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PROPERTIES OF FLECTROKINETIC TRANSDICERS
1. INTRODUCTICR

This report 1s a sequel to Tecmical Report ¥e. 2 which gon-~
tained surmarized informstion relating to properties of cortain
types of electrokinstic 2ella and emphasized faectors which might
infinencs itheir selection or design for various applications,

In this report theoretiscal derivetious will be given and
test methods and resul%s will be prasented, An attempl will be
mede to define and isclete the various pargmeters which affect
the conversion of energy in electrokinetic cells and to 1llus-
trate how thsir magnitude is affectsd by temperature and other
Lfactors.

-Insofax a8 {8 known tue data pressnted in this report are
the first in which streaming potential measurements st alternat-
ing pressures are ussid tc study verlations of the electrokinstic
parameters with temperature under fully stabilized conditions,
all prior work of this type having beex done under conditions of
steady flow. The advantages of this mothod of investigation :cre
discusaed.

An objective of the tasks performed was tc study various
combinations of materials snd techniquas which would lezd to
greater energy conversion efficiency, Inasmuch s2 the factors
which govern the megnitude of the eisctric moment at a solid-
12quid interface are not well known or understood, an experi-
mental spproach was necessary. As an almeat unlimited number
of 1iquid-aoiid combinetiona are possidle it was nseassary to
1imit the number cof combinations attemprted by a rule-of-thmmb
method for tas liquidsz and to choose poroua solida from those
available frcm the commercisl sources, Variocus coatings and
addition agents wers selected on a more or less intuitive
basia and & few of these shcowed definite promiae,

Another objectiva wae to obtaln sufficient information on
the best avallable tested materlal comoinations to enable preo-
dictions tc be made in advance as to the probable performance of
an underwster microphone or hydrophone with regard to sensitivity,
stabllity, ixpedance and fregueney reazponss insofar as it iz af~
fected by the electrokinetlic ecell, To a large extent it 12 be-
1iaved thet this phase of the work has haan succesrsfnlly sceom-

plished. o

Should the impmortance of certain aprlications of eleotre~
kinetiec transducers at some future date dictate, it would appear
that additional detsiled ana2lytical and axperimsntal astudies
should de carried cut with reg tc maximizing the electric mo-
nent end inoreansinz the porosity-parmesbility ratic of the por-

us meterliala, Such studles might beszt b2 carried ont by organ-
izgations with the required speciallzed facilitlcs gnd persommel,
Suggested future studies ars discussed in this report.
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The investigations of elect»ckinetic phenomens on which this
report 1s based were sponsored by the Asocustics Divisiom of the
0f23ce of Naval Research under Contrast Nonr-617(00), Project ¥R

385 Lo7.

Future reports will relate largely to the development of ex-
perimental electrokinetic hyédrophones,
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2. HISTORICAL BACKGROURND

An excellent historical review of t he importunt dissovsrias
ralatiag to slectrokinatic phenomeuna 8 given in Adramson's Llac-
trokinetic Phenomena. (1).

The phenomena of electro-osmosis and electrophoresis wera
discovered by Reuss (2} 4in 1808, his discoveries having siuce led
5 many importaai sppiications in blechemical research and ir in~
éuﬂtryo

The streaming potentisl phenomencn wag discovered by QU incks
{3) in 1859. He firat obaerved that g "streaming potentisl"
would develop across a porous diaphragm through waich a ligquid
was forced under e pressure dirterential, He further observed
that the voltege was independent of the dimensions of the dis.
phragm or the amount of liquid but was proportional to the applisd
pressurs, His later experime¢nts included measuremente with a
large variety of materials of strreaming potential and electro-
osmotic pressure,

In later publlications thscriles were developed Dy Helmholts
(L), Smoluchowskl (5), Gouy (6), Briggs (7) eand many others to
oxplain the origin of sireaming potentiel,

Commoexrclal applications of the streaming potantial phenomens
have been very limited. Schlumberger {8) recognized that the
pressure cf dri1lling fluid in open o1l welis in driving it into
porous formations traversed by the bore hole would produce a
self-potential useful as a meanz of iocating porsus and poasibly
o1l or gas bearing formations, - Doll (3) dsveloped a logging tosl
with a means provided to produce alternating prassurss and thms
alternating electrokinetic rmotentials in the vicinity of porcus
Lormations,

Insofer as is known, Williams (i0), (1l1), waa the first to
recognize that the =t»sgaing potential phencmens might be applied
to a 2sli-containsd ;:6esure asasuring instrumont or transducer.
Bis experimental tranaducers for meaauring “hammer®™ in high pres.
sure ¢il lines are desoribed in ths referonces,

The altermating streaming potential phenomsna and itz posa
sible applications have also besn rscognized by Japanese investi-
getors at Eyoto University and are discussed in Reference (12).
Most of their sxperiments, however, wers with slectrg-cepilliary
instruments exploying mercury scid intarfaces.

The resulis of work scarrisd out by this Corporation have
teen reviexed in Teclmical Report Fo, 2 or will appear in this
report, Experimentaticn in this field was carried out es oarly
&3 1950, MHilitary and commercial eppilcations have included
pressure gagas, dlast geges, physiological instruments, acceler-
cmetars, and will in the near future insludo both experimental
Nevsl and gzeophysical hydrophones.
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A modified classical form of the streaming potentiel eqgua-
tion developed by Helmboltz ([}, but conteining the dlelectric
constant, (assumed by Helmboltz to be unity.) is given below:

H = P

E
n I~

q $on

4

where:
H 18 the streaming potential
j’is the zeta potential across the donble~layer
€ is the diiectric constant
q_is the fluid viacosity
K 1s the fluid conductivity
and P is the gpplied pressurse

This equation which applis® to porous plugs or single capil-
laries indicates a linear relation between voltage and pressure
indepsndent of erea, length, or pore size, Expsrimental avidence
has besn obtained to verify the independence of voltage-pressure
sensitivity on pors size in certain ranges (13). Por very emall
pore radii the sensitivity 1s sffected and equations predicting
this effect have besen developed, (1ll), (15). This reduction of
sensitivity has veen found £ ke important in trensducers designed
for low frequency operation, i.e, belcw 10 c.p.s, and using micro-
porous plugs, S :

Conflicting data may be found with regard to linearity in
variouz pudblishad papers but it 1s believed that most departures
from linearity observed in the past have been the result of the
techniquoez employed rather than anythisg Iuhersat Lo the phsudmens
particulsrly in spperatvs employing rigid porous plugs of glasc
or ceremics, Tests conducted in rangcz from e few microbars tc
up to 95 psi by this organizaticn have shown no measuresble de-
pertures from linearity., The latter msasurements wers made with
sealed and atahilized transducers snd wers nat subiect to notice.
able errors due to polarization or unatebilized adsorbtion of
foreign matter,

It 18 enticipated that the streaming potential phenomena
will receive renswed interest among physical chemists and others
as more applications develep.



3. GBNRRAL THEORY OF OPERATION OF RLECTROKINETIC TRANSDUCERS

3.1 Single Capillary Transducer

The general theory of energy convsersion in a porous plug can
best be understood by first considering the case of a single capil-
lary since s porous plug is in effect 2 bundle of capillaries of
irregular size and shape.

Pirst consider a round liquid filled capillary such as S
shown in a broken sxay section in Pigure 3=1, It is assumed that
a layer of liquid a distance "d" from the capillary wall is charged
with & charge "e" per unit srea and that the capillary wall is
equally and opgositoly charged. The product of the distance and
the charge "de" is dsfined as ths electric moment 'C?' of the elec-
trokinetic doudle layer assumed to exiast at the interfsce,

It 18 now assumed that a voltage gradient E exists in the
capillary along its axis and that, as a result, a force P is pro-

duced on the unit area which is egual to the product of the charge
e and the gradient B or:

F=Fe (1)

If the unit area or shell of liquid is moving, a viscous
force will act due to the shearing of the doubdble layer, thie force
being equal to:

/ nJ:
= d,
F = 1T (2)
where vd is the velocity of the unit element of the imner layer.

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

Ee '-'-'-”1% (3)

Pron the definition or/Q :

g = % (%)

The above relation relates the inner shell velocity to the applied
voltage gradient when no differential pressure exists acrose the
cspillary. It is evident that the dulk velocity in this instance

=i a

2 LA “
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FIGURE 3-2
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would be simply:

- £
© NV =Trtay = 'ﬂ'r“’—,rEL— (5)

where » 1s the radius of the capillary.
To obtain the layer current we simply relate the charge per
ioc

unit length to the ve ity of transportation of the charge:

I, = 2nrnjie (6)

When a differentfial pressure "P" is applied to the cepillary
ving rise to a longitudinal pressurs gradient "p" an additional
orce acts on the unit element of area. It is simply the pressure
gradient multiplied by the cross sectional area and divided by the

oircumference.
"
F'= X
£z (7)

In this instance the balance of forces becomes:
N4 Y
Ee "\d )flz o) (8)

In this instsnoce the total volumetric flow will be equal to
the shear volocitiinnltifliod by the area plus the flow in the
center of the capillary in accordance with Polseuille's formulat

4
V= ey « T R 2
Solving Equation 8 for vd:
rd <
Ny = Trp+ =
d. 2.'1 "\ (10)
and substituting from BEquation 9:

\/ = %%D + 5'.‘;-.]1@4—“3’%& (11)

.




The assumption is novw nade that r/l >> 4, the thickness of the
doudble layer permitting ths equation to be rewritten as:

11=—-§§2_E,+- %\/ (12)

Bauation 12 is one of the fundamental slectrokinetic equations
for a single round capillary,

The total currsnt under a given voltags gradient and condi-
tion of volumetric flow is simply the current transportsd in the

charged layer plus the current flowing as a result of the bulk
conductivity of the liquid:

T = awreVa+ Kgr*E (13)

Again substituting for vd end using the rolation/3,; ad ws sttain:
- 2 anny % Lip
1 N nd (1)
In all instances for small capillaries where the flow is leminar

ue may write: 53
‘YQ' = Tyr4e V (15)

And substituting Equation 15 into 14
T- %V*[A#(a*%‘"ﬂ‘z (16)

This equation is s second fundamental equation which in com-
bination uith BEquation 12 descridbes the electrokinetic phencmens

taking place in a single capillary.

The first term of BEquation 12 1s the electroosmotic pressure
term, significant when the capillary 1s connected to an
energy source, and de negligidle uhen the ends of ths capillary
are oonnected through electrodes to & passive load. The second
term of Bguation 12 is noroli the pressure gradient dus to viscous
shearing in the dbody of the 1lfquid,

In Bquation 16 the first term represents that component of
doudle-layer current which is effective in transducing external
mechanical and electrical cnergy. The first brecketed term re-
lates to that component of layer current sssociated with the in-
ternal viscous dissipation of energy due to the shesaring of the
doudle layer as 2 result of an existing potentiel gradient, The

— e g .



last bracket term is simply ths conductance per unit length adue
to the bulk conduotivity of the fluid,

The “surface conductance” term, or the first dbracketed term
of EqQuation 16 corresponds with the one derived by Smoluchowski
(5) in terms of the "zeta potential™ where:

fe = 4ATrde o

and 1in vhich f i3 the potential across the doudble layer and &€ 1is
the dielectrie oconstant,

More complete relations for "surfacs conductance” including
the changes in ooncentration and mobilitiees of ions produced dy
- the presence of a charge surface have been developed by others in-
ocluding Bickerman (16), and preeumably shoulc be considered for
high values cf zote potential. Such considerations are not, how-
ever; treated in this report, as an exparimentally deternined
overall conductivity parameter is employed in the final equations.

3.2 Enszgy Conversion in s Porous Plug

In Pigure 3-2 a 1liquid filled porocus plug is shown in which
the pressure and voltage gradients ars perpendiocular to the paral-
lel faces of area "A", It is assumed that the faces are good con-
ductore,as they would be if covered with a thin deposited metal
£film, and that the gradients are uniform,

Wo now coneider a unit ocubical element in the plug with one
face perpendicular to the direction of flow. The ocube is assuxed
to be porous, the pores bdbeing irregular in shape and following
tortuous paths through the cube. This concept is then replaced by
ocondidering only the multiplicity of active Zoroo orrootivolgu
parallel o the direction of flow, agsin of irregular shape but
uith average flow resistasnce and area squivelent to the average of
the actual poree.

It 1s then necessary to define the following new terms:
N s the number of pores Der unit area.
t 415 the average total pore area per unit aresn.
F/N is the average pore area.
)gm,io the flow conductivity of the porous materisl,

is the perimeter of an average pore (averaged with
reepect to perimeter).

!
Y, 1s the flow resistance of an average pore per unit
length and 1s equal to

= . o e = ——
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is the current per unit asrea.

L

Ay 1s the effective velooity per unit area or the dulk
velocity divided by the unit area. (It is not the
everage pore velocity.)

It 13 evident that bdecause of the complicated nsture of th: !
flow in a pore of irreguler shape that it would not de possidle
to derive an exprassion fur flow resistance, On ths other hand !
from dimensional considerations it should de recalled that for a f
typical shape the flovw resistance would decreace with the fourth
pouer of the effective pore radius, and that the flow conductivity
of the element would vary with the muxber of pores per unit area,

The first term in Equation 12 was obtained from the last term
of Bquation 1l being releated simply to the shell velocity of the
inner layer resulting from the gradient E. It is evident therefore
that since shell velocity iz indapendent of the pore shape:

- 3 vy Y
L F'L':"—':‘-E+ N Y (18)

/rl 'I)Qv v

(19)

Similar mathods may be applied to modifying Equation 16 to
apply to the unit element of porous msterisl. Again the first
tarm relates to shell velocity. The first bracketed term 1s de-
pendent on the pore perimeter rather than the radius. For a
round pores

r= 27 (20)
permitting a substitnution.
The lsst term 1s dependent merely on the average effective

pore area per unit area. Equation 16 can then for the porous
material de rewritten as:

L=%+[§(‘§§+ KBF]E (21)

In determining the property of the s0lid material related to
the flow conductivity it 1s convanient to define a permeadbility
factor "B" vhich will be independent of viscosity. This factor is

-9-
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defined as follous for a porous plugs

s BA
where V is the total bulk velocity, A 1s ths area perpendiaular to
the flow, is the viscositz. t 13 the thickness, P ie the applied
abl

ssure and B is the permeability characteristic of the solia,
?‘;17). and has the dimensions of length squared.

Por @ unit cudbe of material:
Ny =)

where v is the effective velocity and p is the pressure gradient,

Por the second term in Equation 21, it 1s convenient to intro-
duce the sxperimsntal parameter [, 'he overall electrical conduc-
tivity of the 1liquid filled solid wbsre:

N )
K, = [-_/% (%) + KBF] (24)
EBquations 1% and 21 may then de rewritten as lollows:

pBEe b

- v
(26)

It should be noted t hat the first ter=s on the right of doth

e ustions contain the coupling constant F@ and that certain
eneralisations may be noted since it will be later evident that

t is dosirabdble to maximSge this coupling ocnstant:

(1.) The eleoctric moment *@" and the porosity factor
"P® appear as a product, It is therefore equally important
to maximize porosity as to maximize the electric moment,

(2.) The electriec moment G is unique to a given ligquid-
80114 material interface.

(3.) The terms forming the ratio P/B are both charac-

teristic to the structure of ths so0lid material., The appesr-
ance of this ratio i1llustrates the importance of securing a

- 10 -
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material with the largest ratio of porosity to permeadiliily,

It 18 now convenient to define the coupling constant M:

M = —Fg (27)

The Eeuations 2% and 26 are then rswritten ast

\
p=-ME + eV (28)

L:MN‘-FK,,E

(29)

The above equations contain three parameters, M, the coupling
constant, X, the flow conductivity, and Ko the oversll elesctrical
conductivity, all sudjeoct to messurement, and together compleotely
desoribe the electrokinetic properties of & given liquid filled
porous solid., These three parameters &re used throughout this re-
port.

By including ths area "A"™ and length “1" of the eguations may
be rewritten in terms of preasure, F, bulk velocity, V, the poten-
tial difference, H, and the total current I in en external circuit
as follows:

Pz-mRA+ L R}V (30)
I = MV +Ko% H -6

The above relations may be used by sudbstituting the values
lotted in Section I to determine the performance of a porous plug
n converting energy under any circumstiances, It is important to

roc:inizo that the values of "E" was derived from the actual

ent and corresponds to terminal voltage only when polariza-

EEon alTeots are nagligible at th: electrodes,

The electrorzin=tic relations may «lso be written in terms of
the surrent pressure sensitivity with the voltage equal to zero
83 was done in Technical Report Ro. 2. This sensitivity is comn-
vonient a3 an index of various liguids in the sgme s0li1d or when
a transducer 1s operated into a low impedance load.

- 1] -
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Here by definition:

t
cuprt SmksAE
Ge 2 K, A2 L
° ° 3 = R, (33)
a A a |
v kA2
% x \tY (34)

where G, and gv are the electrical conductance and the fluid flow
conductunoo of the plug.

With the above substitutions Equations 30 and 31 decome:

P = - S('P)H 4+ "“"' -V- (35)

T = Soem | G ¥ (36)

3.3 Important Relations Obtained from Electrokinetic Bﬂtion.
3.3.1 Stre Potential:

The streaming potential of an electrokinetic cell operating
open circuit may de derived from Equstions 30 and 31, VWhen no
external voltage sourcé is present the first term on the right

of BEquation 30 may be negleocted and the equstions mzy be rewritten

Y -
P - :‘:—v ‘;‘ \/ (37)
A
O = MV«\‘-KOtH 38)
Prom which we odtain:
My
5 = M

{
"



Usingz Bquations 23 and 27:

%\ _ l:ﬁ\z: (40)

Iso L

rom the above it 1s evident that since F is a fixed property
of the solid, 1f 8 were constant with temperature and the n ¥,
product vere constgnt or with the deviations cencelling, the sensi-
tivity B/f would be independent of temperstura, This hes been
f:gzd to be the case for certain material comdinstions, dbut not for
] dof - 78

3.3.2 QOsmosis with no Pressure Differsntial

By assuming P as zero and neglecting the firast term on the
::iht a d side of Ejustion 11 to be zero when no external mechani-
wor

is involved:
VN - Mk

IIP‘O Kso

Inasmuch as the voltage does not appear in this relation it is
evident from comparison with Bquation 4O that the sensitivity H/P
may be determined froxm measuring the volume rate of flow for a
known current,

(1)

3.3¢3. Osmostic Pressures

J£ a porous plug were inserted with electrodes in the bottom
of a "U" tube filled with electrokinetic 1liquid and a potentisl
applied between two non-polarizing electrodes a difference of
level would be observed as firat discovered by Reuss (2). Since
the net volume flow would be zero the difference in pressure
across the plug from Equation 20 would be:

F:2}1=“5> =-M ** {42)

From energy considerations it is evident that some electrical
energy must be dissipated other than that converted to hest in the
bulk of the liquid, since the electrokinetic forces act at the
pore walls only. Actually a cireculation takes plsce in the pores
with the 1liquid moving in one direction nezr the walls and 1
back through the center. A ciroculation of this type will always
be presant when bdoth the pressure and voltage are finite, but its
offects are negligidvle when the external oircuit is psssive.

3.3.4 Other Relations:

A number of relstions and equalities mey be derived from Equa-
tions 30 and 31 without approximating assumptions other than that

-13 -
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Q the pore radius is sssumed to be much greater thsn the double
layer thickness, thia relation being impliocit in the equations,
Some are important in that they suggzest measu-ement techniques
and methods of chacking in the laboratorys

IR I e R o
(e ™ Bz (3,0 = ™ -
Bhoo™ ()., = 2 on
)= @ia= Lo o

O (yﬂ-)p.o = (%)n.a: Mk, % e

(%)1”" = (""1: - o, (42)

E- (-]I':T)v-oz (]T:"_)Psoz k"% (43)
(—%)WO: (%E;,o == %o -‘E- (4s)
' =(2) =-2 (45)
(.L )u‘ao - -A—J");_,o. K,
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L. ELECTROXINBETIC PROPERTIES OF CERTAIN LIQUIDS AKD SOLIDS
4a TEST METHODS

elel Measurements of Streaming Potenti
sure snd T raturs for the

al, Cell Resistanca, Pres-

Por satisfactory determinations of the effects of temperature
on the sensitivity, the electromschanical coupling constant, and
the overall conductivity of the l1iquid filled porcus solid, it was
necesagry tco employ an enclosed snd sesled csll mounted in s trans-
ducer such as 1e shown in Plgure 3-2 of Technical Report No. 2 and
to use alternating pressures. In addition to the fact that it made
linearity and fregueancy response megsursments possidle on the same
transducer, this method has ths following advantages:

First, the method lends itself to rapid pressure measurements
uaing an sccurately calibrated strain-gage transducer operating
safely within its usefui frequency range. Second, the stresming
potentiels may be readily amplified with an A.C. vacuum tube volt-
meter with negligible polarization effects and using the sams
amplifier and scale to read pressure for compariscn. Laet and of
greatest importance is the fact that the traneducers may be stored
with a fixed sealed off body of liquid to allow complats stedbili-
zation to take place internally.

In some instsnces it was found that several days storage were
required to obtain repeatadle measuraments., This i3 undsrstandable
as gome time would be required to achieve complete uniformity of
the 1iquid with regard to contaminants which go into solution dur-
ing assembly or which are adsorbed on the eurfaces cof the aolid
componsnts. In each inetance, however, the sensitivity approsached
an 3quilibrium level in an almost exponential fashion bz either in-
oreasing or decreseing with tims. This is 1llustrated in Pigure

h-1,

In Pigure [-2 & plot is shown which 1llustrates the extent to
which data may be in error prior to approaching stabilization. Ths
arro¥s indicate the sequencs of the messurements during temperature
ocycling. Here deviations from the final curve are noted during
temperature cycling indicating temperature differencea between the
measuring point and the porous disc in the transducer. Thsze may
be averagsd for increasing and decreasing temperaturea. The initial
poeints are far removed from the final curve, PFor the ressons stated
above ths majority of the data was taken using slternating tech-
niques with spraratus later deacribded,

Figure -3 shows a sectional view of the steady flow cell used
in certain measurements where it was desiradble to run a variety of
liquids through the csll in a ressuvnadbly short time (for compsri-
sons) and further where it was advantageous to know as nesarly as
possidble the bulk conductivity of the 1iquid., It was not possible

<15 -
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to m2asure the latter in the scaled tranaducers employed in other
tests. In tkte apparatus shown in Pigure -3 a porcus disc glazed
into a sclid ring is clamped, using insulating meterials, in the
path of the liquid flowing under a known pressure., Elecstrical cir-
cuits to the wire mesh electrodes on esch side of the plug are
sstabiieched bty foils and wires not shown.

A few steady flow and alternating pressure messuremnen’s were
made using sealing tubes (Corning #39%80) modified as L{llustrated
in Pig, L-4. This apparatus was only used for certain comparative
experiments in early phases of the work.

In determining H/P from the alternating pressure test datse
the messured voltage was merely divided by the messured pressure
and the ratio converted to the MKS system of units for plotting.

The cell rasistance was measured et each tempsrature either
using a bridge or by measuring the drop in cell output with a
known shunt resistance. Insamuch as the porous disc dimensions
were known and most of thc impedence wes in the disc pores, the
overall conductivity of the liquid filled porous solid material,
Kos could be readily computed,

The flow conductivity of the material for the given liquid
18 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,
KY' and the flow conductivity, k,, for the 1iquid-solid combina-
tion from direct measurements, the electro-mechanical coupling
constant, M, was computed trqm the reletion:

|
M - (BF Y

The above methods were amployed using apparatus illustrsted
in Pigures -5 and L4-6 to obtain the dats plotted in Pigures 4-13
through L4-23,

h.1.2 Aggaratua Employed in Measuring Alternating Streaming
- rolen .

The apparatus used to obtain data plotted in Pigures 4-13
through 4-23 1s illustrated in Pigure Ij-5. A disphragm pump with
the valves removed was used to produce a rear sinusoidal alternat-
1ngtprennure of about 1.5 psi. and at a freouency of 30 cps., the

or 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 a T fitting with

one short line connecting with an external standard transducer snaé

the other to the alectrokinetic unit under test,

The electrokineotic transducer in each instance was screwed to

|
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O a large adapter block into which e thermometer was inserted, and
which provided substantial thermal inertis. The clternate use of
dry ice and a 300 wett lamp provided for the required temperature
cycling, a fan being used for alir circulation,

The alternating pressure apperatus was wired as shown in
Pigure 4-6. Here the reference trsnsducer was a Statham P21-100.-200,
temperature compenseted and calibrated to within 1%, The switchos
shown provided for reeding the cutput of the transducer under test,
the output of the reference gsge, and the cell resistance in rapid
sequence,

Lel.3 Apparatus for Obtaining Responss to a Step Function.

A simple device which was used lsrgely for comparative purposes
1= fllnstrctad in Pipure -7, Hers the transducer was clamped
against an open port in a block having ar internsl cavity with a
fragile cellophene diaphragm opposite. A vacuum line and gage made
it possidble tc sct 3 predetermined pressure differencs rslieved in
a few milliseconds with a viclent transient upon bursting the dia-
phragm. A Sanborn direct writing recorder unresponsive to the
transient oscilletion recorded the transducer output thus providing
an approxiamte means of calidbration ancd an accurste means of deter-
mining the time constant and low frecuency 3db "break point®,

4.1.4 Apparstus for Determining Frequency Response.

Prequency response studies were conduoted in a test tank as
shown in Pigure L-8. This epparatus which was designed for mea-
suring diaphragm raihsr than fres field response wss sudbject to
some uncertainty in making measuremsnts but provided a means of
making comparative calibrations in relatively short time and with
sufficient accuracy to show deviations of 1 to 2 db,

In practice,frequencies were selectsd t o set up longitudinal
stending waves in the tank as 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 sntinode
with the head of the Brush microphone, It was assumed that the
pressure at the end of the tank was the ssme as that at the first
or second antinode. A switching erranzement made possidble com-
aretive DB readings (on the scele of a vacuum tube voltmeter)
which were used in combination with the Brush Calibration curves,
corrected for the preamplifier response, to plot the various fre-
quongy response curves given and discussed in Technicsl Report
No. °

Testas from sbout 100 cps. to 20 KC were conducted in sir using
various loudspeakers for sources. Tests from about 10KC to 100KC
were conducted with the tenk filled with water using a Prush BM-102
transducer as a sound source.

Ang imgortnnt resonant effects ir ths transducers were clearly
measuradle by this method,
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L4.1.5 Impedance Messurements.

Wiring diagrams of circuites used for msasuring the internal im-
pedance and the internal shunt capacity of the electrokinatic cella
are 1lluatrated in Pigures 4-92 and 4-10,

In Pigure -9 two 10 meghhm resistors provide current sources
ol equal value. The tranaducer to be testad is placed across one
source and the circuit ahown waas wired in aeries with the othsr, an
oacilloacope being wired to both as shown. The dummy trsnsducar
circuit provides for the internal resistance of the porous plug and
for the cspacity and resistances of the elsctrodes. The parameters
wers adjusted until equal and in phase voltagss appeared on the
oacilloscopa fron 20 cps. to 1000 cpa., Ths equivalent values for
the transducer were then obtained from known or measured valueas in
the dummy cirocuit.

In Pigure 4+10 & shunt choke was nsed to produce s resonance
dependent on the totel shunt ocapacity of the circuit. Bere the
resonsnt frequency was first obtained without the tranzducer con-
nectad to dslermine the total effective circuit capacity., The
tranaducer was then comnected and the two frequencies noted, Know-
ipz theae two fragquencies snd ths inductance of the choke the shunt
capacity of the transducer was compulted,

l4.1.6 Permeability Measurements.

Rough values of the permexoility of the various materiales are
contained in ths mamufacturars! literature, These wers verifisd on
sample discs by measuring the ele:.ced time required to pass a given
quantity of fluid at a measured temperasture, The permeability wsaa
obtained using the relation:

o- 52.(8)e

where B is the permeadbility, (as here defined), t 1a the plug thick-
ness, A 1s the plug ares, is the viscoaity et the known tempera-
ture, Q is the volumetric qiantity of 1iquid, AT 1is the elspsed
time, and P 1a the pressure differential.

4.1.7 Conductivity.

Inasmuch as the majority of tesats were conducted with acetoni-
trile and very frequent conductivity measurements were necesssry,
special apparatus was made up and calidbrated for conductivity mea-
surements., (Nobls metal conductivity cells are unsatisfectory for
use with nitriles becausa of the formation of complex ions.) The
cella usad are illuatrated in Pigures L~11 and 4-12. 1In the ap-
paratus in 4-11 the 1iquids could be readily atreamed into the cell
by means of a pipette and sxptied by revolving the cell sbout the
bearing hole in the upright insulating astand. An impedance bridge
was used to measure ths call reasiatance with a variadle capacitor

- 18 -
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wirsd soroes the opposing bridge arm to talance cell and strew
czpacity to produoce a szharp rull at ths 1,000 cpe. test fragquency.
The dip cell waes used occasionnlly to meoasure continuocus changes
in registivity,

41.8 Qiher Test Hethods.

The above discusxsion of test methads and sppsretus supples-
ments information givan in Teshnical Rsport Ro. 2. Other methods,
relating to iinsarity, noise, osto, ere discussed driefly in that
report,

In Pigures L-13 through 4-23 values of H/P, k; and K, are
platted versus temperaturs for several liquids and various grades
of fritted gless and porous porcelain, These plcts repressst
only a fraction of the datea taker in the twsts but are in more re-
;Xeets representative. Comparative data o & wider wvariety of

quids are given in Section 3,2 of Teoalmical Report Ro. 2. Ths
data presented in Figures L-13 through }~23 1llustrate how the
different electrokinetic paramsters vary with tempeéerature. Insas-
much as the quslity of the porcelain test elements in the #02 &nd
#015 grades was poor the figures for the diffsrsnt grades should
not be campared gquaniitatively on the basis cf pors size. The
mamfecturer?s figures ror pors esize zrs as follows:

Grade Pore Radius (Microne)
015 ) P
02 .35
03 )

The monufactureris figures for porosity are given us between
504 and 70%, but measuremsnts on ssveral samples of the 63 yrads
indicated a porcsity near 30%.

b.2.2 Data on Liquid Selectien

A previous investigation, conducted in connsetion with the
fabrication of blast gages for the Naval Ordunance Laboratory, in-
dicsted acetonitrile to be superior to other courmon organiscs I
uge in slectrokinetic transducers, A more intenalve study cof tre
problem of 1iquid selection has been made, This included sross
tabulations basoed oa dipole mmment, viscosity, molecular weight,
dielectirie constant and other properties. Rejeetions ware mede
in scme inatances on ths basiz of boiling point, free . point,
eto, to obtain & 113t of liquids to try experimentally slectro-~
kinetic cells., A modified rule of thumb method as developed b
Faipbrother (17) and inecluding the dielectric constant was use
a8 & basis of rejection of electrokinetieally Smactive liquils,
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The degree of validity of this method of selecticn iz 1llustrated
in Pigures [j-2l; and §;-25 for different 20lild materials. In
genere) it showe that; (uwith the excepticn of acetome), any liguisd
uhiash has a peorn fignre of merit® is 12ksly to be insfficlent in
a transducer., A very lerge numder and variety of compomds were
considered. The relatively aimpls, lrw molscular welght compounds
are in gensral superior, Acetonitrils haes more sdvantageous
roperties than any tested. These are tabulated in Appsndix B,

je2¢3 Camparison ef Porous Selids.

The number of very pure and inert porcus s01i1d materials which
maYy be procured in a mlcropcrous state with a high ratio of porosity
to permsebiliity 1s very limited., Although limited experiments werg
conducted on other =:0l1ids such a3 sulfur, slundum, ond powdersd
resins, most data were obtained using fritted glass or porous
porocelain, For the two typos of smoclids, it is intercatinz to cen~
pars ths changes of reletive 6ell conductivity and relative liquid
viscosity with temperature, ITdeally if ion mobility wers to vary
inversely with viscosily one would sxpect the ralative inverse
sonductivity curves in Pigure 24 to coincide with the relative
viscoaity curve, It mey bs noted that for the msdium grade Pyrex
material with the largest pore size, the ideal relatiocn holdg mors
cicsalys All substantial departures are belieoved due to smurfece
conductance effects in the pores, A zimilar zet of curves for the

reelains in Pig, L-27 shous the effectis of surfase comductance te

far less pronsunced, Thias difference lacks a simpls theorstical
explanation but ascounts for the superioriiy of porcelain to glass
with respect to the effsct of temperature on semaitivity.

'ho 2 oh Liggid Mixtures.

Several tsats were conducted on mixtures of different liguids
to determins the effects of mixing pure compoundz on electrokinstie
propertiss, In each instsnce the slectric momente were of the same
sign, 1,o, the inner layer being positively charged, As was ex-
pocted the current-pressure sensitivity of the tures verled
linearly with ths percenta ® 6f each jiguisd;, Thiz is illustratsed
in Pig, L4~28, The mumc:3cal =snsitivity velues are only significant
in & relative senze,

4.2.,5 Addition Agents and Cleaning Hethods.
It would be expented that sertain additicn agents added tc the

limiad might strongly affast phenomena ocsuring at ths 1 qld-z318a
interface, They ;izit also affect the eonductivitr, the témpsrature
co-efficlient .l the rats at which atebility in spproached, In somg
instances varlationa in performance betwerm eells, scms being im-
provements, cculd only be acceunted for in tarms of unknesm sentami.
nants, Different eddition sgents were, therefore, added with the
general resulta noted &n the Taileowing table,
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Tetrsethyl scwoniux bromide was tried im variocus cone
sentrations in highly polished acet trile uwith
duetivity ranging 22 high as 5 x 1 mhoa/em; I

shosen 8 = ~cupomd with Isrge melsculsr dimensd ot
1ixely to bave iis lens alffeeted by selvaticn and likely to
prodice a2 maall terpsrature cosfficient, e resulis wers
initlelly good, Lut with a large peaitive cosfficient &=
veloping after seversl days, possidly Lecause of a chemical
reaction with ths sluminux clectrodss, The results werc
inconclusive,

Other addition azonts were tried for varicus ressens
inoluding glycine, di-iodium versenate, dl-n-butylamine,
sodiux benzene sulfonate, sodium sulfanilate, thic-urea,
and variocus detergents with no outstending effects mmted,

Variocus cleaning methods for the perous discs were
smployed which inclnded sirong bases, strong acids with
oxidiszing sgents, {firing to burn out organic trases, étc.
The psat surface history of the porous piug hes e prencunced
effect on what may be expected of it once 1t iz sealed in =
c8ll, A method of permenent “activation® found very succes-
ful was to stresm a 2€ sclution of hydreflesric acld through
the plug followed by a flushing with water and a volatile
soivent such se¢ scetonitsrile or acetons. The plug =zy thén
be thoroughly dried by firing or heating to 3009 to {00°F,

§o2.6 Coating Agents:

Various materials, szome sslectad for their dielestris
properties; were deposited in the pores ol porcslain plugs
0 attempt to increass the electric moment to & value great-
er than that for porcelain, These included dyes, shellacs,
polystyrens, sulfur, and various exchange resins., Wo sig~
nificant results were obtainsed in the short time alloted to
such experimentation, It was noted, however, that aniem
reslin onatinze reversed the sign of the electric moment and
streeming potential.

ie3 Discussion of Resuliads

In 2l) of the curves includad in Pigures 4-13 through
j«23 1t may be noted that the variations of the semsitivit
2nA ssronling constsnt M 2ve =mal] in comparizem with X,

k_ 23 funotions of temparsature., In all figures pertaining
8 acetonitrile ths variation of M is sither quite emall or
iz negative. Recalling that:

M=




share ¥ aud B are ¢t experstors indgpandent aonstanta eof the
g0i14, it ia gvident that 8%, the elestric mement, he=z
relatively smnll cosffioclemt, sxbstantially mmeller tham
R:® o2 Mg € the setn potential axd discissiris constant

ef thﬁ olazaical theesw itz the wvalue of ths sela pu.
tential 1 may only be mfmod by arbltreril

value of ths dadevetric sonstant 1o the {u-s.z.a denble
igyer %o be the sa=: as that in the bulk ef the ldiq@id, it

18 suggeated that the ssta :sotcﬁ““‘ sonsept ccmmonly appear~
ing in the literaturs 12z &z ertificial comsspt and -gould be
abendomed, (The pereeity Lfacter "P" is subjeet to msasure-
ment by £ill a plug with e liquid of & Iovl sondastivity
end msasuring its resistsmcs.) The suggestien that the :e‘:a
potantial oconsept be sbandened has boen meds seversl timos
and for the sare reasons dbut it continvee to sppsar, 3y
using the experimentaily dstermined vaiues fx B, P, ¥, KX,

Ko thoe snd upom%al results may e rndilr eoml.%od.
A wEs uaeu Fathaer Wam ~ aud P ip the work om tils project
az 1ittls comtwel ms::.’!. 'be sﬁeﬁnsaé over the propartiea of
the porous materiais tested, The cther appreech would onl
s worthuliile uhen accurately graded slements were evailable,



%« BIUIVALERT CIRCUITS

Equivalant cirocuits were discusaed snd dowived in
Seoticne 2.l and 3.5 of Teohmical Report Fo., 2., Decause
of thse variety of mechanical, accustic end electrical
sources and leads pessiblie no attempt will be made here
to derive 2 wariety of cquivalent cireuits. Impedances
nay bo transferred snd voltages, ;ressures, etc, con-
verted to equivalents by the use of the lestrcmechanical
coupling ocnstent * W,

An exsmple of how the data %hm in the MXS system
of units may be applied to the slectrokinetic element,
caitting the frequency dependent parameters is gilvem delow,

For steady flow the eguivalent circuit of s poroua
plug element 12 as shoung

Re=1% :\"A P,
* " -
H=Pim

S KA
, TR
T = MV
2

b e B i .

In the 2bove clreuit ™ 1s the slectrcmschenical
ocoupling consttant, H! is the voltage equivelent of pressure,
and I' is the current equivalsnt of volums velocity., The
above circuit is applicable tc ths sonversion of 3neTEF
in either direcvtion. In 1ts application, Lowever, the
following fasto:'s must be kspt in mind;

_ 1, EBlecirods poiarisation potentialis for steady flow
or at low frequensles when I is appreciabdle.

2, Changes in 1ligid conductivity due to electrolytic
polishing for steady values of H.

3. Changes in viscosity and conductivity dne to heest.
ing for largo values of I.



Fons of tho above factars is i.nportemt when the $ransduser
e ua& gpen sirouit as e rscsiver, md pelarizntion =iTeets
ar? wly ortant at lovw frequencics when the leecd is can-
parable to a@.

Tho equations dege riving ifne avove 1B t#ark are:
I=I+ Ko H

z -k &4 X
H K WM A
If It 23 rspiaced by MV and thw uecend equation is mnlti-
glioé by M, with MH! being repiaced by P, it will be seen that
ho relations are idemtical with those developed in ssstien 3.

/

As an 11lustrative example from date in Pigurs 4-19 at 20°C:
BE/P = 4,9 x 10=5 volts/nevton/materd
X, = 1,56 x 10~11 metersli/newton second
Xo = 7.7 x 10~5 mhos/meter
K = 240 iop. Sec./meter?
Assumas now & perouz disc 2° 0.D. x 1/8":

t = 000318 meters
A= ,002 meters

Mt
% o

Ry = __t = 1,76 meghohms

s

For an espplied pressure P = MH' the voltsge H ia therefore:

H= H 20,600
RTE05 7 X, 760, 600
H= -; {.0115)

gs - ,01; = -}.83 x 10~ volts/Nets./ Met.2
S

H= - 332 =v/psi
?

A departure of about 1.5% from the value of H/P taken fram
the pioct 12 a result of the approximations in smoothing the eurves
betuwsen the pletted points, If the plotted points are used the

values should chesk cleosely since the valiuves for H wers derived
frem ‘FX’P Kos 204 kg,

- 25 .
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it is possidle in the avove szaxplie to apprerimste the
ofriciency of tramafearring energy ints a matebed 1oed:

O ANANNAA,
2. '
!/ y
H ’ K. B =R,
- I | T

The input emergy is spproximately given by:
(TR
I1H = v
And the portion of energy delivered to the load is:
/
| B I A
= T 2 T’i,}/}

Therefore, the efiiciency is:

R sy,
PLY S e temtane g :



6 CORCLUSICHS AED SUQQAESTIONS FOR PUTCRR INVESTIGAPIONS

Fha wacnlia obteined thus fer indicete that asstomi-
t#1ls with wloropsrous psrselein (vwith pere wadil of aboud
2.6 microns), forms 2 very satisfactory transdncing comvi-
pation with voltege sensitivitiss up to 500 mw/pas or <103 I,
Higrer somslitivities nay bhé schieved at & sscrifics of greater
reaistance emd a greater tsmperature ceefficlent by the eddl-
tion of traces of cortaln mon-ionic detergemta,

The slsciric mement with many combinzticns wdergess
oaly small chenges with temperature. It is a fundawmental
electrokinetic paremster unique to a givem 1ligiZ solied
exabdination and should bs used rathar t han the gzeta petem~
tial in descriding ihw charecteristiocs of the doudle=layer,
Relations expressing the relation of the elestric mament,
the peresity, mmd the parmeabllity to the sicctromechenicsl
eouziing consiant hive besn derived and siggest futuwre studies
of the origia of elsstrorinetic phencmena.

A Udscussisn of applicaticons was given in Tacknical
Report Ro. 2. Thoe outlined suggesticns which folliox relats
to posaible bzsic investigstionms suggested by the werk done
in ths past on this projeat,

{1.) A study of the effeoctz of poreosity and permeadility
and thelr ratie (using carefully graded ratsrials)
on the slectFokinastic persmetsrs, M, /'9 » and Ky,

2:) A stuldy of the electric msments of sslected lilquids
with e varisty of s8o0lid materisle under esrefully
sontrolls 4 conditions tc 1dentily the properties
of the solids most important in affecting the megnie-
tude of the elsctris moment.

{3.) A study of the action of detorgents on ths drudle-
lsyer. {Such e study should not only torew lighs
on the origin of the phenarmsne but alse on ths
action of detergents .g

(e} A detalied study of the netire of polarisation of
alusinue or tin electrodes in acstonitrile amd
metheds of reducing polarization by the use of
eddition sgenta, coatlings or metheds of inoreas-
ing the eifective area.

{5.) A& study eof elsstrokinctic activity at high tempera-~
tares and hydrostatic preszsures, well beyomd the
sea level bolling range,
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Appendix A
(“, SYMBOLS, UNITS, AND CORVERSION PACTORS

A-1 Symbols Used in the Report
4 = PFace area of porous plug perpendicular to direction of flow,

B = vPermesbility characteriatic of porous plug matarial.
¢ = Eleotrical capacity,
d = Thiskness of Helmholtz cdoudls layer.

Charge per unit area of doudls layer,

Potential grzdient.
= Porosity characteristic of porous plug material.

8y ® Flow conductance of porous plug
Go = BREleoctrical conductance of porous plug.
HE = Potential difference.

<:) H' = Potential equivalent of pressure difference.
1 = Current density (average) in porous plug material.
I = Current flowing through cell from an external circuit,
I' = Current ecivalen® of bulk velocity,
ky = Flow conductivity of 1liocuid in porous solid,
Ko = Overall conductivity of 1liculd filled porous solid,
L = 1Inductance.

M = Electromechanical coupling constant of liouid f11led porous
s0lid material,.

m = Mass,
¥ = Average number of pores per unit area,
P = Pressure gradient,
P r~ Pressure difference across plug,
‘ © » Volumetric ouantity of lioculd.
é;) r = Radius of pore or capillary.
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r, = Flow resistsnce of plug,
Ry ® Resietance of 1iocuid filled porous plug, or cell, f.e. 1/c,
Ry = Electrical equivalent of flow resistance of plug,

s(ip)h = Unit current density-pressurs gradient sensitivity with
no potential graedient,

S(Ip)d = Current-pressure sensitivity of plug with B zero.
t = Thickness of porous plug.

T = Time

= Velocity of inner layer.

= Velocity (effective)of 1licuid in plug.

=  Volume velocity of liouid,

Impedance

= Electric moment of double-layer at liquid £911d interfaca.

|

Delectric constant of liquid.,

FSSnmym Y 9
[ ]

= Zeta potential across double-layer.
= Viscosity.
= 3,14159
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A-2 Conver:sions from KSU Lo MED uvniid:

Quantity %Sy "ul%iply by
to Qbcain
A cm, 2 104
B om.2 16
c Statfareds i
TxIov
4 Cca. 102
° Statcoulombs/Cn. 3.33 x 10-6
E Statvolts/Cr. 3 x 1ol
P(Pcrce) Dynes 10~-5
P(Porosity) - - - - - =
gy Cm.5/Dyne Sec. 105
Gq Statmhos 1
I x 107
St~tvolts 300
Statamperec/Cn.2 3_’1(_:63
1 Statamperes '3'—}("‘...'56
Xy Cm.4/Dyne Soc, 10-3
K, Statmhos/Cu. W
L Stathenries 9 z 10"
-} Gi'm 10-3
X C=.2 10k
P Dynes/Cm. 3 10
P Dyres/Cm.2 10~1
Q cm.3 10~6
r Ca. 10-2
ry Dyne Sec./Cm.> 105
o Y
EEEE A i g Y

Me i

M.S

Hotcz
Het.2

Pyrads

Met,
Cevl.Met
Volta/Fet.,
Newtonu

Mctns/!lewx
Mhos

Voltsa

Anmps,/Met. @
Artperes.

Mat.%/Nowi
Fhea/Met.

Henrlet
Kilograms
Mﬂt.*z
Hewtone,/ Mo

Wewtone/pon

e

Mct.

Heve. 8se. /¥




- . -—

Quentity BS3U
R Statohms
s(ip)r Statap,.Cx./Dme
sS(xp)k Statamp.Cm.2/Cyne
t Ca.
T Sec.
\/ Cn./Sec.
v Cm./Sec.
v GEQB/SOO.
A Statoms
/9 Stateoulambs/Qn,
E e.8.u.
§ Statvolts
n Dyne Sec./Cm.2
(] Dyne Sec./Cm,3

A=-3 Other Convenient Conversions

Multiply by
to Obtain

9 x 10"

1072

10-2

10-6

9 x 1011

3.33 x 20-8
1

T3 10?
300
10-1

10

1" Hg. = 3.38 x 104 Dynes/Gs.2

Hg, =
1l psd

13.5951 Gmym,3 € 0°C
= 6,8947 x 10l Dmes/cm.2

1pst = 6,8947 x 103 Newtons/Met,.2

(water 25°0C) =
(acetonitrile 20°C)} =

1 D> Bg. = 019337 p.i bd

«0083%6 poise

«00358 poise
60l Pt (By0)

= 1.333 x 104 Dynsa/cu.2

l my/pai =

-157 DB re 1 Voli/Dyne/Ca?

# Charuoteristic acoustic impedance of a media,

.0-32.-

a ~*¥. l/‘;,v

s
?

‘4—’ Pk

Chxs.

Anp Mot fHeai
Azp.Met,2/Hav 1.

Meter s
Seo,
Met. /Sec.
Met,/3ec,
Met.3/Sec,
Chms.
Coul,/Met,

mo-k.a.u.

Volts
Fevt.Sec./Mat. -
Fewt.Sec./Mel




() a-3 (Contimed)

1 Volt/Newt./Mat.2 ~ «20IB re 1 volt/Dyne/on.2
1 Newton Meter =. 1 Watt S8scond = EBrge x 1077
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Appendix B

PROPERTIZS OF ACBTONITRILS
(Hethyl Cyanide)

Acotonitriie 195 been found to be the most efrjsient elecktzo-
kinstic 1iquid 22 ell those tostod to date., Its ravic of :loctx:ie
moment (with giass and porselsin) to viscosity s greeter than for
any other known liguid., MNorfunately its mechsmicel, therwciynamie,
chewical, and phynislogiosl propertien ell meke it conveniemt to use
in lsborstory taats oF for thw construction of trensducers. In
view of the above ard since mmich of the data in Sectiob 4 relates
;olncstmitr‘no, & puabse of its importsnt properties are givem

LM

Bel {emductivitye & preinsiple sapplier lista the gonductivity
Ria gcstealtrile s 7 x 10°° mhos/Cm, et 20°C. It hasn,
however, deer pr.ct.sed 2 many occasions in & cangex'ch.l

geRde with the condactivity renging frem 1.6 x 10 < /

Pla mpteriel Ay 1 elecirolytizsiily polished using siuminum
eiscirodes in from 10 to 30 xdzatgs at 100 vol®s inch to a
conductivity 28 lo¢ as 0,24 ¥ 2.0-¢, It yill, nowever, return
o= stand'ay t5 e range ivom L to 2 x 109, Contaos with the
notle motals anc with ~oppsr, zinc, and & mmber cf others

w21l cause & marisd incresse in conductivity, It is, however,
scrpiete Inewt to glaszs, hih grsede porcelains, sluminum, mag-
nesica. anZiwomy, cinm =nd certsin sther metels., L1t is mutually
ingsiubls wish mioroerystalline rydrocarbon waxes which may be
a85d &8 sosling compounds.

B-2 Melecular Welzhé: 41,05
(15/4ecre  0.7874
B-l} Preozing Poinmts -Ll.9°C
B-.5 Boilinmg Puint: 8l1.6c0
B=6 Vepor Prassu~es {(20°0); 0.2 rm Hg
B-7 Flash Point: 68°F

B=8 Spocific Heat (g.rel/g.mol,): 0.541

B-O Heot of Pusion (C2l./z.mol:}: 2130

Densldt

1€

¥
©

r - e - =

B-10 Fsat of Vaporization (g.csl 80,29C):s 173.56

B-11 Surface Tenaion (dyne/cm,air 20°C): 25.3

B-12 Adiabatic ressibility (260C)s 52.2 x 106
8-13 Dipole Mcmen®: 3.9 x 1016 esu



B-1l

f,"

B=15
B=16
B.17

B-18

B-19

B-~20

Jaiceity of Soands 1303 n/8es,
Coayesteristiic Asoustic Ispedencey 1.055 10°5 g/o=.B8se.

Odnze 14 Ethereal

DisiscEric Conatant:
0°¢C k2
207 3.8
£1.6 26.2
Viscosity:
Tamp, °¢ Viscosity (ep)
=10 0.4393
(4] Q.440
10 Oi;m'
20 0.353
0.328
0 0. 304
0.22&
60 0.2

hﬁcigs Clone to that of acestioc acid, Fot irriteting to
er resdily sheorbed by the sxin. It 13 reported that in
the enimal body the compound hydrolyzes to form szetis acid
and does not liberate hydrosyanis soid. Prolonged breath-
irg of the vaperas shovld bs yvoided, 5

Chemical Formula: OH3 - C g W

Many of the above figures are cictsd fra= the Carbide and

Carbon Chemicals Company *Kiazocet Buliestin Fo. 0%,
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