
copy 6 
3J.09 

RESEARCH MEMORANDUM 

STUDY OF SOME DLELECTRIC PROPERTIES OF SUSPENSIONS OF 

MAGNESIUM PARTICLES IN MINERAL OIL 

B y  Aubrey P. Altshuller 

Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 



. .r  ." . 

By Aubrey P. Altshuller 

The variation of dielectric constant has been measured as a function 
of the concentration of magnesium particles;  the m e ,  eiee, and degree 
of axidation of the particles;  the temperature; and the frequency of 
oscillation. The variation of dielectric constant e& settling level 
was investigated as a function of t h e .  Also investigated were the 
effects of particle concentration, perticle m e ,  aad tlme on dielec- 
t r i c  losses. 

The two variables of primary importance affecting the dielectric 
constant w e r e  the concentration of the magnesium particles d the shage 
of the  particles. Corrections f o r  variations ln tenqeratue d degree 
of oxidation were made possible by the information gdned. The dielec- 
t r i c  constant was shown to be irdqpendent of particle size. The effects 
of oxide qpon the variation of dielectric constent with frequency and 
the &electric  losses are discussed. Two processes, one consisting of 
dilution,  the other of cosapression of psrticles, were  advanced to qlaln 
the  variation of Uelectric constant  with time a s  settling proceeds. 

Subject and P-ae of Iavestigation 

Jet fuels consisting of suqaneions of magges~um end boron particlee 
in bydrocarbons are being studied at the NACA Lewis laboratory. Because 
such fuels have decided advantages over hydrocarbone alone (refs. 1 eztd 
2), it i s  of considerale izqportance that c a r e f ~ l  investigations of 
their  properties be made  in order to obtain Information which all be of 
use in the  prqparation of stable,  freely flowing, a d  highly conibustible 
fuels of this type. The present work i s  a continuation of the  stndies 
(ref. 3) of physical  properties of such suspensions llow being carried 
out at this laboratory. 
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Only a limited m e r  of physical method6 are avai lable  for the 
~ n v e e t i g ~ t i o n  of concentrated euspensions ~f m e t a ~ s  (or n0meta1.e) III 
hydrocarbons. The best known of these methods are viecametry and set- 
t l ing  rate measurements. While both of these m e t h o d s  are Ofconeider- 
able usefulnese, they also have serious limitations. 

ViScCnUekry by its very nature i s  limited to  eystems under the in- 
fluence of extern8l shearing forces- These fgrcee are of considerable 
imgortance In determining the motion  of the euspeneions through fuel  
systems or in the settUng of particles. A t  the 6- ti-, however, 
l i t t le lmowledge ms;y be gained 8.6 to the rest behador of suspeneions. 

Knowledge of the settling  levels of particlee in a suept~~eion l e  
ale0 ueeful (ref. 3). No infannetion I s  available a6 to the state of 

tling occurs. Furthermore, conbentration gradlents within unsettled 8nd 
partly settled euepeneione are  not  obtainable from sing?le settling-level 
messure?nente. 

the-8yBtem W h e P  such ~ 8 8 W ~ t e  are C&ed Out before VdSible Set- 

Another source of-informetion lies i n  microscopic observations. 
Again, huwever, the et-  of dry powders or of particlee in llquid f i lm 
may f a i l  t o  supply  inf'ormation upon 4he rest-behavtor of euspensione in  
bulk- 

A method or methods which a g h t  give further infarmation regarding 
the rest behavior of suspensions a8 well as the behavior under external 
Bhearing farces would be ~I&IIY desirable. The etudy of the fundmuen-bal 
dielectric behavior of susgensione gives information won the  reet 
behavior of eusgeneions &, furthermore, o f f e r e  poesibilities of yield- 
lng information about the concentration gradients of the particles and 
the degree of flocculation i n  suspeasfans. 

Previous Investigatiaas 

The dielectric conetent6 of particles of euch materials a s  potassium 
chloride crystals,  lead chloride p&clee, particles of Wood's metal, 
and BO forth, in euch mediums as air, cafbon tetrachloride, caetor o i l ,  
a&i lubricating o i l  have  been studied  (ref. 4). Frau  these studies it 
was concluded that the  dielectric constant at a given volume fraction of 
suspended material depended *on the particle m e .  'phe greater the 
deviation from spherical shape, the higher the aielectric conetent I s  
found t o  be for a randm distxibution of particles. The expermntd. 
reeults were c q e z e d  with the  vdoue  theoretical  formula8 ach were 
available et the t-, and it was concluded that the theoreticsl equa- 
t ion given In reference 5 n e  the m e t  satisfactory. ThLe equation hae 
the farm 

8 "  

I 

. .  
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Q dielectric constant of dispersion 

E aielectric constant of dispersed material 

€ dielectric constant of dimereing medium 

V volume fraction of solids 

8 1 

2 
(D 

The equation holds only for spherical particles. For metallic 
spheres d i s p e r s e d  Fn nongolsr liquids, where C1/E2 + os, 

!? = L2(1 - v)-3 (2) 

w h i c h  mended in series form i s  
5 

c = ~ ( 1 + 3 v + 6 + + I o v 3 + =  - e )  (3) 

6 - r2(1 + 3v) ( 4) 

For low concentrations of the dimersed material, 

Investigations have been carried  out on the  dielectric behavior at 
reet  and under sheer of suspensions of utanium dioxide, zinc, copper, 
Iron, and carbon black pSrticles in mineral o i l  and castor o i l  (ref. 6 ) ;  
and some measurements  have been &e upon p d n t  pigments in similar 
vehicles (ref. 7 )  . !RE behavior of the suspensions at rest  and under 
shear was discussed i n  terms of modifications of equation ( 4 )  . ~n ref- 
erence 7 mre recent  theoretical work (ref. 8 )  which results in  the 
limiting equation (4) also is mentioned.  he modifications made resut 
i n  a semiempirical equation: 

a = € 2 0  + -1 ( 5 )  

where 

a, agglomeration factor 

f shape factor 
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Equation (5) atterqte t o  repreeent  the behavior h n q p h e r ~ c a l  
particles with a ehage factor f w h l c h  may form  agglameratee of 
particles. 

The thsare t ica  equation given in reference 8 for mall concentra- 
tions of spherical nonmetallic particles has the form 

For higher concentrations of metallic spheree, the theoretical equation 
in reference 8 has the form 

€ - E 2 ( 1  - 3V)';l (7) 

E I E 2 ( 1  + 3v + 9 9  + 2 7 9  + - e )  ( 8)  

or expanded in  series f o r m  i s 

The preceding equation is  based on different asla probably more reason- 
&le theoretical  eeswptions  than equktions (1) to (3) . It may be seen 
that equation ( 7 )  would p r a c t  higher values of E than equation (3) 
a t  concentrations where quadratic terms in V become Important. W o -  
r e t i c a l  equations have a lso  been derived for ellipeoidal  particles 
(ref. 9) .  

&aeurements  have recently been made (ref. LO) on the dielectric 
conatants and. especially on the  dielectric losees and conductivity of 
dilute suepensions of silica, iron, and carbon black particles  as a 
function of shear , tenperature and frequency. 

For spherical  particles in euspemion, the  dielectric constant at 
a frequency f is related to the frequency a t  f P Q) (infinite fre- 
quency)  by the eqreseion 

where 

E dielectric congtant at a frequency f 

dieledzic  conetaat a t  Infinite frequency 

(u 2 f i  . -  . _  

. .. 
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a1 conductivity of &Lepers& material 

The loss angle or .dielectric loss l e  given by 

For nonspherical perticlee  the analysis results in more complicated 
q r e s s i o n s  (ref. ll) involving the e l l ip t ic  integrals. Qualitatively, 
the dielectric constant and the  dielectric loss should increaae con- 
siderably in magnitude vith increasing  devlation from spherical m e .  

The preceding  equations are formally i n  egreement with those 
derived f o r  polar  liquids (refs. 12 and 13). Furthermore, &ace a di- 
e l e d r i c  sphere behaves 1- a dipole when acted won by an external 
field, the reseniblance is  very close. 

Scope of Present  Investigation 

In thie  investigation a considerable mmiber of factors which were 
thought to be of inqortance in gainlng fundamental information concerning 
the behavior of magnesium suspensions in mineral oil were studied. The 
variation of the dielectric constant and the  dielectric loss  was meas- 
urea as a function of the concentration of magnesium p b i c l e s ,   t h e  
temgerature of the euspension, and the frequency of the  alternating 
field. Since magnesium, emecially In the finely divided state, i s  
readily oxidized, the variation of the dielectric constant w m  measured 
when the oldde content wae qed. The influence of particle  size and 
s-e upon the dielectric constant of magnesium - minerall oil auspeneims 
was also determined. Final ly ,  the  dielectric constant was measured as 
settling proceeded in the cell.  SettUng  rate measurements  were made 
simultaneously i n  glass cylinders by reading the  level to which the 
suspension had settled. 
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The "e, hex-, heptane, Cgclohex-, ~ l c y c l o h e x ~ ,  and 
toluene eqployed in the calibration and determination of accuracy and 
reproducibility of the  dielectzic-constant  cells were purified by d i s -  
t i l l a t ion  through the Podbielniak columns at the I U l A  Lewl.8 laboratory. 
The densities and refractive  indicee agreed within a few units ~n the 
fou r th  aecimal place with Nat . lona l  Bureau of Standards vuues  (ref- lA) . 

T w  san~ples of purWied white mineral o i l  were used. The f lrst  
s q l e  had 8 density of 0.6714-gram per milliliter and a refractive 
index of 1.4762 at 20° C. The dielectric constant af t h i s  -le fpae 

2 170 a t  20' C fwd. 2 .E57 a t  50° C, and i ts  Brookfield viscosity w w  
about 36 centipoise6 at 30' C. 'phe second saqple had a density of 
0.8805 grmn'per Uliter and a dLelectric Constapt o f ,  2.184 a t  20' C. 
It s viscosity was &ut 100 centtpoiees at c . - 

All the magnesium used was obtained f'rcrm Golwynne Chemical 
Corporation and ranged in average particle diameter 9mrm 23 h 1.5 
micrane. The diemeters were determined by an sir perme&ility mtQod 
(Fisher Sub-Sieve Sieer) A Roller m.aly6is of the 1 4 d c r o n  powder is  . 
given in table I. 'phe o a d e  contents were determined for each can of 
magnesium employed for  the dielectric-constant determinations. The 
purest magnesium used was 98 t o  99 percent, but i n  most case8 the pur i ty  
wa0 Is the renge from 90 to 95 percent because of air oxidation. For 
the study of the  effect of oxide contentupon dielectric constant, 92 
gercent pure megnegium powder was obtained from 98 percent pure magnesium 
powder by allowhg the latter tm stand in a gallon can for about three 
mooth~ xlth the l i d  011 but nOt tightly sealea. 

Preparation of Suepensions 

The suspensions were prepared by weighing first the magnesium and 
then  the nlneral oil into a beaker on a balance sensitive tu 0.1 greun. 
'phe to ta l  might was u s u a l l y  made up to 300 grams; A portion of this 
wae used t o  f i l l  the   dielectr ic-canst~t7cel~  the rembkkr to f i l l  
the settllng  rate ttibe. The materiaJ-e were vigorouely stlrred in the 
beaker wlth careful scraping of the sibs of the beaker to renove any 
magnesium clinging t o  the glass. The materlal was stirred until  it 
=eared smooth and hmogeneous, allowed to stand for a few minutes, and 
stirred ag-. %be materid. was poured into 'the measuring cel l  15 t o  
20 minutes after  mixing was begun. Same difficulty  in mixing was en- 
countered with the finest materials, lese than 2 mic rone  In diameter. 
Agglomerates of magnesium particles of t h i s  siee  rmge were sometimes 
difficult to diqperse- 
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Description of pgPar&us 

A bridge-type  apparatus was employed in  making the dielectric- 
conatant & dielectric-loss measuremente. The bridge used was a 
Scher ing  capacitance bridge. The substitution method waa used 
whereby the  capacity GX introduced by the measuring ce l l  was removed. 
by reducing the c8gacity of the precisian condenser % In parallel  
with the measuring cell. Iche resist ive conponent F~x was balanced out 
by C, ( f i g .  1). This bridge can be balanced accurately up t 1 mega- 
cycle and can be used with resistances between 3xd and 8xloB ohms, 
the l imi t s  depending won the frequency. 

The generators wed were R-C oscllhtors.  One of the  oscilla- 
tors has a frequency range of 7 t o  70,000 cycles per second, the otker 
oscillator used. has a range from 20 t o  200,000 cycles. Since the vari- 
able  precision condenser CN within the briage is corrected for worm- 
gear eccentricity  at 1000 cycles  per second, t b l s  frequency was used 
excegt when the effects of frequency uson dielectric constant were belng 
determined. 

The output from the  oscillator WBS fed into the Schering briage. 
The bridge oulgut was then ampliiied by a decade amplifier end filtered 
either by 8 1OOO-cycle-per-seoond b d - p a s s  filter or a bridged-T filter 
with 60-cycle-per-second reJect. The detectar was a vacuum-tlibe volt- 
meter. A stt%Lnless-steel sheet was placed under the entire @paratus 
t o  serve as a ground- 

Dielectric-Constant  Cells 

!the cells usua~Jy used i n  dielectric-constant  investigations 
consist of rather tun--& nickel, silver, or  gold c y m e s  or p ~ t e s  
held  apart .in the case of cyld-ers by quart= or Teflon spacers and 
attached to a glass qpparatus. UsuEtlly, the apace between electrodes i e  
of the order of several milUmeters. For the study of concentrated BUS- 
pensions, a rather rugged ce l l  i s  neceeeary because of the nature of the 
material used. Furthernore, the space between the aectrodes  met  be 
considerably larger than usual t o  ensure the flow of the materiale into 
the interelectrode Bpace. Lastly, the cell must be readily dieaesenibled, 
cleaned, and reassenibled. 

Since the ordinary diehctric-constant  cells were not euitable, 
special c e ~ s  were  c0nst;rmcted. ~ s e  cells  (fig. 2) conaistea of two 
concentric  brass cylinders fitted into a Bdselite tap. Both cylbders 
and the top were threaded. The cylbdms were closed at the bottron, and 
the out= cylinder also served ae a container f m  the material being 
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investigated. Two holes were tapped 80 that screws could make connection 
with the top ,edges of the cyUsders and thus could serve as terminals. 
The cylinders were of 6ufficlent  difference in diameter, about 1/2 in&, 
to ensure 8 ready flow o f m a t e r i a l  between them. These c a l l s  were rugged 
cand were easlly disasseniblea for cleanlq. 

In ordsr to- avoid long leads to the constant-temperature bath, the 
cel l  was placed in a stainless-steel water jacket, and water was puqed 
from the bath t o  the jacket and back. The thermregulator was adjusted 
t o  coqpensate for the   tmerature  gradient between the jscket and the 
bath. The temperature was malntadned constant t o  at   least  fl. 2' C. The 
mall tenqerature  coefficient of tb dielectric conatants of the mate- 
rials made t h i s  degree of-bqerature control quite sufficient. 

The cells were calibrated by using air and purified benzene for 
reference substances. 

Inetnrmental Accuracy, Rqproducibility, ana Sensitivity 

The reproduclblllty and accuracy o f t h e  agparatus were pertly 
tested. by the use of purified hydrocarbons. An -le of the reproduc- 
ib i l i t y  of resuLts I s  given by the follawing values for c;vcl.ohex~~~?: 

acrmracy may be Judged By a comparison o f  sfme values measured. a t  20° C 
wlth this apparatus with those, given in  the  literature (a180 measured a t  
20° C) that are considered reliable: 

2.007, 2.008, 2.008; and ~ t h y l ~ y ~ l ~ h e x a n e :  2-009, 2.009, 2.010. 'phe 

S u b s t k e  W S  
investigation 

~~ 

1.890 
1.925 
2.024 
2.386 

Literature Reference 
_. . . 

-. 

1.890 
I5 1.926 
15 

17 2.387 
l6 2 . o a  

. . . -. - -. -. . . . .... ._. . .  T 

According t o  the manufacturer, the Scherlng brLdge has an accuracy of * 

s . 2  micromicrofarad or  s.1 percent when csg)ecity differences are maas- ured. The results listed in the preceding table  substsntlatethis  estl- 
mate and seem to indicate gbll even better accuracy. The reproducAbIlity 
with concentrated eu~pensians may be JUagea by the vsluee of 7.10, 7.08, 
and 7.09 mear~ured at  dlfferent times for a 50 percent magne&wn euspen- 
elon of 14-micron pazticles of 98-percent purity Fn m4T1#ral oil. In 
general, the probable error in dielec-krlc-con6tmt  determinstione wlth 
suspensions varied from 0.1 t o  1 percent, depending on the concentration 
siee and shege of the ParticleSj but It was often less thsn &O-25 perca t  
The larger errors in them deter~rlnations result from non3nstrumntrrl 
~ ~ u r c e s  of error. These are, with their  estinaated magnitudes, 88 follows: 

H 

m- 

. 

" 
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(1) xonhomogmties due t o  wer fec t   ( e r ro r  in extreme 
caws  several hundredths of a dielectric-conetant  unit) 

(2) Rwid settling of particles Ln more dilute suspensions and a t  
higher temperatures (may lead to e r r o r s  of about s -01  dielectric- 
constant unit) 

(3) T q e r a t u r e  f luctuations (less tJxm inetrumental error, that 
IS, -ut a .02 percent for an uncea in ty  in twerature of am 2O C) 

'phe S&tid ty  of the QpRratUS Could be e d j U 6 t e d  by V- %be 
oscillator output or  the apllfication. U e u a l l y  the  sensitivity crf 
adjustment exceeded the readebillty of the cerpacity dhl, which was about 

were made a t  100 cycles per second because of the  Inefficiency of the 
60-cycle-per-second reject filter a t  100 cycles per second. The sensi- 
t iv i ty  at 100 cycles per 88cand wae about a. 2 t o  fl. 3 microanicrofarad. 

0.05 m i c r O m i C r O f  S r a a  The Sensitivity -8 d e c r e d  xhen ?lBaSUWle&8 

The dielectric-loss r e u s  usutilly could be reproduced to &5 
percent. 

Sett l lngdete Measurements 

bfeasurements of the settling rates of the -slum suspensions 
weme made a t   the  ~ a m e  time the dlelectric-conetant measurements were 
made. The suspensions were placed in 1 O O ~ l i t e r  graduated cyldnders, 
which were kept in the const&-tenqerature  bath between re-8. The 
l e v e l  between the SLlpernatSnt liquid the suqpension was determined. 

Initisl Values of Dielectric Canstant 

The -tiel dielectric-constant values used i n  the following 
sections are v a l w s  obtained lnmsdiately after the ce l l  was f illed with 
the suqpension. 

Effect of concentration of particles on dielectric constant. - 'phe 
values of the dielectric constants of the  sumensions immecuately after 
preparation  are putted a g m t  the weight percent of s o ~ d s  in figure 
3( a) and % s i n e %  the voluree percent i n  figure 3(b) . The valuee plotted 
rqresent  averages of txo to  four experjmental determinstiom. These 
=vidual Values, their me- values, and the estimated e r r o r s  are given 
in table II. 
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The variation of dielectric constant with volume percent i s  of more 
theoretical elgIliflcance than the  variation with weight percent of c 

sol lds .  To calculate  the volume percent, the folluuing formula was 
used: 

where . .  - . .. 

+, % densities of solid a d  l iquid,  respectively 

%, % weight fraction of solid and liquid, respzctively 

The er ror  in V is  of the  order o f0 .25  t o  0.5 percent. ' P h i s  error i s  
introduced into the transformation becauee the  density of the solid is 
the average of the densities of the pure magnesium powder and of a mnall 
amount of magneeium &de. T h e .  average deneity was found by f l r e t  
analyzing the solid for the percentage af 'magneeium and then  reading the * 
density from a large graph of % against  percent oxide contelrt;. " 

The curves In figure 3 present a nuniber of interesting features. L 

Compared w i t h  the experimental error of a. 01 t o  rbo.02 i n  the dielectric 
constanty the dielectric-constant change is qyite large,  especially in , 

the  concentration  region from 40 t o  60 weight percent. Thus, i n  going 
from 50 to 60 weight percent,  the  dielectric constant changes by &out, 
2.7 units. This means that an unknown suspenslon of the same materlal 
may be determined t o  N . 2  t o  N.3 weight percent in this region. De- 
terminations of differences frm 0.5 to l.welght percent and larger 
could be made xith ease. From mineral 011 alone t o  60 percent mag- 
nesium (14~) i n  mineral o l l ,  the dielectric constant  increaeed from 
2.171 t o  9.815. 

The curves are both convex towards the concentration axes. In fig- 
ure  3(b),  the  region below 10 t o  15 percent by volume appears t o  be 
fairly linear. A least-equares treatnaent indicates that actually the - 
experhentsl data at ID gercent by volume and below must be represented 
by a cubic equation- Iche eQerlmental data plotted in  figure 3( a) f o r  
1.8-micron magnesium far 5 p-cent by volume snd belar 8re best repre- 
sented by a quadratic equation. For a mar equstion to be v a l i d  to 
better than 0.01."d.ectric-constaat Wt, only data i n  the region of 2 
percentby volume and below should- be ueed. This may be verified by a 
series expansion of equation8 such as (3) and ( 8 )  by using  various 
values of V, that is, 0.02, 0.05, 0.1 volume percent. The aeries rep- 
resenting the  relation between B and V are s lowly  converging seriee 
and attempts at sfmplification wkLch result i n  cutting of" the  series 
eqpansion should be carried  out  xith considerable caution. 

- 
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In  table m, the theoretical values for the  dielectric  constants 
of metallic @ere8 in mineral o i l  are  calculated by meam of equation 
(2),  column 2, ~ n d  equation ( 7 )  , column 3, -le the experimental results 
are given in column 6 .  The eerie8 eqansion of equation (2) for metal- 
I l c  spheres has the form 

. . € 2 ( 1 + ~ + ~ + ~ ~ + ~ 4 + 2 1 v 5 + .  .) (3) 

while equation ( 7 )  may be written as 

E - C 2 ( 1  + 3V + 9? + 2 7 9  + 54V4 + l 6 d  + . . .) ( 8 )  

me differences in egu~tiOn8 (2) and ( 7 )  r e s u t  from the differing 
theoretics qpproaches. All the theoretical equations are derived on 

agglomeration of particles  occus. Iche methd used t o  derive  equation 
7 )  i s  probably more s'atific-." series qan~ion~, equations 
3) ana ( 8 )  , make it evident that when the third and fourth temm in the 

series become important the  re6Uts of the two equations w i l l  disagree 
increasingly with each other. 

the &SSqtiOn thst  the 8U6pa8iOn8 =e f eu  d i l u t e  and that n0 

t 
In table 111, columns 4 and 5, values are calculated with the 

inclusion of the sh4pe factor f in the theoretical equations. This 
factor has been evaluated from the exgerimental dielectric-constant data 
for the 14-micron particles i n  minera l  oil. (The shape factor w i l l  be 
discussed in more detail  in the general discussion of the influence of 
shape on the  dielectric  canstant. ) A value of 3f I 3.2 WRB employed. 
Equations (3) and ( 7 )  with the shape fac tor  f included have the farm 

I ~ ~ ( 1  + 3fV + 6fV + l O f 7  + . . .) 
(1 - fv)= 

It msy be seen that up t o  about ll volume percent  the  equations 
including the sh-e factor give better agreement with experiment and 
that the modified equeition ( 1 2 )  gives the best  results. At the t w o  
highest concentrations, the modified equation (11) gives the best re- 

above about 10 volume percent because of the colqplex effect of neighbor- 
ing  particles on the local   e lectr ic   f ie ld  of a given particle. (The 
coefficients of the terms Ve and the theoretical equations 
which are becoming iqportant in this concen*ation region msy be grossly 
incorrect. ) Furthermore, some particle egglameration would be eypected 

8dt8. It 18 doubtful that Sny O f  the equations have applicability 



in the  region above XI percentby volume. No attenpt has been made to 
lnClu.de the cmsequencee of this effect i n  the theoretical equations. 

I n  table IV data similar t o  those given in table 111 are  listed fop 
1.8-micron magnesium particles,. The shape factor emgloyed was f ~t 1.4. 
For 'the  three lowest concentrations, the modified equation (l2) i s  
slightly more satiefactory  than  the modified equation (ll), while a t  8 
and 11 percent by volume, the -led equation (11) egpeare to  be mre 
aatlefactory. Above 11 percent by volunv= both of the -led equations 
give  values mch axe too high. 

These two sets of results indicate We inportanoe of including the- 
appropriate shape factor in  the theoretical equations. These resulte do 
not-clearly indicate w ~ c h  of the mod=& equitions 1.0 mre  sati&xC- tory. Both give good agreement with experiment at low concentrations 
( < lo volume percent) * 

Effect  ofahage of magnesium particles on dielectric constant. - 
Th@ values of dielectric  canstants against concentration are  plotted in 
figure 4 far four different shapes of magnesium particles. &e 14-micron 
particles  are near4 spherical while the three other powders with average 
particle diameters belaw 2 microns , a r e  Irregular'.' The makrisl made up 
of particles with an average particle  diametv-,f 1.5 microns appears to 
be the most nonspherical and the m e t  platelike f ram its large slope. 
All the .material less than 2, microns in diameter w e a r  ae Irregular 
plates under the microscope.. The dielectric-constant  results ma&e it 
po ssible t o  distinguish between them in a quantitative manner. The 
shape factors will be dtscussed in more detail  for two of the materiale, 
the 14-micron average particle diameter and the 1.8-micron average par- 
t i c le  dismeter . 

The sh@e factor be evaluated from B in the series e % g ~ 6 i O n  
A + f CV2 + . . . used t o  represent  the experimental data. The 
shape factor f P B / ~ c ~  for W t u c  particlee. FCU= the 14-micron 
particles,  the values of f calcul~ted from the eqperimental data below 
10 percent by  volume for powders containing 98 percent megnesium and 100 
percent magnesium (extrapolated value) cmbined with the slopeof the 
linear equation with only the f irst  two exper4al. points at 0 and 
0.025 percent volume used glve 3f E 3.2 or f I 1.07 These particles 
are slightly eUpsoidal.  Similar calculations  for the 1.8-mIcron par- 
t ic les  glve 3f I 4.2 snd f = 1.4. The 1;8-micron particles should 
deviate from the spherical considerably more than the 14-micron particles. 
Microscopically, the l4-micron particlee appear quite epherical, but 
small devlations would not be readily  detectable. 'phe value of a b  - 0.3 
(where  a/b is  the axid. ratio of a spheroid) calculated from f I 1.4 
by using table V, reference 10, and uncpublished data w o u l d  izbdicsk that- 
the  particles  are somewhat flattened spheroids. Under the electron 
microscope, the 1.8-micron particles agpear as Bornwhat lrregulaz 

. 

.. . 
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m e c t  of size of magnesium particles on dielectric constant. - It 
i s  aesumpd in the V ~ r i 0 U 8  theoriee on the dielectrtc conetants of mix- 
tures that, for the case of solid parbiclee in a nonconductive d i ~ p e r e -  
ing medium, the dielectric constant i s  Mependent of particle eize. 

t o  support t h i e  aseuuIption. In the present  investigation, magmgium 
particles of three  different  perticle diameters, 23, 14, and 4.6 microne, 
tand of the aame m e  were employed. t o   t e s t  thie  a s a ~ t l o n .  The reeults 
are Usted in table VI. These reeulte  indicate that within the w e r i -  
mental errore involved the dielectric  condant i s  independent of par- 
t ic le   s ize  f o r  t h i e  system. The eligatly lower dielectric-constant 
values for the 4.6-micron powder in mineral o i l  may be due t o  a small 
degree of inconglete  dispersibility. 

mUCh in the w&y of COuK8iVe experimental evidence hsS been o f f e d  

BYect of oxide content on dielectric conetant. - The effect of the 
oxide content on the dielectric conetent of magnesium SU6pen8iOn8 i n  
minerd 011 w a ~  determine wlth the 14-micron powder. 'phe difference 
between the  dielectric constant of euspensione with varioue weight- 
percent to ta l  sollde but contebinn about 2 percent oxide in the solid 
content i n  one  caee asB about 9 percent oxide in the other i s  plotted in 
figure 6. AB can be seen f r o m  figure 6, Incressing  the amouat of o a d e  
by 7 percent a l e 0  increaees the dielectric con8tant. T h i s  lncreaee in 
dielectric constant with the 7-percent increase In oldde variee l i near ly  
with increaalng total-eolids concentration. The percentage of magnesium 
wa8 determined by a gas6metric analysie wherein the hydrogen  evolved by 
adding acid t o  magnesium powder dieplaced a measured vohm of water. 
Theae gasometric aaalyses are probably never more reproducible  than LL 
percent The values of oxide content for the two -lee of magnesium 
mer ueed t o  determine the  effect of oxide content were anslyeed quite 
carefu l ly  and are probably correct t o  +1 percent. The values given in 
figure 6 have been used to make poselble  extrapolatlone t o  100 percent 
magnesium content and t o  correct  the values  obtained in  the t e r a t u r e -  
coefficient meaeurements to  the eame oxide content. 
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The increase in the  dielectric constant with lncreaeing oxide con- 
tent i e  probably due to  the fhklng off of i r regu lsr ly  ahsped pletes of 
magnesium oxide from the magnesium particles. This eff ec-t; amounted t o  
about 0.1 aielectric-constant unit for. a 50 percant suergemion. I 3  a 
value of 8 I 9 .w.5 i s  used for the dielectric constan- magnesium 
oxide (ref. U), the  coefficient of the linear term of the equation 
derived . for  spheroidal particles dispersed i n  ntlmral oil (ref. 10 end 
unpublished data) wauld be 1.72 for the  special case' of spheres com- 
pared with 3 .OO for metallic @heres. Thus the' mere subetitution of 
msgnesium oxide spheres far magnesium spheres would lower the  dielectric 
constant. If, however, the magnesium oxide pazticles  are aonspherical 
and are in the farm of very f la t  plates, then the linear coefpiclent 
would lncreaee beyond 3 .OO and the dielectrlc constant of the suspension 
would be larger than that o h  suspension containing magnesium Bpheres 
only* .. - 

Effect of teqperature on dielectric constant. - The temperature 
coefficients de/dt were determined f o r  mineral oil SnB for 50- and 
60-percent-by-weight euspenslons of 14-micron mseplesium particles in  
mineral o i l  in the temperature range Prom 20° to SO0 C. The results are 
plotted ~n figure 7. The d u e s  of &/at corrected for &de content 
are given in the foUnwing table: 

. " - - a,..-..=- .._. . . "" 

Material (dc/dt)pc ' 
. . .  

Mllleral oil (f lretsa3ngle) 
_..._ = - .  - _ _ .  

-0.001 

" - 
The temgerature coefficients  for  concs3zated magnesium suspensions 

eze quite  large campared with those for mherd. oil anly, and it would 
appear that the  tenperatwe  coefficientdecreases quite regidly with 
decreasing  concentration of magnesium-particles in a suepenalon. Since 
corrections bad to be made far the oxide content of the magnesium par- 
ticles, the values for the temperature coefficients  are not highly 
SCcUrate. 

E e c t  of freqgency of oscillation cm dielectric constant. - The 
variation of the  dielectric c0ns-kn-t with the frequency of oscillatlan 
was 8t-d in thefmquency range from 102 t o  2x105 cycles per e e c d .  
'She values a t  100 cycles per second. are somewhat less accurate than those 
obtained at higher frequqnciee.be,+use of 60-cycle-per-second lnterfer- 
ence  which could not be completely filt'er'ed out-.. . The"Fe6ults &e glven 
in figure 8. 

In figure 8( a) there l e  evidence of a small but experiment- B i g -  
n i f l c a s t  decrease In the  dielectric cunatant wltb increasing frequency. 
TIE larger decreases in .me dielectric,  conftants for cdncentratione of 
the highly nonspherical particles (1.5- ahd 1.'9+ magnesium powders), 

k 

" . . . . . 

* 

. .  . 
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which are much lower (20 volume percent) than the concenbation employed 
f o r  the near- spherical i4-micron powder (60 volume percent), dearly 
indicates the hrportsnce of the &age of the  particles upon this phenom- 
enon. It is true that the change vith frequency in the case of the 14- 
micron material i s  ai? the sane -tude as the e x p e r m t S 1  error. 
These particular  results  possibly may not be experimentally significant. 

In figure  8(b), the effects of concentration won the frequency 
effect  are  illustrated. !The decrease Ac I € 

uith increasing frequency increases in magnitude quite regulsrly with 
the  increasing  concentration of particles. 

v>2 - E V , 1  B 2  = loo Cps) 

Equation (9) may be written i n  the form 

r 1 

F- met-c particles dispersed mtnerd oil, E ~ / E ~ - D ~ D ;  hence 
E = 6. Since the second term tends toward zero, this result which pre- 
d i c t s  no frequency effect i s  not i n  accord with the eqerimental 
results. 

Actually, of course, the magnesium particles are coated with mag- 
nesium oxide. This layer of oxide i s  not continuous but tends to  crack 
and blister because of the high density of the oxide and the  curvature 
of the particles. The oxide coating on the magnesium particles nill 
tend t o  flake off  readily. This small emount of irregular flakes of 
magnesium oxide Fn the suspension would result in a flnite effect of 
frequency upon the dielectric constent  being observed. 

The shells of magnesium oxide on the magnesium particles would 
probably 81~0 contribute t o  the frequency effect. Since these shells 
would have the sme shage as the particles, they could well be rerrpon- 
sible f o r  the observed efTect of shape on the freq\uency  dependence of 
the  dielectric constant. 

Variation of Dielecixic Conet&t with Time 

Dielectric-constant curve. - me  variation of dielectric constant 
with time as settling proceeds in  the measuring cel l  i s  shown for vari-  
OUB magnesium concentrations at 200, ~ o O ,  ~ n d  50° c in figure 9. When 
the suspension i s  dilute enough, or when the  particles  are  fsirly  large, 
a representative curve may be obtained in a few hours. The curve may or 



may not show a shmp n a a x h m  in the first few mizartes, but it is gener- 
tally found thereafter that the  diekctrlc constant  decreases t o  a broad 
mlnlmum and them begins t o  increase again (figs. 9(a) t o  (f)). 

'phe initial mximum paay be due to the filling of sir space8 In  the 
more viscous suspension or the escape of WlEIU air bubbles. It might be 
explained by a procese of egglomeration auring the first few minutes the 
material i s  be-  measured. 3mver ,  since  the effect is le88 prominent 
In the more concentrated euspeneiona where agglomeration would be most 
Ltkely, this elrglanation is not too  satisfactory. 

. .  

The remainder of the curve may be  eqpleined in terms of two proc- 
esses of settling. In the first procees, particles that are large com- 
pared with the average particle  size are settling out through the BUB- 
pension. p he decrease in conoentration through the suspension is not 
ccqpensated for by. the 6- amoupt of concentrated materisl packed at 
the bottom. The net result I s  a &crease in dielectric constant. 'phis 
process w o u l d  be expected t o  be iqportant e m l y  in the settling process. 
As time contimes, the entire 3.1~88 of suepenelon sett les down, leaving. 
an increasing of supernatant liquld above it. Thie second process 
may be thought of aa a  coupressional phase.-of $he e e t t l l n g  process. The 
effect of tbb process on the  dielectric constant may be calculated by 
considering the follolring model: !be  dielectric-constant  cell may be 
considered as two parallel  cylindrical condezieers. The qpper condenser 
is in the reglon where only supernatant liquld is  found and the dielectric 
constant is  that of the mineral o i l .  The lowem condenser has c-eesed 
Bu8p11SiOn between its cylinders. If the approximation l e  made that the 
c ~ r e s s i o n  is uniform, the  concentration of the -coupreseed suepension 
may be calculated and, hence, f'rom previous results its dielectric con- 
stant. Since the two condensers are considered in parallel, the capaci- 
t i e s  m e  addltlve end so are the  dielectric constants. 

As an e-le, a 2O-perceqt-by-volume suspeneion in a  hypothetical 
dielectric-constant  cell, which is  100 milliliters In volume, will be 
considered. Initially the dielectric constant w a s  4.5 units. When 20 
milLLllters of supernatant liqpld are present, the volume concentration 
of' sol ld in the suspension i s  25 perceht. ,,% dielectric constant would 

increased by 0.3 unit. If settling proceeds further until  there are 40 
W t e r s  of supernatant liquld, the velum? concentration of solide 
has Increased t o  35 percent. The dielectrlc canstant would then  be 

2X2' 3x7*1 = 5.1 units. Thus, coqpresslon leads t o  a con t i~~~ous ly  
increasing to ta l  average dielectric constant. 

5 

c 
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Thus, two processes, dilution and coqpreasion, are  acting on the 
suspension. The former is decreasing the dielectric constant and the 
la t te r  is increaslng the dielectric'  constant. A t  the observed minimum, 
the two processes are cance3Unng each other and then the coqpressionsl 
process becomes predominant  and the  dielectric constant increases again. 

!i?his -lanation is admittedly a qualitative one which Ignores im- 
portant  factors such as  concentration  gradients and carmot be used t o  
predict quant1te;tivel.y the shapes of the  dielectric-constant against 
time curves which are observed. It does explain the  effects observed in 
terms of factors which should be -0rtant in the  settling process. 

Settling-level curves. - The settung-level r a t i o  - h  x100 is also ho 
plotted in figure 9. The value of the  settllng level h is the level 
between supernatant liquid aad sett led suspension, while is the 
level of suspension before sett l ing beans. In a nuniber of the dllute 
suspensions (e. g., f ig .  9 (a)) settling-level curves are incomglete. ws 
results from the  difficulty in malslng a reaaing of the  level. lb these 
suspensions the l eve l  a-6 t o  be quite high f o r  a period of time, 
although nollhamogeneities are visible in the suspension i t se l f .  A f t e r  a 
the, a considerable partion of the  suepension becomes par t ly   t ranswent  
because of the  settling of' a sufficient amount of larger material. Finer 
particle8 i n  considerable amolurte are left suspended i n  the supernatant 
li@d i n  these caseL. 

Dielectric Losses of bhgpesium Buepensiona 

A t  the same time that the capacity measurements were made, the 
dissipation  factor,  or  dielectric loss, was measured with the bridge. 
The accuracy of these measurements was considerably lower than those 
giving the dielectric constant. 

It was found that the dLele?Ctric losses of mqgnesium euspensione i n  
mineral o i l  increased w i t h  increasing  concentration of magneehm par- 
ticles, as may be seen in table VII. Increased  deviation from spherical 
a p e  also increased the  dielectric  losses sanewhat. The concentration 
effect has been investigated  previously (ref. lo) for silica suspensions. 
Both the  absolute values of the dielectric losses and the changes in  the 
dielectric losses are much greater than those given here. The increases 
in dielectric loss with increased deviatione from spherical shape have 
been discussed theoretically in reference ll. 
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The explaastion..hereh is  probably quite similar t o .  that-used to 
-lain w h y  there is  an effect of frequency w n  dielectric constant. 
The presence of a dielectric  shell  arqund,the.metal  particle and the 
flakes of magnesium oxide which, have fallen off the' 0ldd.e shell  are 
prob&bly partly responsible  for  'thelosses obeerved. m e  losses of the 
mineral o i l  and  benzene may be h e  t o  s p c e  chargee (ref. 19). 

The dielectric  losses were found t o  increase with increasing tem- 
perature f'rom 20° t o  500 C. A change in dielectric  lose, xith time vas 
also observed. A t  .2p C, the losses &ualiy"&&eiaed."bf 5 to 10 'per-.' 
cent during the course of the determination when the 14-micron mqnesium 
particles w e r e  dispemed i n  mineral o i l .  ne less than 2-micron material 
showed a somewhat greater decrease in dielectric leas w i t h  ti&. Some , 

representative values are given in  table.VII1. In contrast with these. 
results, a t  SOo C  the^ dielectric  losses w e r e  found to increase by 5 to 
10 percent  with time, . - ..... " . . - . _  . . ._ .. - 

These tine effects upon the dielectric 1 0 s ~  msy be associated in  
p-th concentration changes or with increased  wetting of the par- - 
ticles. The increases in  dielectric loss may be associated in some in- 
stancee e t h  high-humidities which resulted in  . .  water absorP.t;ion. 

The initial dielectric copstants (time E 0) of suepensicma of mag- 
nesium particles in mineral oil w e r e  detwmhed - a function of ooncen- 
t ra t im,  tmerature,. particle s i ze  U, a-mpe, degree of oxidation, and 
frequency of oscillation. The increases of dielectric constant with in- 
creasing  particle  concentration and increased.deviation from spherical 
shape w e r e  the most  pronounced vari&tiOne' f d .  ~ dieiectric  'conetint 
increased from 2.171 t o  9.815 in going from the mineral oil done t o  60 
percent magnesiuq in mineral oil, even for almoBt spherical  psrtlcles. 
The miation of aielectric constant 5 r i ~ ~ ~ e ' ~ s u s p e n a i o ~ ' ' ~ o w e ~  a 
shqpe factor t o  be determined for a given type of pertlcle which w a s  re- 
lated.quantit6tively  to  the shape ofthe  particle.  The dielectric con- 
stant decreased with increasing tqperature. The ,temperature cOe9fident 

.- . 

- .  
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increased wlth increasing  concentration. An increase in the oxide COP- 
tent  increasedthe dielectric constapt. This effect amounted t o  about 
0.1 dielectric-constant unit for E 50 percent suspension. The  effect 
may be due t o  the flaking off of irregulazly shaped oxlde particles. 
The dielectric constants of megnesium suspension6 were sham t o  be inde- 
pendent  of particle size. The difference between the dielectric constant 
at 100 cycle6 -@r second and at E higher frequency AE was shown t o  in- 
crease w i t h  increasing frequency of oscillation. The magnitude of' the 
increase of A €  increased  with  increasing  concentration and with in- 
creasing  deviation f r o m  spherical shape.  Bince the'dielectric constants 
of suspensions of metal particles in minerd oil should be independent 
of frequency, the  effects observedwere ascribed t o  the oldde shells 
mmnd the m e t a l  particles and to  f lakes of magnesium oxide in  usp pension. 

The variation of dielectric constant with time ae sett l lng proceeded 
wa8 d o  investigated. The curves found werimentally w e r e  wlalaed 
qualitatively on the  basis of two processes. One of these WZM a process 
of dilution  resulting from the settUslg out of large  part$cles &ring the 
initial stages of the  over-all settling process. The second process XSB 

a conpression of the suspension which resulted in a net increase in the 
dielectric canetant which began t o  -te later. Tbls interpretation 
serves t o  eqplaln i n  a quaLLtative m e r  the experimental curves Mch 
were convex t o  the tfme axis with a wide mblmm. 

Settling-level curves were determined along wlth the  dielectric- 
conetant  data. 

The dielectric  losses were eham to increase with increasing conca- 
tration and increasing  deviation from spherical shape. Since the  losses 
for metallic particles in mineral o i l  should be zero, the losses observed 
were probably per t ia l ly  caused by the presence of the magnesium &de. 
The smElll losses observed  even in the mineral o i l  mey be due t o  space 
charges. 

Time variations in the dielectric  loeses 8s settling proceeds were 
also investigated. 

A considerable mass of data upon variaus dielectric phenomena has 
been obtained in a relatively unemlored field. Some of the effects 
studled can be q l a i n e d  g U a n t i t 8 t i V e l y ,  a larger portion only semi- 
quantitatively or  qualitatively. Mu& s t i l l  resndns t o  be done upan the 
theoretical  aspects of the subject before a precise  quantitative  treat- 
ment may be given t o  the experimental material. 

. 
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Practically, the  results  indicate  several  possible valuable pro-' 
cedures: The dielectric constant may be eqployed t o  determine concen- . 
trations of tmspensiona or   s lurr ies   once.a   cal lb~t lon is". Studies 
i n  the. dilute concentration range (less than 2 percent by volute) wi l l  
a l l o w  the  evaluation of e r i m e n t a l  shape factors wblch may be used t o  
evaluate the equivalent shapes , o f  particles In terms of spheres, sphe- 
roids, and the l-ing cases of disks and needles. The concentration 
gradients in suspensions are obtainable by meam of aielectric-conetant 
measurements if a dipping dielectric-constant  cell o r  a nnulticapacitorn 
settling-rate tube were emgloyed. Furthermore, the dsflocculation of 
suspeneiona may be investigated by dielectric-constant meaeurements bp 
using shear o r  surface-active agents t o  deflocculate. 

.. ._ 

. .  . .  
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1 2 
2.170 

(1 - v ) 3  

3 1  4 I s  
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I I I 
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.177 

.250 

2.34 
2.56 
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3.09 
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5.14 

2.85  2.93 
3.25  3.17  3.36 
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2.37 
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3.29 
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5 .Bo 

0.010 

.081 
2.57 , .053 
2.36 .026 
2.25 

5.17 .250 
3.92 .177 
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2.26 
2.36 
2.59 
2.89 
3.20 
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(1 - 1 . 4 ~ ) ~  
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2.44 
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3.14 
3.62 
5.13 
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3.31 
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TIES 

a b  f 

0.1 
1.930 -2 
3.320 

1.004 .9 
1.020 .8 
1 . w  .7 
1.080 .6 
1.150  .5 
1.no .4r 1.480 .3 

1.0 1.Ooo 

- 
a b  - 
1.2 
1.4 
1.6 
1.8 
2.0 
2.5 
3.0 
3.5 
4.0 
5.0 
.o.o - 

- 
f 

1.01 
1.04 
1.08 
1.12 
1.18 
1.34 
1.52 
1.73 
1.95 
2.46 
5.93 

- 

O I L  (FIRST SAMRLE) KC 20' C 

1 

Boll&, 
percent 

P w e i g h t  
Average particle diameter, 

4.6 23 14 

lo 
2.94 15 

2.63 2.62 

10 .oo 9.89 "11 60 
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5.42 5.43  5.40 40 

-"" 4.19 4.13 30 
1"" 5.32  3.29 20 
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Material Dj 
14-cr E 

C 

20 

Benzenea 0.0006 
Mberal oil (first saqle)a .0006 
u) Percent  magnesium in oil 

.0008 30 Percent  magnesium ln oil 

.0007 20 Percent  magnesium in oil 

.OOO6 

50 Percent magnesium in o i l  .OOY 

. " "" L 

40 Percent msgnesium in o i l  .oO09 

I 60 Percent ma&esium in o i l  I .0013 
- s t  of the dielectric loss given 

slectric 
mderj 
7 
2 

c 

50 

0.0014 
.0014 . OOJB 
.0022 
""" 
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(b) Volume peroent.  
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Figure 4. - Varlatlm of d i e l e o k l o  oorretant e t h  
oonaent ra t lan  end part;lole ehape of magnselm parr- 
bur in mineral. oil (both earnplea) at 20' C. 
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Figure 9. - Variation of dielectric constant and s e t t l i n g  
level with tb? of m e g n c e l ~  powder in mineral o i l .  
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(a) 20 Peroent l4-mlcrm magne~im powder; f i r s t  rjample at 20' C. 

Figure 9. - Continued. Variation of dielectric constant and 
settlirrg level with time of megneeium powder in ndneral o i l .  
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(d) 63 Pmcent 14-micron magneeium parilar: first ealqple 
a t  mo C .  

Figure 9.”;. CbntFnued. Variation of dielectric c h a n t  and 
settling level vith time of meepieeium powder ln minwal oil. 
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Figure 9.  - Continued. .Variation of dielectric canetant 
and eettling level with tfm of magnesium p a r  In 
mineral oil. 
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(f) 60 Percent 144crm vium powder; flref eemple at 50' C. 

Figure 9. - C o n t i n u e d . .  Var iat ion ab dleleotrlc oonetant a d  edtliw 
level wlth time of ma&neelam polpderr in  mineral oil. 
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