag of th© vapors should be avoided,, 

3-20    Chsteiosl Poraulat    OE3 - c s s 

Many of the above figures -««  ousted frees the Carbide and 
Carbon Chemicals Ccsspany *Blaoet Bali ©tin So.  30". 

-35- 


	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068



