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RESEARCH MEMORANDUM

STUDY OF SOME DIELECTRIC PROPERTIES OF SUSPENSIONS OF
MAGNESIUM PARTICLES IN MINERAT. OIL

By Aubrey P. Altshuller

SUMMARY

The variation of dielectric constant has been meesured as a function
of the concentretion of magnesium particles; the shape, slze, and degree
of oxldation of the particles; the temperature; and the frequency of
oscllietion. The varlation of dielectrlc constant and settling level
was Investigated as & function of time. Also investlgated were the
effects of particle concentration, perticle shgpe, and time on dielec-
tric losses.

The two varlebles of primery lmportance affecting the dlelectric
constant were the concentration of the magnesium particles and the shsape
of the partlcles. Corrections for varieitions in temperature and degree
of oxidatlon were made possible by the information geined. The dlelec-
tric constent was shown to be iIndependent of particle size. The effects
of oxide upon the variation of dlelectric constent with frequency and
the dlelectric losses are discussed. Two processes, one consisting of
dilution, the other of compression of particles, were advanced to expleln
the varlation of dielectric constant with time as settling proceeds.

INTRODUCTION
SubJect and Purpose of Imnvestigetion

Jet fuels consisting of suspensions of megnesium and boron particles
in hydrocarbons ere belng studled at the NACA Lewls leboratory. Because
such fuels haeve decided advantages over hydrocarbons alone (refs. 1 and
2), 1t is of considersble importance that careful investigetions of
thelr properties be made in order to obtain information which will be of
use in the preparation of steble, freely flowlng, and highly combustible
fuels of thls type. The present work 1s a continuetion of the studles
(ref. 3) of physical properties of such suspensions now being carried

out at this laboratory.
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Only & limited number of physical methods are avallable for the
investigation of concentrated suspensions of metals (or nommetals) in
hydrocerbons. The best known of these methods are viscometry and set-
tling rete measurements. While both of theee methods are of—consider-
eble usefulness, they also have serious limltations.

Viscometry by its very nature is limited to systems under the in-
fluence of externel shearing forces. These forces are of considerable
importance in determining the motion of the suspensions through fuel
systems or in the settling of partlcles. At the same time, however,
little knowledge may be gained as to the rest behavior of suspensions.

Knowledge of the settling levels of particles in a suspension 1s
also useful (ref. 3). No information is avallable as to the state of
the-system when such meesurements are carried out before vlslble set-
+iing occurs. Furthermore, conceéntration gradients within unsettled and
partly settled suspensions are not obtainable from simple settling-level
measurements.

Another pource of -information lies in microscopic observations.
Again, however, the study of dry powders or of particles in liquid films
may faill to supply information upon the rest-behavior of suspensions in
bulk.

A method or methods which might give further information regarding
the rest behavior of suspensions as well as the behavior under external
shearing forces would be highly desirable. The study of the fundemental
dilelectric behavior of suspensions glives information upon the rest
behavior of suspensions and, furthermore, offers poassibilitles of yleld-
ing information about the concentration gradients of the particles and
the degree of floceulation 1n suspensions.

Previous Investigations

The dielectric constants of particles of such mabterials as potassium
chloride crystals, leed chloride particles, particles of Wood's metal,
and so forth, in such mediums as alr, carbon tetrachloride, castor oil,
and lubriceting oll have been studied (ref. 4). From these studies 1t
was concluded that the dielectric constant at a glven volume fraction of
suspended material depended upon the particle shape. The grester the
deviation from spherlcal shape, the higher the dielectric constent is
found to be for s raniom dlstributlion of particles. The experimental
results were compered wilith the various theoretical formulas which were
availeble at the time, and it was concluded that the theoreticsl equa-
tion glven in reference 5 was the most patisfactory. This equatlion has
the form

3059
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where

€ dielectric constant of dispersion

€ .dielectric constant of dlspersed material
€ dielectric constant of dlspersing medium
v volume frection of solids

The equation holds only for spherlcal particles. For metasllic
spheres dispersed in nonpolar liquids, where el/t:2 -~> o,

£ =c(1- v)=3 (2)

which expended in serles form 1s
e-e2(1+3v+6v2+1ov3+...) (3)
For low concentretions of the dispersed meterial,
€ = e,(1 + 3V) (4)

Investigations have been cerried out on the dielectrlic behevior at
rest end under shear of suspenslons of titanlum dloxide, Zzinc, copper,
iron, and carbon black particles in mineral oill and castor oll (ref. 6);
and some messurements have been made upon paint plgments in similar
vehicles (ref. 7). The behavior of the spuspensions at rest and under
shear wes discussed in terms of modificaetions of equation (4). In ref-
erence 7 more recent theoretical work (ref. 8) which results in the
limiting equation (4) also 1s mentioned. The modifications made result
In a semlempirical equation:

€ = e3(1 + 3a,£V) (5)
where
a, agglomeration factor

£ shape factor
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Equation {5) attempte to represent the behavior of-nonspherical
particles with a shape factor f which may form agglomerates of
particles.

The theoretical equation given in reference 8 for small concentra-
tions of spherical nommetallic particles has the form

€. - €
€ = ey\l + 3V L2 (6)
6 + 2¢p
For higher concentrations of metallic spheres, the theoretlical equation
in reference 8 has the form
€ = Ez(l - SV)_']' (7
or expanded in series form 1s
€mep(l+ 3V 4oV 42TV 4. . ) (8)

The preceding equation la based on different and probably more reason-
able theoretical essumptions then equations (1) to (3). It may be seen
that equation (7) would predict higher values of ¢ +then equation (3)
at concentraetions where quadratic terms in V become important. Theo-
retical equations have also been derived for elllpsoldsl particles
(ref. 9).

Meagurements have recently been made (ref. 10) on the dlelectric
constantes and especlally on the dlelectric loeses and conductivity of
dilute suspensions of silica, iron, and carbon black particles as &
function of shear, temperature, and freguency.

For spherical perticles in suspension, the dielectric constant at

e frequency f is related to the frequency at f m o (infinite fre-
quency) by the expression

K
€ m gy(l + -l—:—c;aT—z,) (9)
where
€ dlelectric congtant at a frequency £
€ dieleci’.ric. constant at infinlite frequency

» 2nf
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sve,
K 252 + El
252 + Cl

T
4x0

oy conductivity of dispersed material

The loss angle or dlelectric loss is glven Dby

KT
tan 8 = (10)
1+ K+o.)2T2

For nonsphericel perticles the analysls results in more complicated
expressions (ref. 1l1) involving the elliptic integrals. Qualitatively,
the dlelectric constant and the dlelectric loss should increase con-
siderably in megnitude with lncreasing deviation from spherlcel shape.

The preceding equatlons are formally 1n sgreement with those
derived for poler liquids (refs. 12 and 13). Furthermore, since a di-
electric sphere behaves like & dipole when acted upon by an external
field, the resemblance 1s very close.

Scope of Present Investigation

In this investigation a conslderable mumber of factors whlch were
thought to be of lmportance in gaining fundementel information concerning
the hehavior of magnesium suspensions in minerel oll were studled. The
variation of the dlelectric constaent and the dlelectric loss was meas-
ured as e functlion of the concentration of megnesium particles, the
temperature of the suspension, and the frequency of the alternating
field. Since magnesium, egpeclally ln the finely divided state, ls
readlly oxidized, the varlatlon of the dilelectrlc constent was measured
when the oxlide content was changed. The influence of particle slze and
shape upon the dielectric constent of magneslum - mineral oll suspensions
was also determined. Finally, the dlelectric constant was meesured as
settling proceeded 1n the cell. Settling rate measurements were made
simultaneously in glaess cylinders by reeding the level to which the
suspension hed settled.
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EXPERIMENTAL. PROCEDURE
Bources and Description of Materials

The benzene, hexane, heptane, cyclohexane, methylcyclohexene, and
toluene employed in the calibration and determination of accuracy and
reproducibllity of the dielectric-constent cells were purified by dis-
tillation through the Podblelniak columns at the NACA Lewis lsboratory.
The densitlies and refractive indices agreed within a few units in the
fourth decimal place with Nationael Bureau of Standards values (ref. 14).

Two samples of purified white mineral oll were used. The first
sample had & denslty of 0.8714—gram per milliliter and a refractive
index of 1.4762 at 20° Q. The dielectric constant of this sample was
2.170 at 20° C and 2.137 at 50° C, and its Brookfield viscosity was
about 36 centipoises at 30° C. The second semple had a density of
0.8805 gram per milliliter and a dielectric constant of 2.184 at 20° c.
Its viscosity was about 100 centipoises at 30° C.

All the magnesium used wes obtained from Golwynne Chemical
Corporation and ranged in average particle diameter from 23 to 1.5
microns. The dlameters were determined by an ailr permesbility method
(Fisher Sub-Sieve Sizer). A Roller analysis of the l4-micron powder is
given in table I. The oxide contents were determined for each can of
magnesium employed for the dielectric-constant determinations. The
purest magnesium used was 98 4o 99 percent, but in most ceses the purity
was 1n the range from 90 to 95 percent because of alr oxidation. For
the study of the effect of oxlde content—upon dlelectric constant, 92
percent pure megneslium powder was obtalned from 98 percent pure megnesium
powder by ellowlng the latter to-stand in a gallon can for about three
months with the 114 on but not tightly sealed.

Preparation of Suspensions

The suspensions were prepared by welghing first the magneslum and
then the mineral oil into a beaker on & balance sensitive to 0.1 gram.
The total welght was usually mede up to 300 grems. A portion of this
was used to £ill the dlelectric-constant—cell and the remainder to fill
the settling rate tube. The materials were vigorously stirred in the
besker wlth careful scraping of the sldes of the beaker to remove any
magnesium clinging to the glass. The material was stirred untll it
appeared smooth end homogeneous, allowed to stand for a few minutes, and
stirred egein. The meterial was poured into the measuring cell 15 to
20 minutes after mixing was begun. Some difficulty in mixing was en-
countered with the finest materlals, less than 2 mleroms In diameter.
Agglomerates of megnesium particles of this size range were sometlmes
difficult to dlsperse.

3059
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DIELECTRIC-CONSTANT AFPARATUB
Description of Apparatus

A bridge-type apparetus was employed in meking the dlelectric-
constent and dielectric-loss measurements. The bridge used was &
Bcherling cepacltance bridge. The substitution method was used
vhereby the capaclty Cy Introduced by the measuring cell was removed
by reducing the cgpaclity of the precision condenser Cy in parallel
with the messuring cell. The resistive component Ry was balanced out
by Cp (fig. 1). This bridge can be balanced accurately up tﬁl mega.-
cycle and cen be used with resistances between 3x10° and 8X101l ohms,

the limits depending upon the frequency.

The generafors used were R-C oscillators. One of the oscille-
tors has & frequency range of 7 to 70,000 cycles per second, the other
osclllator used hes & range from 20 to 200,000 cycles. Since the vari-
able precision condenser Cy within the bridge 1s corrected for worm-
gear eccentriclty at 1000 cycles per second, this frequency was used
except when the effects of frequency upon dielectric constent were being

determined.

The output from the oscilllator wes fed into the Schering bridge.
The bridge output wvas then amplified by a decade amplifier and flltered
elther by a 1000-cycle~per-second band-pess fllter or e bridged-T fllter
wilth 60-cycle-per-second reject. The detector was a vacuum-tube volt-
meter. A stalnless-steel sheet was placed under the entlre gpparatus

to serve as a ground.

Dlelectric-Constant Cells

The cells usually used 1n dielectr':l._c-consta.n'b investigations
conslst of rather thin-walled nickel, sllver, or gold cylinders or plates
held gpart 1n the cese of cylinders by quartz or Teflon spacers and
attached to a glass apparatus. Usuelly, the space between electrodes iB
of the order of several millimeters. For the study of concentrated sus-
pensions, a rather rugged cell is necesgary because of the nature of the
meterial used. Furthermore, the space between the €lectrodes must be
conslderebly larger than usual to ensure the flow of the materials Into
the interelectrode space. Lastly, the cell must be reedily dlsassembled,

cleaned, end reassembled.

Bince the ordinary dielectric-constant cells were not suliteble,
speclal cells were constructed. These cells (fig. 2) consisted of two
concentric brass cylinders fitted into a Bakellte top. Both cylinders
and the top were threaded. The cyllnders were closed at the bottom, and
the outer cylinder also served as a contalner for the material belng
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investigated. Two holes were tapped so thet screws could make connection
wlth the top edges of the cyllnders and thus could serve as terminals.
The cylinders were of sufficlent difference in diemeter, ebout 1/2 inch,
to ensure a ready flow of-materlisl between them. These calls were rugged
and were easglly dipassembled for cleaning.

In order to avold long leads to the constant-temperature bath, the
cell was placed in a stainless-steel water Jacket, and water was pumped
from the bath to the Jacket and back. The thermoregulator was edjusted
to compensate for the temperature gradient between the Jacket and the
bath. The temperature was maintained constant to at least +0.2° C. The
small temperature coefficlent of the dlelectric constants of the mate-
rials made thlis degree of —temperature control quite sufficient.

The cells were callbrated by using alr and purified benzene for
reference subsgtances.

Instrumental Accuracy, Reproducibility, and Sensltivity

The reproduclbility and accuracy of-the spparatus were partly
tested by the use of purified hydrocarbons. An example of the reproduc-
1bility of results ls glven by the following values for cyclohexane:
2.007, 2.008, 2.008; and methylcyclohexane: 2.009, 2.009, 2.010. The
accuracy may be judged by a comparison of some values measured at 20° C
with thls epparatus with those glven in 'bhe literature (also measured. at
20° C) thet are considered relisble:

Substance This Llterature | Reference
investigation
Hexane 1.890 1.890 15
Heptane 1.925 1.926 15
Cyclohexane 2.024 2.024 16
Toluene 2. 586 2 587 17

According to the mam:fa.cturer, the Schering 'bridge has an accura.cy of-
4+0.2 micromicroferad or 40.1 percent when cspaclity differences are meas-
ured. The results listed in the preceding table substentliate this estl-
mete and geem to indicate an even better accuracy. The reproduclbility
with concentrated suspensions may be Judged by the values of 7.10, 7.08,
end 7.09 measured at different times for e 50 percent magnesium suspen-
slon of l4é-mlicron particles of 98~-percent purity in mineral oll. In
general, the probable error in dielectrlc-constant determinatlons with
suspensions varied from 0.1l to 1 percent, depending on the concemtration
pize and shape of the particles; but it was often less then 10.25 percent.
The lerger errors in these determinstions result from noninstrumental
sources of error. These are, with thelr estimated magnitudes, as follows:

3059
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(1) Nonhomogeneities due to imperfect mixing (error in extreme
cases several hundredths of & dlelectric-constant unit)

(2) Rapid settling of particles in more dilute suspensions and at
higher temperatures (may lead to errors of ebout +0.01 dielectric-
constant unit)

(3) Temperature fluctuations (less then instrumental error, that
is, sbout +£0.02 percent for en uncertainty in temperature of +0.2° C)

The sensitivity of the gpperatus could be adjusted by varying the
osclllator output or the amplification. Usually the sensitivity aof
adjustment exceeded the readebllity of the capacity diesl, which was sbout
0.05 micromlicrofared. The sensitivity was decreased when measurements
were made at 100 cycles per pecond because of the inefficlency of the
60-cycle-per~second relect £filter at 100 cycles per second. The sensl-
tivity at 100 cycles per gecond was sbout £0.2 to 0.3 micromicrofarad.

The dlelectrlc-loss readings ususlly could be reproduced to 15
percent.

Settling-Rate Measurements

Measurements of the settling rates of the megnesium suspensions
were made at the same time the dielectric-constant measurements were
mede. The suspensions were placed in 100-mllliliter gradueted cylinders,
vhich were kept in the constent-tempersture bath between reasdings. The
level between the supernatant liquid and the suspension was determined.

EXPERIMENTAL RESULTS AND DISCUSSION
Initial Values of Dlelectric Constant

The Initial dlelectrlc-constant velues used 1n the followlng
sectlons are values obtalned immedlately after the cell was fllled with
the suspension.

Effect of concentration of particles on dielectrlic constant. - The
values of the dlelectric constants of the suspensions immedistely after
preparation are plotted against the welght percent of solids ln figure
3(a) and against the volume percent in figure 3(b). The values plotted
represent averages of two to four experimental determinations. These
individual vaelues, thelr mean values, and the estimeted errors are given

in teble II. '
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The varlation of dielectric constant with volume percent is of more
theoretical slgnificance than the varlation with weight percent of .
s0lids. To calculate the volume percent, the following formulas was
used:

10 o,
" ogd F oy

where .. . -

' (11)

3059

dg, d‘L densltles of solid and liquld, respectively

g, wy, welght fraction of solid and liquid, reaspectively

The error in V is of the order of-0.25 to 0.5 percent. Thie error is
introduced into the transformation because the density of the solid is

the average of the densitles of the pure magnesium powder and of a small

amount of magnesium oxide. The average density was found by first

analyzing the solid for the percentage of magnesium and then reading the -
density from a large graph of dg agalnst percent oxide content. -

The curves 1in figure 3 present a number of interesting features.
Compared wlth the experimentel error of 0.0l to #0.02 in the dielectric
constant; the dielectric-constent change 1s quite large, especially in
the concentration reglon from 40 to 60 weight percent. Thus, in going
from 50 to 60 welght percent, the dlelectric constant changes by ebout
2.7 units. This means that an unknown suspension of the same material
may be determined to 0.2 to +0.3 welght percent in thls region. De~
terminations of differences from 0.5 to 1 welght percent and larger
could be mede with ease. From mineral oil alone to 60 percent meg-
nesium (14u) in mineral oll, the dielectric constant Increased from
2.171 to 9.815. -

The curves are both convex towards the concentration axes. In fig-
ure 3(b), the region below 10 to 15 percent by volume appears to be
fairly linear. A least-squares treatment indicaetes that actually the -
experimenteal deta at 10 percent by volume and below must be represented
by & cubic equation. The experimentel dete plotted in figure 3(a) for
l.8-micron megnesium for 5§ percent by volume and below are best repre-~
sented by & quadratic equation. For a linear equation to be vallid to
better than 0.0 dielectric-constent unit, only deta in the regilon of 2
percent—by volume and below should be used. This may be verified by a
series expansion of equationa such as (3) and (8) by using various
values of YV, that is, 0.02, 0.05, 0.1 volume percent. The series rep-
resenting the relation between ¢ and V are slowly converging serles
and attempts at simplification which result in cutting off the series
expansion should be carried out with considerable caution. .
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In teble XTI, the theoretlcal values for the dielectric constants
of metellic spheres in mineral oll are calculated by means of equation
(2), column 2, end equation (7), column 3, while the experimental results
are gilven in column 6. The series expansion of equation (2) for metal-
lic spheres has the form

e-ez(1+3V+6V2+lOV5+15V4+21V5+---) (3)

while equation (7) may be written as
€ = (1 + 3V + V0 + 27v° + 54v* + 16270 + . . ) (8)

The differences in equations (2) and (7) result from the differing
theoretical approaches. All the theoretlcal equations ere derived on
the assumptlion that the suspenslons are fairly dllute and that no
agglomeration of particles occurs. The method used to derive equation

7) is probably moré satléfactory. The series expansions, equations

3) end (8), meke it evident that when the third and fourth terms in the
series become important the results of the two equations will disagree
increasingly with each other.

In teble IIL, columns 4 and 5, values are calculated wilth the
inclusion of the shape factor £ 1in the theoretlical equations. This
factor has been evaluated from the experimental dlelectric-constant data
for the l4-micron particles in mineral oil. (The shape factor will be
discussed in more detell 1n the general discussion of the influence of
shape on the dielectric constant.) A value of 3f = 3.2 was employed.
Equetions (3) end (7) with the shape factor £ included have the form

_(__eg_)g-ez(1+3fv+efzvz+10f5v5+. <) (11)
1 -V :
l__ig?v.- €,(1 + 3£V + o +272%° & . . L) orfv?<1 (12)

It may be seen that up to about 1l volume percent the equations
including the shepe factor glve better agreement with experiment and
thet the modified equation (12) glves the best results. At the two
highest concentrations, the modified equation (11) glves the best re-
sults. It is doubtful that any of the equations have gpplicebllity
ebove gbout 10 volume percent because of the complex effect of nelighbor-
ing particles on the local electric field of a given particle. (The
coefficlents of the terms in V4 and higher in the theoretical equations
which are becoming importent in thls concentratlon region mey be grossly
incorrect.) Purthermore, gome perticle agglomeretion would be expected

S
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in the region above 10 percent—by volume. No attempt has been made to
include the consequences of this effect in the theoretical equations.

In teble IV date similar to those given in table III are listed for
1l.8-micron megnesium particles. The shape factor employed was £ = l.4.
For the three lowest concentrations, the modified equation (12) is
slightly more satisfactory then the modified equation (11), while et 8
and 11 percent by volume, the modified equation (1l) appears to be more
satlsfactory. Above 1l percent by volume. both of the modified equations
glve values which are too high.

These two sets of results indicate the importance of including the-
appropriaste shape factor in the theoretlcal equations. These results do
not-clearly indicate which of the modified equations i1s more satisfac-
tory. Both give good agreement with experiment at low concentrations

( < 10 volume percent).

Effect of sheape of magnesium particles on dielectric constant. -
The values of dielectric constants against concentration are plotted in
figure 4 for four dilfferent shapes of magnesium particles. The l4-micron
particles are nearly spherilcal while the three other powders with average
particle dlameters below 2 microns are irregular. The materiel made up
of particles with an aversge particle diameter of 1.5 microns appeers to
be the most nonspherical and the most platelike from its large slope.
All the.material less then 2 microns in dlemeter appear as irregular
plates under the microscope. The dlielectric-constant results meke it
possible to distinguish between them in a quantitative manner. The
shepe factors will be discussed in more detall for two of the materials,
the l4-micron average particle dlameter and the l.8-micron average par-

ticle diameter.

The shape factor may be evaluated from B I1n the series expansion
A+BV +CV2 +. .. used to represent the experimental data. The
shepe factor f = Bf3e; for metallic particles. For the l4-micron
paxrticles, the values of £ calculsted from the experimental data below
10 percent by volume for powders contalning 98 percent megnesium and 100
percent magnesium (extrapolated value) combined with the slope-of the
linear equation wlth only the first two experimentsal points at O and
0.025 percent volume used give 3f = 3.2 or f = 1.07. These particles
are slightly ellipsoidal. Similar calculations for the 1l.8-micron per-
ticles gilve 3£ = 4.2 &and f = 1l.4. The l.8-micron particles should
deviate from the spherical consldersbly more than the l4-micron particles.
Microscopically, the l4-micron particles appear gulte spherical, but
small deviations would not be readily detecteble. The value of &/b~0.3
(wvhere &/b ie the axisl ratio of a spheroid) calculeted from f = 1.4
by using teble V, reference 10, and unpublished data would indicate that-
the particles are somewhat flattened spherolds. Under the electron
microscope, the l.8-micron particles eppear as somewhat lrreguler

3059
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spheroids or plates (fig. 5). If the particles were quite flat, say
a/b ~ 0.1, then £ would be greater then 3.

Unfortunately, for a random distribution of orilentations of ellip-
soldal particles with respect to the electric field, it does not seem
possible to dlstingulsh between two values of a./b wlthout other infor-
metion for a given value of f (see table V). If qualitative knowledge
as to the shgpe 1s avalleble, then & quantitetive estimate can be
uniquely given also. If shear 1s applled so that one of the axes of
the ellipsoid is orlented parasllel to the field, then a/b is a gingle-
valued function of f, & unique cholce may be made as to the shepe, and
& quantitative estimatlion may be glven.

Effect of size of magneslum particles on dlelectric constant. - It
is assumed In the various theories on the dlelectric constants Of mix-
tures that, for the case of solid particles in a nonconductive dispers-
ing medlum, the dlelectrlic constant 1s independent of particle size.
Not much in the wey of conclusive experimental evidence has been offered
to support this assumption. In the present lnvestigation, magnesium
particles of three dlfferent partlcle diameters, 23, 14, and 4.6 mlcrons,
and of the seme shape were employed to test this assumption. The results
are listed in teble VI. These results indicate thet within the experi-
mental errors involved the dielectric constant is independent of par-
tlcle size for thils system. The slightly lower dlelectric-constant
values for the 4.6-micron powder ln mineral oil may be due to a small
degree of incomplete dlspersibillty.

Effect of oxlde content on dlelectric constant. - The effect of the
oxide content on the dielectric constent of magnesium suspensions in
mineral oll was determined with the l4-micron powder. The difference
between the dlelectric constant of suspensions with various welght-
percent total sollids but contalning about 2 percent oxide in the solid
content in one case and sbout 9 percent oxide in the other 1s plotted in
figure 6. As cen be seen from figure 6, increasing the amount of oxlde
by 7 percent also lncreases the dlelectric comstant. This incresse in
dielectric constent with the 7-percent increase in oxide varies linesrly
wlith lincreesling total-sollds concentration. The percentage of magnesium
wes determined by a gasometric analysls wherein the hydrogen evolved by
edding acld to megheslium powder displeced a measured volume of water.
These gasometrlc analyses are probgbly never more reproduclble than 41
percent. The values of oxide content for the two samples of megneslum
powder used to determine the effect of oxlde content were analyzed quite
carefully and are probebly correct to +1 percent. The values given in
Tigure 6 have been used to make posslble extrapolations to 100 percent
megnesium content and to correct the values obtalned 1n the temperature-
coefficlent measurements to the same oxide content.
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The increase in the dielectric constant with increasing oxide con-~
tent 1s probably due to the fleking off of irregularly shaped plstes of
magneslum oxide from the magnesium particles. This effect amounted to
gbout 0.1 dielectric-constant unit for a 50 percent suepension. If a
value of ¢ = 9.840.5 1s used for the dielectric constantof magnesium
oxide (ref. 18), the coefficient of the linear term of the equation
derived for spheroidsl particles dispersed in mineral oil (ref. 10 and
unpublished data) would be 1.72 for the speclal case of spheres com-
pared with 3.00 for metallic gpheres. Thus the mere substltution of
megnesium oxlide spheres for magnesium spheres would lower the dielectric
constant. If, however, the magnesium oxlide particles are nonspherical
and are in the farm of very flat plates, then the linear coefficient
would increase beyond 3.00 and the dlelectrlc constant of the suspension
would be larger than that of=a suspenslon containing megnesium spheres

only.

Effect of temperature on dielectric constant. - The temperature
coefficients de/dt were determined for mineral oil and for 50- and
60-percent-by-welght suspensions of l4-micron magnesium particles in
mineral oil in the temperature range from 20° to S0° C. The results are
plotted in figure 7. The values of de€/dt corrected for oxide content
are glven in the followlng table: ' :

G e O Y DT T e

Material (ae/at) /%

Mineral oil (first—sample) S -0.001
50 Percent magnesium §l4p.) in mineral oil -0.008 4 0.002
60 Percent megnesium (1l4p) in mineral oil -0.012 £ 0.002

[y &~ P P W —_—

The temperature coefflclents for concentrated magnesium suspensions
are quite lerge compared with those for mineral oil only, and it would
appear that the temperature coefficlent—decreases gulte repldly with
decreasing concentration of megnesium particles in a suspension. 8ince
corrections had to be made for the oxide content of the magnesium par-
ticles, the values for the temperature coefficients are not highly
accursate. )

Effect of frequency of oscillation on dielectric constent. - The
variation of the dielectric constant with the fregquency of oscillation
was studied in thefrequency range from 10% to 2X10° cycles per second.
The values at 100 cycles per second are somewhat less accurate than those
obtalned at higher frequencies because of 60-cycle-per-second interfer-
ence which could not be completely filtered out. The résults ere given

in figure 8.

In figure 8(a), there is evidence of a small but experimentally sig-
piflicent decrease in the dilelectric constant wlth increasing frequency.
The larger decreases in the dielectric constants for concentrations of
the highly nonsphericel psrtlcles (1.5~ and 1.9-p magneésium powders),

5059_;
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which ere much lower (20 volume percent) then the concentration employed
for the nearly spherical l4-mlcron powder (60 volume percent), clearly
indicates the importence of the shape of the particles upon this phenom-
enon. It ls true that the change with freguency in the case of the l4-
micron meterial 1s of the same megnitude as the experimental error.
These particuler results possibly may not be experimentally significent.

In figure 8(b), the effects of concentration upon the freguency
effect are 1llustrated. The decrease A€ m €y,2 - €p,1 ® 5 = 100 cps)

with increesing frequency lncreases in magnitude quite regularly with
the 1lncreasing concentration of particles.

Equation (9) may be written in the form

€ = €, |1+ SV N (9)
2, + € (265 + €)%
+
3¢ 48r% 50,2

For metallic particles dispersed in mineral oll, €;/€,-pe; hence

€ = §,- B8ince the second term tends toward zero, this result which pre-
dicts no frequency effect is pot in accord with the experimental
results.

Actually, of course, the magneslium particles are costed with mag-
nesium oxide. This layer of oxlde 1s not contlnuous but tends to crack
end blister because of the high demnslty of the oxide and the curvature
of the particles. The oxlde coating on the magnesium particles will
tend to flske off readlily. This emall amount of lrregular flakes of
magnesium oxlide in the suspension would result in a finite effect of
frequency upon the dlelectrlc constant belng observed.

The shells of magneslium oxide on the megnesium particles would
probably slso contribute to the frequency effect. 8Since these shells
would have the seame shepe as the partlcles, they could well be respon-
sible for the cbserved effect of shape on the frequency dependence of
the dielectric constant.

Variation of Dielectric Constant with Time

Dlelectric-constant curve. - The variation of dlelectric constant
with time as settling proceeds 1n the measuring cell ls shown for vari-
ous megnesium concentrations at 20°, 30°, and 50° ¢ in figure 9. When
the suspension 1s dllute enough, or when the particles are fairly large,
& representative curve may be obtained in a few hours. The curve may or
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may not show a sherp maximum in the first few mimites, but it 1s gener-
ally found thereafter that the dielectric constent decreases to a broad .
minimim and then begins to increase again (figs. 9(a) to (£)}).

The initisl meximum mey be due to the £illing of eir spaces in the
more viscous suspension or the escape of small air bubbles. It mlight be
explained by a process of sgglomeration during the first few minutes the
material is belng measured. However, since the effect 1s less prominent
in the more concentrated suspensions where agglomeratlion would be most
likely, this explanation is not too satlsfactory.

The remainder of the curve may be explained in terms of two proc-
esses of settling. In the firet process, particles that are large com-
pared with the average particle slze are settling ocut through the sus-
pension. The decrease In concentratlion through the suspenslon 1s not
compensated for by the small amount of concentrated materisl packed at
the bottom. The net result is a decresse in dielectric constant. This
process would be expected to be lmportant early in the settling process.
As time contlnmues, the entire mess of suspension settles down, leaving -
en Increasing emount of supermstant liquid above it. Thls second process
mey be thought of as a compressional phase of the settling process., The
effect of thils process on the dlelectric constant may be calculeted by .
coneldering the following model: The dielectric-constant cell may be
considered as two parallel cylindricael condensers. The upper condenser
is 1n the reglon where only supernatant liquid is found and the dielectric
constant is that of the mineral oll. The lower condenser has compressed
suspenslion between its cylinders. If the approximation is mede that the
compression is uniform, the concentration of the compressed suspension
may be calculated and, hence, from previocus results its dlelectric con-
stent. 8lnce the two condensers are consldered in parallel, the capaci-
ties are additive and so are the dlelectric constants.

As an exsmple, a 20~-percent-by-volume suspension in a hypothetical
dielectric-constent cell, which is 100 milliliters in volume, will be
considered. Inltially the dielectric constant was 4.5 units. When 20
milliliters of supernstant liquid are present, the volume concentration
of solid in the suspension 1s 25 percent. The dielectric constent would
be 1X2,2 ; AXS.4 = 4.8 units. The total average dielectric constant has
increased by 0.3 unit. If settling proceeds further untll there are 40
milliliters of supernatant liquid, the volume concentration of solids
hes Iincreesed to 33 percent. The dlelectric constant would then be

2X2. 2 ; 5X7.1 = 5.1 units. Thus, eom;pressién leads to a continuously

increasing total average dielectric constant. .
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Thus, two processes, dllutlon and compression, are acting on the
suspension. The former 1s decreasing the dielectric constant and the
latter 1s lncreasing the dlelectric’constent. At the observed minimum,
the two processes are cancelllng each other and then the compressional
process becomes predominant and the dielectrlc constant lncreases again.

Thils explenation 1s admlittedly & qualitetive one which ignores im-
portant factors such as concentratlon gradlente and cammot be used to
predict quantlitatively the shapes of the dlelectric-constent agalnst
time curves which are cohserved. It doees explaln the effects observed in
terms of factors which should be important in the settling process.

Settling-level curves. - The settling-level ratio \% X100 is salso

plotted 1n flgure 9. The value of the settling level h i1is the level
between supernatant liquld and settled suspension, while ho is the

level of suspension before settling begins. In & mumber of the dilute
suspensions (e.g., fig. 9(a)) settling-level curves sre incomplete. This
results from the difficulty In meking e readlng of the level. In these
suspensions the level appears to be qulte high for a perlod of time,
although nonhomogeneities are vislble in the suspenslon 1tself. After a
time, e considerseble portion of the suspension becomes partly transparent
because of the settling of a sufficient amount of larger materlal. ZFiner
perticles 1n considerable amounts are left suspended in the supernetant
lilquid 1n these caser.

Dielectric Losses of Megnesium Suspensions

At the same time that the capaclty measurements were made, the '
dissipation factor, or dielectric loss, was measured wlth the bridge.
The accuracy of these messurements was considerably lower than those
glving the dielectric constant.

It was found that the dielectrlc losses of magnesium suspensions in
mlneral oll increased with incressing concentratlon of magneslum par-
tlcles, as may be seen In table VII. Incressed devliatlon from spherlcal
ghape also increased the dlelectrlc losses somewhet. The concentration
effect has been investligated previously (ref. 10) for sillica suspensions.
Both the sbsolute values of the dlelectrlic losses and the changes 1n the
dlelectric losses are much greater than those glven here. The lncreases
in dlelectric lose with lncreased deviatlons from spherical shape have
been discussed theoretically in reference 11.

If equation (9) 1s rewritten as

a>

tan 8 = 5
43‘(0’1 411!0'2 (2€2 + El) mz
9¢,.V + 2€, + € + 36%€e_ 0.V

2 2 1 21
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€1
then as rz-—»eo, that—1s,- for metallic particles 1n suspensions,

tan 8—» 0

The explsnation herelin ls probaebly quite similar to that-used to
explain why there ls an effect of frequency upon dielectric constant.
The presence of a dielectric shell around the metal particle and the
flakes of magnesium oxide which heve felien off the oxide shell are
probebly partly responsible for the-losses observed. The loeses of the
mineral oil and benzene msy be due to space charges (ref. 19).

The dlelectric losses were found to Increase wlth increasing tem-
perature from 20° to_50° C. A change in dielectric loss with time was
also observed. At 20° C, the losses usually decreased by 5 to 10 per~
cent during the course of the determination when the l4-micron megnesium
particles were dispersed In mineral oll. The less than Z2-micron material
showed a somewhat greater decrease in dielectric loas with time. Some
representa.tive values asre given in table VIII. In contrast with these
results, at 50° C the. dielectric losses were found to increase by 5 to
10 percent with time, L

These time effects upon the dielectric loss may be associated in
pert—with concentration changes or with increased wetting of the par- -
ticles. The lncreases in dlelectric loss may be assoclated in some in-
stances with high humidities which resulted in water absorption.

SUMMARY OF RESULTS

The iniltlal dielectric comstants ('b:l.me = 0) of suspensions of mag-
nesium particles in mineral oll were determined as a function of concen-
tration, temperature, particle slze and shepe, degree of oxldation, and
frequency of oscillation. The increases of dlelectrlc constant with in-
creasing perticle concentration and increased deviation from sphericel
shape were the most pronounced veriastions found. The dielectric constant
increased from 2.171 to 9.815 in golng from the mineral oll alone to 60
percent magnesium in mineral oll, even for almost spherical particles.
The veristion of dlelectric constant in diiute suspensions allowed a
shape factor to be determined for a glven type of perticle vhich was re-
lated quantitatively to the shape of-the particle. The dielectric con-
stant decreased with increasing tempereture. The temperature coefflclent

3059'
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increesed with increasing concentretion. An Increase in the oxlde con-
tent lncreased the dielectrlc comstept. Thls effect amounted to about
0.1 dielectric-constant unit for a 50 percent suspension. The effect
mey be due to the flaking off of irregularly shaped oxlde particles.

The dlelectrlc constents of magnesium suspensions were shown to be inde-
pendent of particle slze. The dlfference between the dlelectric constant
at 100 cycles Per second end st & higher frequency A€ was shown to In-
crease with increasing frequency of oscillatlion. The magnltude of the
increase of A€ Increased wlth Increasing concentrstion and with in-
creasing deviatlion from spherical shepe. Since the dlelectric constants
of suspenslons of metal particles in minersl oll should be independent
of frequency, the effects observed were ascribed to the oxlide shells
around the metal particles and to flakes of magnesium oxlde in suspension.

The verlatlion of dlelectric c¢onstant with time as settling proceeded
was also Investlgated, The curves found experimentally were expleined
quellitatively on the basle of two processes. One of these was a process
of dllutlion resulting from the settling out of large partlcles during the
Initiel stages of the over-all settling process. The second process was
a compression of the suspension which resulted in a net increase 1n the
dlelectrlc constant which began to predominete later. This interpretatlon
serves to explaln In a qualltative manner the experimental curves which
were convex to the time exis with a wlide minimum.

Settling-level curves were determined along with the dielectric-
constant desta.

The dielectric losses were shown to lncrease with increasing concen-
tration and increasing deviation from spherical shape. Since the losses
for metalllc particles in mineral oll should be zero, the losses observed
were probably pertislly ceused by the presence of the magnesium oxlde.
The smell losses observed even in the mineral oil may be due to space

charges. )

Time varietions In the dlelectric losses as settling proceeds were
also Investigated.

CONCLUDING REMARKS

A consldergble mass of data upon varlous dlelectric phenomensa has
been obtalned in e relatively unexplored fleld. Some of the effects
studled can be explained quantitatively, a larger portion only semi-
quantitatively or quaelitatively. Much still remesins to be done upon the
theoretical aspects of the subject before a preclse quantitative treat-
ment may be glven to the experimental material.
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Practically, the resulte indicate several possible velusble pro-’
cedures: The dielectric constant may be employed to determine concen-
tratione of suspensions or slurries once a calibration 1ls made. 8tudles
in the. dilute concentration range (less than 2 percent 'by volume) will
allow the evaluastion of experimental shape factors which may be used to
evaluste the equlivalent shapes of particles in terms of spheres, sphe-
rolds, end the limiting cases of disks and needles. The concentration
gradients 1n suspensions are cbtainable by means of dlelectric-constant
meesurements 1f a dipping dielectric-comstamt cell or a "milticepacitor”
settling-rate tube were employed. Furthermore, the deflocculatlon of
suspensions may be investlgeted by dlelectrlic-constent measurements by-
using shear or surface-active agents to deflocculate.

Lewls Flight Propulsion Leborsatory
Nationel Advisory Commlttee for Aeronsutics
Clevelend, Ohlo, December 3, 1953
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TABLE I. ~ ROLLER ANALYSIS OF 14-MICRON POWDER

Average particle dlameter,

Weight percent

T
0-8.5 13.5
8.5-17 21.9
17-26 23.5
26-40 40.0
1.1

>40

TABLE IT. - DIELECTRIC-CONSTANT VAIUES FOR 14-MICRON MAGNESIUM

PARTICLES OF AVERAGE PARTICLE SIZE AND 98-FERCENRT

FURITY IR MINERAL OIL (FIRST SAMPLE) AT 20° ¢

Solids, Values Average | Average
welght deviation
percent
0 2.170, 2.170, 2.170, 2.171 +0.003
2.167, 2.177
10 2.63, 2.62 2.625 +.01
15 2.94, 2.94 2.94 £0.00
20 3.29, 3.29, 3.29 3.29 £0.00
30 4.16, 4.11, 4.15, 4.145 | 20.02
4.16
40 | 5.43, 5.35, 5.41, 5.40 +0.02
5.40
50 7.08, 7.10, 7.09 7.09 +0.01
60 9.83, 9.80 | 9.815 | #0.02
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TABLE ITI. - CMPARISON OF THEORETICAL AND EXFPERIMENTAL. VAIUES OF

DIELECTRIC CONSTANT FOR 14-MICRON MAGNESIUM PARTICLES IN
MINERAL OII. (FIRST SAMPLE) AT 20° ¢

1 2 3 4 53 6
V (fractlon) 2.170 = 12.123 2.170 — lZ.l;sz E -
a-v) - (L - 1.07V) - o ment
0.026 2.34 2.35 2.36 2.37 2.37
.053 2.56 2.57 2.58 2.61 2.62
.081 2.80 2.87 2.85 2.93 2.94
L111 3.09 3.25 3.17 3.36 3.29
<177 3.90 4,83 4.07 ———— 4,15
. 250 5.14 8.68 5.53 —_—— 5.40

TABRLE IV. - COMPARISON OF THEORETICAL AND EXPERTMENTAL VALUES OF
DIELECTRIC CONSTANT FOR l.8-MICRON MAGNESIUM PARTICLES IN
MINERAL OIL (SECOND SAMPLE) AT 20° C

¥ (fraction) 2.1843_ 12.1% 2.184 = 12.1242_‘? E 1o
(1 -v) = (L - 1.4V) TS ment
0.010 2.25 2.26 2.28 2.28 2.29
.026 2.36 2.36 2.44 2.45 2.46
.053 2.57 2.59 2.75 2.81 2.80
.081 2.82 2.89 3.14 3.31 3.19
111 3.11 3.28 3.62 e 5.65
177 3.92 4.66 5.13 — 4.91
. 250 5.17 8.73 7.95 ——— 6.60
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TABLE V. - VAIUES OF SHAPE FACTOR f FOR
METALLIC PARTICLES AT VARIOUS ECCENTRICI-
TIES &/b FOR RANDOM DISTRIBUTTON

afbp| £ |ab| £ %
0.1 |3.320} 1.2 |1.01
.2 [1.930| 1.4 |1.04
.3 [1.480{ 1.6 |1.08
.4 [1.270] 1.8 |1.12
.5 |1.150] 2.0 |1.18
.6 |1.080f 2.5 [1.34
.7 {1.040| 3.0 [1.52
.8 |1.020| 3.5 [1.73
.9 |1.004| 4.0 {1.95 .
1.0 |1.000| 5.0 |2.46
10.0 |5.93 .

TABLE VI. - DIELECTRIC CONSTANTS OF MAGNESIUM
PARTICLES OF VARIOUS DIAMETERS AND APPROXI-
MATELY 91-~PERCENT PURITY IN MINERAL
OIL (FIRST SAMPLE) AT 20° ¢

S80lids, | Average particle diemeter,
welght (1
percent - T
4.6 14 2%
10 2.62 2.63 | emm--
15 2.94 2.94 | cmma-
20 3.29 5.32 | s=emea-
30 4,13 £.19 | =ee--
40 5.40 5.43 5.42
50 ——— 7.18 7.18 .
60 ———— 9.89 10.00
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TABLE VII. - DIELECTRIC LOSSES OF MAGNESIUM SUSPENSIORNS

Materlsl Dielectric loss
1l4-p powder, 2-i powder,
oc og
20 50 20
Benzene® : 0.0006 | 0.0014 0.0007
Mineral oil (first sample)® | .0006 | .0014 .0007

10 Percent magnesium in oll .

20 Percent megnesium in oil .

30 Percent magnesium in oill 0008 | mmmmm= | mem—ee

40 Percent megnesium in oil .

50 Percent megneslium in oll .

60 Percent magnesium in oll 0013 | memmme | mmmm—-

aMost of the dielectrlc loss glven here is 1In the
Bakellte top of the cell, although there is a small
amount of resldue loss 1n the liquid. The other
values would be reduced by the same amount so that
the concluslions remain umaffected.

TABLE VIII. - TIME BEHAVIGR OF DIELECTRIC LOSSES OF MAGNESIUM

SUSPENSIONS IN MINERAL OIL (FIRST SAMPIE) AT 20° ¢

Material Time, |Dlelectric loss
min

60 Percent megneslium o 0.00130
(14u) 10 .00128
30 .00127

60 .00124
g0 .00123

20 Percent magnesium 0 0.0019
(1.9u) 30 .0019
60 .0018

150 .0018

300 . 0016
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Generator
O

Detector

set of capaclitors used to balance out
resistive component- Ry (the dial reading
of Cp 1s the dissipation-factor reading)

internal precision condemser with worm-gear
correction callbration . .

external condenser fixed at greater than
100upf

capaclitive and resistlive components of unknown
material in dielectric-constant cell

Flgure 1. - Sohering bridge apparatus.

6S0¢
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Figure 2. - Dlelectric-oonstant measuring oell,
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Figure 3. - Variation of dleleotrioc constant with concentration of solids
in a suspension of l4-miocron magnesium powder in mineral oil (first sem-
ple) at 20°°C. : o
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Solids, volume percent

- (b) Volume percemt.
Figure 3. - Conocluded. Variation of dielectric comstant with

b concentration of s0llds in a suspension of l4-mloron magnesium
powder in mineral oll (first sample) at 20° C.
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4 / // 4
Shape of Average
/ magnesium particle
3 / particles dismeter,
u
/4/ O Nearly spherical 14.0
Q Irregular 1.9
<& Irregulexr 1.8
2 A Very lrregular 1.5
0 10 20 30 40

Solids, volume percent

Figure 4. - Variation of dlelectric constant with
concentration and particle shape of magnesiun pow-
der in mineral oil (both semples) at 20° C.
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Figuwre 5. - Elsotron-midroscope photograph of atomized magneaium powder. Average
particle dlemeter, less then 2 miorons.
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Figure 6. - Effeoct of 7 peroent inorease of axlde content on dielectric
constant at various total-soclids oconcemtration of l4-micron magnesium
| powder in mineral oil at 20° C.
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Figure 7. ~ Variation of dleleotric oonetents of mineral oll and concentrated
puspensions of 14-micron magnesium powler in mineral ol (first semple)
vith temperature.
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