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NATIONAL ADVISORY cY)"ITTEE FOR AERONAUTICS 
c 

THE EFFECT OF MAGNESIUM PARTIC;LES OF VARIOUS ZQUIVALENT DIAMEDRS ON 

SOME PHYSICAL PROPERTIEIj OF F%TROLAW"STABILIZE 

By Joseph M. Laniberti 

SUMMARY 

The effect  of magnesium part ic les  of vexious  equivalent  diameters 
?- on the  apparent  viscosity,  sedimentation  ratio, and redispersibil i ty 

of petrolatum-stabilized magnesium - Jp-4 slurr ies  is  described. The 
investigation was conducted in  laboratory-scale  apparatus. Powders 

7.2, 9.3, 12.0, and 14.8 microns. Data are also presented sharing 
the  effect  of vazious magnesium concentrations on these  physical 
properties. 

0 
c> . of the  following  equivalent aiameters were investigated: 2.8, 3.7, 

As a  paxt of a general program t o  evaluate  high-energy f u e l s  f o r  
jet-propulsion systems, m e t a l s  and metal-hydrocazbon slurries are cur- 
rent ly  being  investigated  at  the NACA LaTis  laboratory. As fuels,  alu- 
minum, magnesium, and baron have higher air Bpecif i c  impulse than  the 
conventional  tgdrocarbon  fuels  (refs. 1 t o  3) . Boron, in addition, has 
higher  fuel-specific-inqulse  characteristics  than hydrocarbon fuels;  it 
therefore would provide  greater  fuel economy and thus longer f l i gh t  range 
(refs. 1 and 4). 

In  experimental  investigations of ram-jet combustors, the slurry 
form of f u e l  has an advantage over soUd f u e l  in tha t  f u e l  flow i s  easfly 
regulated. The preliminary combustion research on magnesium, aluminum, 
and boron, either as solid f u e l  beds o r  as slurries, i s  srmrmFlrized i n  
reference 1. 

Since magnesium i s  a re lat ively inexpensive material and has a 
greater heat of combustion per pound of air than aluminum, the  experi- 
mental  investigation of magnesium slurries has progressed  farther  than 
those of e i ther  aluminum or boron. The preparations and physical prop- 
e r t i e s  of some  magnesium slurries axe described i n  references 5 t o  7. 



2 - NACA RM E54A22 

Heretofore, magnesium slurries have been prepared i n  which only  the 
concentration of the metal or : the  type of car r ie r   fue l  was varied. The 
par t ic le   s ize  of m e t a l  used in  these  preparations has been described as 
"fine"  (approximately 66 microns)  "ball-milled" ( approximately 45 
microns), and "superfine"  (approximately 24 microns) . There has been no 
detailed  study of the  effect  of m a g n e s i u m  par t ic le   s ize  on the  physical 
properties of a slurry. 

In   t he  combustion studies of magnesium - fuel-oi l  slurries conducted 
i n  a lE-inch-diameter  burner, -13- and 2-micron powders were used. It wa8 
noted that the 2-micron s lur r ies  had much higher blow-out velocit ies than 
did  the 13-micron s lur r ies  (ref 6) . 

7 5 
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Inasmuch as  the  particle.size  affected  the  physical as well as  the 
combustion properties of the  slurry, a detailed  systematic  investigation 
was undertaken t o  determine the effect  of varying  particle  size on the 
physical  properties of the slmries. 

In the  present  investigation of petrolatum-stabllized magnesium - m 

JF-4 slurries,  which was conducted on a laboratory scale, the  following 
factors  were considered: 

. .  

(1) The par t ic le   s ize   dis t r ibut ion of several magnesium powders with 
different average  equivalent  particle diameters 

( 2 )  The effect  of the  equivalent  diameter of par t ic les  and the con- 
centration of magnesium on apparent  viscosity,  sedimentation 
rat io ,  and redispers ibi l i ty  

(3) The effect  of different petrolatums,  purchased at different 
times under identical  specifications, on the apparent  viscosity 

(4)  The analysis of experimental  error and reproducibility Of 
resu l t s  

DESCRIPTION OF POWDER AND Cp;RRI%R FUEL 

The  magnesium used in  the  preparation of the  slurries  described 
herein was fractionated i n t o  various par t ic le  s i z e  ranges by  means of 
the  Federal  Laboratory Air Classifying U n i t  B. Par t ic le  size of each 
individual  fraction  obtained from t h i s  process was determfned by the 
Roller  analyzer. The method  of the  Roller  analyzer,  based on Stoke's 
Law, is accurate  for  spherical  particles. Althpugh the- powder in   these 
investigations was produced by an atomization  process, not a l l  of the  
par t ic les  were spherical;  therefore,  the  particle  size  distribution is 
expressed i n  terms of an "eqyivalent  spherical diameter." 

r 
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The average par t ic le  diameter of each fraction  obtained from the 
Federal  Laboratory Air Classifying U n i t  B w a s  determined  by the  Fisher 
Sub-sieve S i z e r -  The number (average  particle  size) as obtained by t h i s  
apparatus i s  six times the volume-surface r a t io  of the  magnesium p&i- 
c les   in   tha t   par t icu lar  sample. 

Throughout this report,  the nuniber as  obtahed by the  Fisher Sub- 
Sieve  Sizer f o r  each batch of powder will be used to  denote the equiva- 
lent diameter of the magnesium  powder, and the  phrase "average par t ic le  
size of  magnesium" w i l l  indicate "diameter of equivalent  spherical  par- 
t i c l e  of magnesium". 

The data on the  particle  size  distribution of the  various magnesium 
powders are p lo t ted   in   the  form of bar graghs in figure 1. There i s  a 
correlation between the  particle  size  distribution according t o  the 
Roller  analysis and the  equivalent  particle  diameter of each  batch  as 
determined by the  Fisher Sub-Sieve Eiizer except for  the 14.8-micron 
powder. In t h i s  case, the Rol le r  analysis  indicated that 69 percent of 
the powder  was i n   t h e  range 17 t o  40 microns and only 19 percent i n   t he  
range 8.5 t o  17.0 microns. 

Photomicrographs of the various  particle  sizes of magnesium used i n  
the  preparation of slurries  described in  this report were taken  with a 
metalloscope end are  presented  in  figure 2. 

The specifications and analysis of the Mn;-F-5624A, grade JP-4 f u e l  
used in   th i s   inves t iga t ion  axe listed in table I. The petrolatum used 
in the  determinations of sedimentation r a t io  Etna redispersibil i ty i s  
designated as petrolatum A. Those petrolatums used i n   t h e  determinations 
of apparent  viscosity were designated as petrolatums A and B. The phys- 
ical   properties of these materials are listed i n  table I. 

PROCEDURE 

Preparation of Slurries 

The method of prepmation of each slurry  reported i n  this paper i s  
essentially the one adopted i n  reference 7. Since  the  concentration of 
magnesium varied, the final r a t io  of petrolatum t o  Jp-4 i n  each slurry 
was kept  constant a t  2 : 3 by  weight. 

Four stock  solutions of petrolatum - Jp-4, of 1800 grams t o t a l  
weight  each, w e r e  prepared t o  make the  four groups of slurries  containing 
3, 40, 50, and 60 percent by  weight of magnesium. A typical  stock  solu- 
t ion  was  prepared by placing  the  correct amounts of petrolatum and JP-4 
i n  a 1-gallon round tin-plated am and heating  the mixture at a tempera- 
ture of 140° F f o r  2 hours  with  vigorous s t i r r ing.  Any loss of w e i g h t  
due t o  evaporation of the m-4 w a s  made up by the  addition of  more  JP-4. 
The solution w a s  then allowed to  cool t o  room temperature. 
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Individual  slurries were prepared in quantities of approximately 
750 grams each. . I n  a  typical  preparation,  the  correct amount of magne- 
sium of a par t icu lar   pa t ia le   s ize  was placed in a  l-quart round t in -  
plated can and wetted  thoroughly  with l50 grams of JP-4. The necessary 
amount of the  particular s t o c k  solution of petrolatum - Jp-4 then was 
added t o  keep the  individual slurry t o  the required  proportions. For 
example, 750 grams Of the slurry, 2.8-micron powder, 30 percent by weight 
of magnesium, was  prepared i n  the following manner: 225 grams of 2.8- 
micron powder was placed i n  a tared can and wetted  thoroughly  with E O  
grams of JP-4, followed by the  addition of 375 grams of a stock eolution 
of petrolatum (56 percent by weight) and Jp-4 (44 percent by weight). Ei M 
The f i n a l  composition of the  resulting slurry was 225 grams of magnesium 
(30 percent , 335 grams of Jp-4 (42 percent), and 210 grams of petrolatum 
(28apercent ! . The f ina l   r a t io  of petrolatum t o  JP-4 was 2:3 by weight. 
The result- mixture was heated a t  a temperature of 140° F for 30 mLn- 
Utes with  vigorous stirri$.- Any loss of weight of the mixture due t o  
evaporation of the JP-4 w a s  d e  up by the   ada t ion  of more Jp-4. The 
slurry was then allowed t o  remain overnight in a w a t e r  bath  at  a temper- 
ature of 86O F. c 

The s lurr ies  were  aged in sealed  containers  for at least  2 weeks at 
room temperature  prior to  the  determination of phyaical  constants. d 

The following s l u r r i e s   c o n t a n g  petrolatum A were prepared: 

30 * * * * * * 
40 * * 

* * * 60 
* * * * -I- * 50 
* * * * 

* * * 

*Slurry  prepared. 
+Slurry not  prepme&, magnesium  powder unavailable. 

Slurries were a lso  prepared from petrolatum B and Jp-4 to determine 
the behavior of slurries  prepared f r o m  a petrolatum of slightly  different 
properties. These s lurr ies  had the following compositions: for the 7 . 2 -  
mfcron powder, 30 percent by weight of magnesium; 7.2-micron, 40 percent; 
9.3-micron, 50 percent; and 14.8-micron, 60 percent. 

Determination of Physlcal  Properties 

Viscosity. - Viscosities were determined at 86' ~ 3 . 0 ~  F with a model 
LVF BrooMield  Synchro-lectric  viacometer. The measurements  were taken 
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with a  spindle speed of 12 rpm, seco-Ms efter the  spindle had started 
t o  rotate.  Several  successive  determFnations were made until  consistent 
resul ts  were obtain&. Maximum variation in resu l t s  did not exceed 10 
percent f o r  any slurry. 

- 

Sedimentation rat io .  - AgproxFmEttely 50 milliliters of slurry, 
immediately &ter v3gorous s t i r r ing  t o  give a uniform saqple, was placed 
i n  a 2- by 22.5-centimeter graduated glass cylinder. The cylinder was 
sealed and t q e d  to prevent  evaporation and was then  stored €n a  water 
bath  a t   a   teqerature  of 86O F fo r  4 weeks. 

oa 
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Observatlons were made upon the stored slurry during  the &week 
period. The depth of the clear  mqernatant  liquid  layer which form& 
above the  metal-liquid  layer was measured at frequent  intervals durfng 
the  storage  period  for  the  determination of the  eett l ing rate. The 
degree of set t l ing of the slurry was expressed in terms of a  sedimenta- 
t ion   ra t io   ( re f .  7) caLculated from the following eqression:  

Concentration of Mg i n  original slurry 
Concentration of M@; in  aettled  portion of the  slurry 

. Specifically, the sedimentation ra t io  was calculated from the f o l -  
lowing formula: 

Sedimentation r a t io  P 
vs d, 

This equation may be simplified to:  

ht .,-%+d,$ 
Sedimentation r a t io  = 

dS 

where 

volume of or iginal  slurry 

calculated  denslty of original  slurry 

calculated  density of medium 

t o t a l  height of slurry den f i r s t  placed in the  graduated glass 
cylinder 

height of metal-liquid  phase of the slurry in gr8.dua.td glass 
cylinder a t  time t 
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Th.e densit ies of the  slurry and the medium m y  be calculated from the 
equations : 

1 Weight fraction of magnesium  Weight fraction of medium 
Density Density of magnesium 4- Density of medium = 

of slurry 

1 Weight fraction of petrolatum + Weight f ract ion of Jp-4 
Density Density of petrolatum Density of JP-4 

= 
of m e d i u m  

Redispersibility. - The extent t o  which a slurry could be redis- 
persed was determined by an empirical method. When se t t l ing   t es t s  were 
concluded a t   t he  end of 4 weeks, the same sample i n  the  graduated glass 
cylinder was placed  horizontally  in a shaker, shown in   f igure  3, and 
shaken f o r  5 minutes. The s u e r ,  b u i l t  a t  this laboratory and described 
in  reference 7, oscillated 172 times  per minute  through an arc of 59O. 
After the shaking  rocess,  the  glass  cylinder w a s  removed from the shaker 
and placed at a 45 angle from the  horizontal  while  the fluid portion of 
the  contents was carefully poured out. The cylinder, a t  this angle, was 
permitted to drain  for   one-mf minute. The height of the  portion of 
the  slurry which did not pour out was noted. The percent  redispersibility 
was calculated from the  expression: 

8 

Percent  redispersibility = ht - x 100 ho 
where 

total   height  of slurry when f i r s t  placed i n  graduated  glass  cylinder 

ht  height of metal-liquid phase .of slurry at time t 

hl height of that portion of slLirry w h i c h  did not pour out after the 
shaking process 

DISCUSSION OF RESULTS 

Viscosity. - The viscosit ies of the  slurries  are listed in table 11. 
The effect af the average pazticle.  size of metal on viscosity of magnesium 
slurries  containing 30, 40, 50, and 60 percent by weight of metal and . 

stabilized  with  petrolatum i s  shown i n  figure 4. For convenience, the 
viscosit ies i n  figure 4 were plotted on a logarri thic scale. Since, 
these  slurriea  are non-Newbonian, the  viscosity  data  are  expressed i n  
terms of "apparent  viscosity",  that is, the  viscosities the slurr ies  
would have if' they were Newtonian (ref 8) . 
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A s  the average par t ic le   s ize  of metal i s  increased f rom 2.8 t o  14.8 
microns in slurries  containing  the same concentration of magnesium, mini- 
mums are observed in   t he  apparent  viscosities.  For  the slurries contain- 
ing 30 percent magnesium the minimum value f o r  the  apparent  viscosity 
qpea r s  f o r  the  pazticle s i z e  of 9.3 microns; for   the 40 percent, 
7.2 microns; f o r  the 50 percent,  9.3 microns; and for the 60 percent, 
12 .O microns.  Although a minfmum does  appear for   the 60-percent- 
magnesium slurries investigated,  particle s i ze  has little o r  no effect 
on the  apparent  viscosity of the  slurry in the range f r o m  7.2 t o  14.8 
microns. w 

P 
G 

There i s  very l i t t l e   d i f f e rence  between the  apparent  viscosities of 
the 2.8-micron and the 14.8-micron slurry of the  30-percent  concentration 
of magnesium. However, for   the 60-percent magnesiku concentration,  the 
difference i n  the  apparent  viscosity i s  great. The apparent  viscosity 
of the 2.8-micron slurry i s  three and one-half  times  greater  than  that 
of the 14.8-micron slurry. 

Figure 4 shows also tha t ,   in   the  30- t o  60-percent-magnesium concen- 
t ra t ion  range, the qpwent   viscosi ty  of any group of slurries cont&ining 
the same average  s i z e  magnesium particles  increases as the  concentration 
of the magnesium i s  increased. The slight  decrease which i s  noted in the 
2.8-micron slurry as the concentration of  magnesium i s  increased f r o m  50 
t o  60 percent is due probably to experimental. e r r o r .  

Sedimentation ratio. - The effect  of time on the sedimentation r a t io s  
of petrolatum-stabilized magnesium - JP-4 slurries is shown in figure 5. 
The determination of the sedimentation r a t io  i s  an attempt to measure 
quantitatively the degree of se t t l ing  of a slurry (ref.  7). A high sed- 
imentation r a t i o  indicates a small amount of se t t l ing   for  any given 
slurry. 

The r a t e  of Set t l ing  for   the  s lurr ies  was rapid in the  first 5 days; 
then  the  slope of the curve gradually  diminished un t i l  a plateau was 
reached a t  about 18 days. 

A t  the end of 30 days, the  slurries,  according t o  particle  size,  had 
sedimentation  ratios in  the  following order: 

t 
Magnesium, 
percent by 

Average pazticle  size, microns 

weight 

30 

>12-0 >14.8 > 9 . 3  >7.2 > 3.7 2.8 60 
(a) > 9.3 >14.8 >12.0 >7.2 2.8 50 

>14-8 > 3.7 >9 .3  >l2.0 >7.2 2.8 40 
>7-2 >14.8 >9.3 >l2.0 >3.7 2.8 

%. 7-micson slurry  not prepazed; magnesium  powder unavailable. 
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The resu l t s  shown i n  this table  indicate that p r t i c l e   s i z e  gen- 
erally  influences the sedimentation ratio of slurries:  the smaller the  
par t ic le  s i ze ,  t he  greater the sedimentation r a t i o  or the lower the 
amount  of settling. O f  a l l  the .slurries studied in  this investigation, 
the 2 .B-micron slurry had the  greatest sedimentation  ratio,  regardless 
of the concentration of magnesium i n  the slurry. 

The effect  of pmt ic le   s ize  of  magnesium on the sedimentation r a t i o  
at the end of 2 and 14  days i s  shown in figure 6, a cross-plot of the 
data from f igure 5. Minimums are Observed i n  these sedimentation r a t io s  
when plotted as a function of pa2ticle size. A coqazison of these mFn- M 
i m u m s  with those of the appaxent viscosities, shown i n  table  III, indi- 
cates that both minimums generally OCCUT i n  the aame area of par t ic le  
s ize  of magnesium except for   the 30-percent  concentration of magnesium. 
In  this case, the sedimentation r a t i o  miTllmlrms occur at 3.7 microns, a t  
the end of 2 days, and at 7.2 microns, at the end of 14 days. I n  con- 
trast, the  viscosity minimum i s  Observed a t  9.3 microns. It i s  noted 
also Fn table  I11 that the sedipentation  ratio minimum for   the 40-percent 
concentration of magnesium, a t  the end of 14  days, occurs a t   9 .3  microns .. 
instead a t  7.2 microns. The dffference between the  sedimentation  ratios 
for  these two slurries i s  probably  within  exgerimental  error, however. 

5i 

Redispersibility. - The red ispers ib i l i ty   ( ra t io  of the amount of 
slurry that poured out   af ter  the shaking process   to   the  total  amount of 
slurry  placed in  the graduate) was determined fo r  each slurry following 
the  determination of the sedimentation r a t i o  at 30 days. 

The ef fec t  of par t ic le   s ize  of  magnesium on redispers ibi l i ty  i s  
sham  in   f igure  7.  An increase i n   p a r t i c l e   s i z e  produces an increase Fn 
redispers ibi l i ty  for slurries of 50- and 60-percent  concentrations of 
magnesium. However, for   the 30- and 40-percent  concentrations, an in- 
crease in   par t ic le   s ize  causes a decrease i n  the percent  redispersibil i ty 
except in t w o  instances: 14.8-dcron, 30-percent magnesium and 7 -3- 
micron, 40-percent magnesium, where an Lncrease is obeerved. 

The effect  of concentration of magnesium  on the redispersibil i ty of 
the  s lurr ies   invest igated  in  this report  i s  shown i n  f igure 8. I n  the 
smaller average par t ic le  s i z e s  (2.8, 3.7, and 7.2 microns), the percent 
redispersibil i ty  decreases rather sharply with increase  in  concentration 
of  magnesium in the  order : 30 > 40 > 50 > 60 percent. However, i n  the 
larger  paxticle  size range  (9.3, 12 .O, and 14.8 .microns), t he  decrease i n  
percent  redispersibil i ty i s  slight, except f o r  the 14.8-micron, 40- 
percent, and in the 9.3-micron, 60-percent magnesium slurries. 

Although the 2.8"micron slurry . h a d  the  greatest  sedimentation  ratio 
( l ea s t  amount of s e t t l b g )  of the slurries- investigated, it had the 
greatest  decrease in percent  redispersibil i ty wlth an increase in the 
concentration of magnesium i n  a given  slurry. 

c 
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Two different  batches of petrolatums,  designated as petrolatum A 
and petrolatum B, w e r e  purchased at CWYerent times under the same spec- 
ifications, and the  physical  properties of the materials are  presented 
i n  table I. The following  slurries were selected  to  determine  the  effect 
of different  petrolatums on the  apparent  viscoeity and sedimentation 
rat io:  7.2-micron slurry, 30 percent by weight of  magnesium; 7.Z-micron, 
40 percent; 9.3-micron, 50 percent; and 14.8-micro11, 60 percent. These 
slurries were prepared and aged as described  previously. In the f i r s t  
set  of slurries,  petrolatum A w a s  used; i n   t h e  second set,  petrolatum B. 

Viscosity- - Viscosities of the eight stock  solutions,  tdth no mag- 
nestum added and with  etther of the  petrolatums  with JP-4, w e r e  deter- 
mined under the same experimental  conditions. The resul ts  axe s m i z e d  
in   t ab l e  IV. 

The data i n  this table lndicate  that  the  type of petrolatum  affects 
the measured viscosity of the stock solutions.  Viscosity  determinations 
of the  selected slurries, with either petrola-bum A or  petrolatum B and 
JP-4, were determined on 100 milliliters of material   in  100-mill i l i ter  
pyrex  beakers. The resul ts   ( table  V) indicate that slurries of the same 
composition, but  with two different samples of petrolatum  purchased under 
the same specifications, had different  viscosit ies when the  determinations 
were made with  the same quantity of material Fn the same type of container. 

The percent  difference  in  the  viscosity of the slurries prepsred f rom 
different  petrolatums  (table V) i s  smaller than  the  percent  difference  in 
the viscosity of the stock solutions of the different  petrolatums with 
JP-4 (table IV) . This may have been  caused by the  smaller  proportion of 
petrolatum i n   t h e  slurry than in the stock solution. 

It was observed i n  the determination of viscosity measurements that 
viscosity values f o r  s lur r ies  of the same conrposition containing  the same 
type of petrolatum were reproduced  withfn 10 percent when determimtions 
were made with  the same quantities of slurry i n  the same type of container. 
However, the  viscosity  values vas i ed  more than 10 percent when 20 percent 
of the  slurry was  removed from the  container  or when a different s i ze  
container was  used. A series of t e s t s  was  conducted t o  determine  the 
effect  of container  size,  as well as other  factors, that may influence 
viscosity values when determined  with a Brookfield  viscometer. The data 
are  presented in the appendix. 
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Redispersibility. - The 2.8-micron slurry of various  concentrations 
of magneslum w a s  used t o  determine the  reproducibility of the  redispers- 
i b i l i t y  of a slurry. The second determination w a s  made a month follow- 
ing the f i r s t  determination of the same slurry. The results are sum- 
mmized below: 

1 Magnesium, I Redispersibility, 
Differencec, 

percent by percent I per  cent 
weight 

( 4  I (b) 
30 0.22 91.7 I 91.5 
40 
50 
60 

3.01 
1-62 
0 

?First determination. 
bSecond determination, a month later. 
'%ased on the f i r s t  determination. 

The effect  of  magnesium par t ic les  of various  equivalent diameters 
(2.8, 3.7,  7.2,  9.3, 12.0, 14.8. microns) on the apparent  viscosity,  sedi- 
mentation rat io ,  and redispers ibi l i ty  of petrolatum-stabilized magnesium - 
JP-4 s lur r ies  was studied. The following  results were obtained: 

1. A s  the average par t ic le   s ize  of m e t a l  was increased from 2.8 t o  
14.8 microns i n  slurries containing  the same concentration of magnesium, 
m i n i m u m s  were observed in  the apparent  viscosity - magnesium concentra- 
tion  cmves. 

2 .  The sedimentation ratio  increased as the  concentration of mag- 
nesium i n  a slurry w a s  increased.  Particle  size  influenced  the  settling 
of magnesium s lur r ies  as follows: the  smaller  the  particle  size of 
metal, the smaller the amount of sett l ing.  

3. The degree of redlspers ibi l i ty  of a slurry decreased as the con- 
centration of magnesium within the  slurry was increased. Pazticle  size 
of magnesium also  affected  the  redispersibility of a slurry as follows: 
increasing  particle  size of magnesium produced an increased  percentage 
of redispers ibi l i ty  fo r  slurries of 50- and 60-percent  concentration of 
magnesium. However, with slurries containing 30 and 40 percent magnesium, 
an increase i n  the magnesium part ic le   s ize  produced a decreaee in the 
percent  redispersibility  except  in two instances: 14.8-rnicron, 30-pexcent 
magnesium 8 l W y j  and 7.3-micron, 40-percent magnesium slurry. In these 
cases, increases w e r e  observed. 

- 
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4. Although the 2.8-micron slurry had the  greatest  sedimentation 

percent  redispersibility  as the concentration of magnesium i n  a given 
slurry was increased. 

+ r a t i o  ( least  amount of set t l ing) ,  it showed the greatest  decrease i n  the 

In the  analysis of experimental  error and reproducibility of values 
of apparent  viscosity,  sedimentation  ratio, and redispersibil i ty of the 
s lurr ies  that were investigated, the following evaluations were made: 

1. The experimental viscosity, seafmentation  ratio, and percent 
redispersibil i ty values could be reproduced fo r  the same slurry when 
determined under i&entical  experimental  conditions. 

A- 
3. The apparent  viscosity  value was dependent on the  particular 

3 batch of petrolatum used. 

cu 
t 

u 0 Lewis Flight  Propulsion  Laboratory 
National Advisory Conunittee fo r  Aeronautics 

Cleveland, Ohio, Jenuary 26, 1954 
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APPENDM - E V A W A T I O N  OF VISCOSITY MEASUREMENTS 

One of the important  properties  for the evaluation of a metal- 
hydrocarbon slurry as a potential  high-energy f u e l  i s  viscosity. Metal- 
hydrocarbon s lurr ies   are  non-Newtonian in  behavior and consequently such 
factors  as thixotropy,  plasticfty,  pseudoplasticity, and dilatancy may 
affect  viscosity measurements  of the slurries. In  many cases,  viscoeity 
values  are  not only dependent on the  type of viscometer used but a lso  on 
the specific  technique employed. I n  comparing or  correlating  viscosit ies 
of different   s lurr ies ,  it i s  important that the factors  involved i n  the 5 
measurement of the  viscosit ies be  taken also into  consideration. Kl 

Viscosity  evaluations described herein are  l imited  to  those deter- 
mined at 86O kl.0' F with a Brookfield  viscometer (ref. 7) . The  number 
3 spindle of the  instrument m s  used i n  all the determinations, and the 
level  of  the slurry in  the  container w a s  always maintained a t  the groove 
mark of the  spindle. The 7.2-micron slurry, 40 percent by weight of 
magnesium, was used i n  all of the t e s t s .  Three additional  slurries were 
used t o  study  the  effect of container s i z e  on the viscosity of a slurry: 
7.2-micron slurry, 30 percent by weight of  magnesium; 9.3-micron, 50 
p e r c a t j  and 14.8-micron, 60 percent. A l l  these slurries containing 
petrolatum A were prepared and aged as described in the maln body of the 
report. .. " ,  - - 1- .. " 

Series of t e s t s  Were conducted to determine some of the factors  that 
may be  important in the determination of viscosity of a metal-hydrocarbon 
s lurry with the  Brookfield  viscometer. It i s  not  imglied that all the  
factors  discussed  herein  affect  viscosity measurements f o r  any other 
mater id  or  f o r  any other  type of slurry t o   t he  same degree that was 
found i n  the investigation of this specific  type of slurry. No attelqpt 
i s  made t o  analyze  the  physical  character of the  slurry i n  terms of the 
viscosity data obtained.  Since a metal-hydrocarbon slurry is  non- 
Newtonian, the viscosity  data  are expressed in terms of "agpment v i s -  
cosity", t h a t  is, the  viscosity the slurry would have i f  it w e r e  Newtonian 
( re f .  8) . For convenience, several of the  graphs have been plotted on 
semilogarithmic  coordinates. 

The tests conducted t o  evaluate some of the important f ac to r s   i n  
the  determination of viscosity  for metal-hydrocarbon slurries with a 
Brookfield  viscometer are described in  the following paragraphs. 

Container  size. - Three sets of viscosity measurements were made of 
the four selected  slurries  described: (1) 750 grams of slurry i n  a I- 
quart round tin-plated  container, (2) the-  same slurry i n   t h e  same con- 
tainer  but  with 150 grams of s l w r y  removed, and (3) 100 milliliters of 
the  same slurry poured i n  a 100-mill i l i ter  Pyrex beaker. The measure- 
ments were taken w i t h  a spindle  speed of 1 2  rpm, 30 seconds a f te r   the  
spindle  started  to  rotate.  The position of the spindle and t h e  baffle 
of the instrument was approximtely i n  the center of the  container for 
each  determination. The results  are  tabulated in  table V I .  
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The viscosity  values,  as shown in   t ab l e  VI ,  fo r   s lur r ies  of the 
same composition w e r e  reprcduced within 10 percent when determLnations 
w e r e  made with the same quantities of slurry in the same type of con- 
tainer. It is observed that the  viscosity  values f o r  each slurry v w i e d  
more than 10 percent when 20 percent of the slurry was removed from the 
container. When a 100 milliliter beaker was used instead of a I-quart 
can, the  viscosity  value measured with the  Brookfield  appazatus was 
greatly  different . 

In order t o  study the effect  of container  size,-oe the viscosity of 
a  slurry in more detail,   viscosity measurements w e r e  m2Be-ofl,the 7.2- 
micron slurry, 40 percent by w e i g h t  of magnesium in  three  different  s i ze  
contdners: a 100-milliliter  glass  beaker (5 cm I.D.); a 400-milliliter 
glass beaker (8 an I . D = ) ;  and a round, tin-plated quart can (10.4 cm 
I . D . ) .  Determinations were made with the number 3 spindle at spindle 
speeds of 6, 12, 30, and €€I rpm. Readings were taken 30, 60, 90, and 
120 seconds after the  spindle started to  rotate.  The data  are  tabulated 
in   t ab l e  V I I -  

The effect  of container size on the apparent  viscosity of the slurry 
i s  shown in figure 10. Since  there w e r e  only three  points  through which 
t o  draw a curve, the shqe of the curve may not be accurate,  but  the 
effect  of container s i ze  on the viscosity of the slurry i s  apparent. In 
each  instance, for spindle speeds of 6, 12, and 30 rpm a t  varioUs the 
intervals after the  spindle began t o  rotate, the v i scos i t i e s   i n  the 100- 
and 400-milliliter  beakers were higher than those i n  the  quart-can. This 
seems t o  indicate  that  a greater  drag was produced by' the walls of the 
llEcrrower contaLners on the rotat ing  qindle ,   resul t ing  in   higher  v i s -  
cosity  values. It i s  noted tha t  the viscosity of the slurry in the 400- 
milliliter beaker was higher  than that in  the  100-mil l i l i ter  beaker,  but 
no explanation can  be offered at this t i m e .  

Figure 10 shows also that for  spindle speeds of 60 rpm, at 30, 60, 
90, and 120 seconds a f t e r  the spindle began t o  rotate,  the  viscosity 
increases as the Size of container  increases. This discrepsncy may be 
caused by the low starting  torque of the motor of the Brookfield v i s -  
cometer. Viscosity measurements w e r e  made probably  befare the motor had 
an opportuni%y t o  reach its synchronous speed. 

Time. - Measurements  were made on approximEltely 600 grams of slurry 
i n  a round quart can (10.4 cm I .D. ) .  The number 3 spindle of the v i s -  
cometer w a s  used- at a spindle speed of 12 r p m ,  and readings were taken 
30 seconds after the =-le stazted  to  rotate.  After each determination, 
the instrument was turned  off. The can w a s  not removed from the instru- 
ment and the  slurry w a s  not r e s t b e d .  Each successive  determination was 
made 5 minutes a f te r  the preceding one without changing position of the 
spindle and baffle within the cont-aher 

- 
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The effect  of time on apparent  viscosity of t h i s  particular slurry 
i s  shown in   f igure  11. T h i s  figure shows that  using  the same spindle 
and spindle speed and keeping the relative position of the  spindle and 
baffle  within  the  container  constant made possible  apparent  viscosity 
values which could be reproduceti within 10 percent of the or iginal  deter- 
mination f o r  at l ea s t  a 30-minute period  without restirring the slurry. 

Position of baffle and spindle. - The series of t e s t  8 just  described 
was repeated  except that three di'fferent  positions of the baffle and rl 
spindle  within the slurry were used. The results,  shown i n  figure 12, 
indicate  that  when the same spindle and spindle speed ere used, viscosity 
values  can be reproduced within 10 percent  provided that the position Of 
the  baffle and spindle  within the slurry did not change. Changes i n  the 
position of the  baff le  and spindle, ahown diagrammatically in   f igure  12, 
caused variations from 18 t o  48 percent of the  original set of determi- 
nations. When the  position of the baffle and spindle were rese t  i n  the 
original  position, the results varied within 1 percent of the  original set 
of viscosity  determinations. As the baff le  and spindle were moved grad- 
ually  nearer  to the w a l l  af the. container, a greater drag was probably 
produced upon the rotating spindle result ing in a higher viscosity  value. 

M 
rl 
M 

- 
Time interval  after the spindle started to   ro ta te .  - The effect  of 

t i m e  a f te r  the spindle started t o  ro ta te  on the apparent  viscosity of a 
slurry  in  three'dj9ferent  aize  containers i s  shoG- in   f igure  13. -The 
apparent  viscosity of the s lure  i n  a l l  three  containers  decreased as 
time ( i n  the range of 30 t o  120 sec)  increased,  regardless of the  spindle 
speed ( i n  the range of 6 t o  60 rpm) . The shape of the curves may denate 
a gradual breakdown of the internal  physical  configuration of the  slurry 
as t i m e  increases. The effect  is very s l igh t   for  the larger container 
(quart  can),  indicating that any additional effect of the drag  crested 
by the w a l l s  of the  container on the  rotating  spindle Ln hastening  the 
breakdown of the slurry is less than in the mailer containers (100- 
and 400-ml beakers). 

It i s  noted that  the appasent  viscosity of the slurry in the q u u t  
can decreases mre   rap id ly  as t i m e  increases  for  the  spindle speed of 
60 rpm than  for  spindle  speeds of 6, 12, and 30 r p m -  This discrepancy, 
as stated  previously, may be caused by the inaccurate  viscosity measure- 
ments made before the  motor  of the  instrument had an opportunity t o  
reach i t s  synchronous speed. 

Spindle speed. - The effect  of spindle speed on the apparent v i s -  
cosity of a slurry in  three  different  size  containers i s  shown i n   f i g -  
ure 14. The curves  indicate that a8 spindle speed i s  bcreased,  the 
apparent  viscosity of the s lu r ry   i n  each  container i s  decreased. The 
ra t e  of decrease i n   t h e  appment  viscosity i s  caused by the higher  rates 
of shear produced by the  greater  spindle speeds. The exception i s  noted 
for   the slurry i n  the quart can at   the   spindle  speed of 60 rpm, which, 
again, can be  explained by the   fac t   tha t   the  motor of the  Brookfield 
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viscometer  has a low starting  torque. Measurements w e r e  obtained  before 
the motor had &z1 opportunity t o  reach i t s  synchronous speed at this 
spindle speed. 

Figure 14 shows also tha t  at any specific  spindle speed, the qpar- 
ent  viscosity of the  slurxy  decreases as the  time interval  after the 
spindle   s tar tedto  rotate  i s  increased f rom 30 t o  120 seconds, which 
again suggests a gradual breakdown of the  internal  configuration of the 
slurry as  time  increases. 
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(a) MIL-F-5624A, grade Jp-4 fuel. 

A.S.T.M. d i s t i l l a t i on  method D 86-46, ?F 
Initial boillng  point 
Percent  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 

Fin& boiling  point 
Residue, percent 
Loss, percent 
specific  gravity, 6Oo/6O0 F 
2ei.d vapor pressure, lb/sq in.  
Qdrogen-carbon r a t io  
Yet heat of combustion, Btu/lb 
~~ ~ 

3, aniline point  correlation. 

(b) Petrolatums. 

2 t o  3 

Melting point (Saybolt), ?E' 

91 101 Viscosity  (Saybolt) at 210' F, sec 
72 80 Penetration, A.S.T.M. 
I59 161 

-" 
144 

199 
222 
248 
268 
286 
300 
325 
348 
382 
42 7 
488 
1.0 
0 

0 - 768 
2 05 

0.169 
58,675 

" - 
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TABLE 11- - EROOKFEEZD APPAREXI! VISCOSITIES 

OF VARIOUS FtEl?ROTiEl?U"STBIL~ 

MAGmm - Jp-4 s n  

Average 

microns Magnesium concentration, size, 
- centipoi se s par t i c l e  

BrooHiela  qparent  viecositya, 

percent by w e i g h t  

3 0 4 0  60 50 

2.8 8580 9900 1270 870 
3.7 

b2100 1720 960 750 12.0 
2200 'UOO 820 b590  9.3 

4240 (a) 740 730 
7.2 2240 1400 '710 600 

14.8 2250 BOO 980 900 

%emgerature, 86O &Q. lo F. 
h i n i m u m  observed value. 

.. . 
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TABLF: ELI- - COMPARISON OF THE MINIMUMS OF BROOKFIELS APPAFWKF 

VISCOSITIES  AM) SEDIMENTATION RATIOS OF VARIOUS M A G ~ I U M  

CYINCENTRAICIONS OF P E T R 0 U T U " S T A B I L ~  MAGNESIUM - 
n - 4  SLURRIES 

Average 
par t ic le  
size, 
microns 

2.8 
3.7 
7.2 
9.3 
12 .o 
14.8 

Magnesium, 30 percent Magnesium, 40 percent 

Viscosity, Sedimen- 

r a t io  at r a t io  at 86' &l.Oo F r a t io  at r a t io  at 86O 21.0' F 
t a t ion   t a t ion  centipoises ta t ion  ta t ion  centipoiaes 
Sedimen-  Sedimen- Viscosity, Sedimen- 

end of end of end of end of 
2 days 14 days 14 W s  2 days 

870 0.893  0.766 1270 1.000 0.876 
730 a. 741  

771 a. 848 '7 10 b-678 -775  600 
- 780 930 740 rn 708 

750 .go1 ,717 960 9 935 .775 
900 .773 693 980 922 - 770 

c590 b.766 -884 820 - 700 .798 

Magnesium, 50 percent Magnesium, 60 percent 

2.8 

.936 .974 2240  .e99 .951 1440 7 -2 

0.982 1.000 8580 0.976 0.996 9900 
3.7 

b. 908 a. 938 c2100 .855 942 1720 12.0 
.921 -956 2200 - 841 &.so1 , C l l o o  9.3 

.953  .986 4240 ( a> ( 4 ( a) 

14.8 .917 968 2250 .853 .927 1800 

%nimum observed i n  sedimentation r a t io  a t  the end of 2 days. 
b M i n i m u m  observed in eedimentation r a t i o  at end of 14 days. 
k n i m m  observed in viscosity. 
%wry not  prepwed; magnes&um powder unavailable. 
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PEz!ROm!rUM - JP-4 SMCK SOufTIOETS 

Stock  solution, 
percent  by 

weight 

JP-4, 44; 
petrolatum, 56 
(used in  preparing 

30-percent magne- 
sium slurries 

Jp-4, 40; 
petrolatum, 60 
(used in preparing 

40-percent 
magnesium slurries) 

m-4, 34j 
petrolatum, 6% 
(used i n  prepwing 

50-percent w e -  
sium slurries) 

m-4, 20; 
petrolatum, 80 
(used i n  preparing 

60-percent magne- 
sium slurries) 

Brookfield  apparent  viscosity&,  Percent 
centipoises I diff erenceb 

2250 6680 66.3 

76,300 61,200 

&remgerature, 86' +looo F. 
%as& on petrolatum B. 
qalues  unreliable;  material too viscous t o  w e t  completely the 

spindle of the instrument. 
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SLURRIES CONTAINING DIE'FERENT p E ; T R O L " S  

slurry Percent Brookfield  apparent  viscosity&, 
cent ipoi ~e s differen1 

Particle 

percent by microns 
concentration, size, 

Petrolatum B Petrolatum ~b Magnesium 
b 

weFght 

7 . 2  17 -5  ll40 940  30 

7 -2 

5610 60 14.8 

17.2 32 00 2650 50 9.3 

21.7 1860 1450 40 

0.4 5580 

%eqerature,  86' 33- 0' F-  
4riecosity measurement taken on 100 ~ L L  of slurry in a lw-rnl Pyrex 

%*sed on petrolatum B. 
beaker. 

I 5i 
trl 



. - . . . . . . . .. .. . . . .. 

0 

I 1.2 
Magne a i m  

month later mination percent by 
mination, 1 deter-  concentration, 
Second deter-  F i r s t  

weight 

30 620 600 

Percent 
Wf e r  - 
a C &  

3.3 

1.2 

2.2 2300 2250 60 14.8 

5.5 u.60 1100 50 9.3 

0 7 10 710 44 

ReaaFng 

670 

1030 

E50 

4 m  

Percent 
W f e r -  

41 2650 

5610 149 

: 
E 
E 

F 

N 

i 

I 
j 

P 
N 
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TABLE VII. - BROOKFIELS) . A P P A R E N T  VISCOSITIES OF PEEROLATUPII- 

STABILIZED MAGWESIUM - JP-4 SLURRY CDNTaLNING 40 PERCENT 

MACXBIUM OF 7 2"ZCRON PARTICLE SIZE 

Spindle 
speeda, 

r p m  

Brookfield appasent viscosltyb, 
centipoi se s 

100-nil glass beaker 
(I.D., 10.4 a n >  (I.D., 8 cm) (I.D., 5 cm) 
R o u n d  quart can 400-ml glass beaker 

. . . . - . . . 

Time after spindle  started t o  rotate, 
sec 

7 5200 5080 
2400 

960 LO20 

1960 

646 706 
I 

a 
Temperature, 86' &l.Oo F. 

bNumber 3 spindle. 
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r 1 3131 , 
1 

Epuivelent  spherical 
diameter range ,a 

microns 

a 0 - 8.5 
8.5 - 17.0 
17.0 - 26.0 
26.0 - 40.0 
I ). 40.0 

7 . 2 ~  12 .op 14.8~ 

Figure 1. - Par t ic le  size distribution of magneeium poxder according t o  Roller analyzer. (The 
number below each bar gmph Le the average equivalent part ic le  diamter in microns according 
t o  the Fisher Sub-GIeve Bizer. )  

m w 

. ... 
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( 0 )  Average equivalent spherical diameter, 7 . 2  mianma. 

(dl Average equivalent spherical diameter, 9.3 ndorans. 

Figure 2. - Continued..  Photomicmgmphe af atamized magnesium particles (X400). - 
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( e )  Average equivalent  spherical  diameter, 12 .0  micrans. 



Figure 3. - Shaker used in determination of redispereibility. 

27 
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10,000 

8,000 

6,000 

800 

600 

I I I I - 
Magnesium 

I concentration,- * percent  by 
weight 

4 6 8 lo 12  14 
Average p a r t i c l e   s i z e  of magnesium, microne 

6 

Figure 4. - Effec t  of ave rage   pa r t i c l e   s i ze  on viscosity  of  petrolatum- 
s t a b i l i z e d  magnesium slurries. Hydrocarbon medium composed of 40 
percent  petrolatum and 60 percent  MIL-F-5624A, grade JP-4 by  weight. 
T q e r a t u r e ,  86' 2 1.0' F. 

. 
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(b)  Hagnesium, 4U peroent by weight. 

~ l g u r a  5. - Cmtimted. Effect of time M aedlaentation ratlo of p e t r o l a ~ - a t n b i l i z e d  slurries cantalnlng q e s i u n  of varlolls 

welpht. 
amrage particle aiesa. H*mmbm medlum eaposcd of 40 percent petrolatum  and KO percent WILF-5624A. grade JP-4, by 



1 I 
33.31 , 

0- 2.8 - 7.2 - 9.3 

”” 14.4 

Tmc, m u  

( c )  Hagneslum, 50 percent by wclght. 

Figure 3. - Cantinusd. EfreOt of tiw an sedimentation rat lo  of petrolatum-sCablllzed slurriea ccmtaining m a g n o n i u ~ n  or veri(xII 
average particle aiees.  ByUrocarbm medium cornpanad of 40 peramt petrolatum and 60 percent HII,P-6624A, grade JP-4, by 
weight. 

.. . . . .  
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Average paxticle size, microns 

(E) Time, 2 d a y s .  

Figure 6. - Effect of average p&icle size on sedimentation ratio 
of petrolatum-stebilized magnesium slurries. Hydrocarbon m e d i u m  
conposed of 40 percent petrohLtum and 60 percent M7L-F-5624A,, 
grade Jp-4, by weight. 
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0 

k 

1.00 

.96 

.92 

.88 

.84 

.80 

.76 

.72 

.68 

.64 
Average particle size, micron8 

(b) Time, 14 d a y s .  

Figure 6 .  - Concluded. Effect of average p&icle size on sedimen- 
tation ratio of petrolatum-stabilized magnesium slurrieB. Hydro- 
carbon medium conposed of 40 percent  petrolatum and 60 percent 
MIL-F-S624A, grade JP-4, by weight. 
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Magnesium,  percent  by  weight 

(a) Magneeium particle  sisee, 2.8, 3.7, and 
7.2 microne. 

. 

Figure 8. - Effect of concentration of various par- 
ticle  sizes of mamesium on rediepereibiYty of 
petrolatum-stabilized magnesium - Jp-4 slurries. 
m o c a r b o n  medium ctnqoeed of 40 percent petro- 
latum and 60 percent MIL-F-5624A, grade JP-4, by 
weight)  sedimentstion ratio at 30 days. 
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rl 
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-00 I 
Average - 

90 size, 
microns 

" 

30 40 50 60 70 
Magnesium,  percent by weight 

(b) Magnesium particle sizes, 9.3, 12.0, and 
14.8 microns. 

Figure 8. - Concluded. Effect of concentration of 
various particle sizes of magnesium on redisper- 
sibility of petrolatum-stabilized magnesium - 
Jp-4 slurries. Elydrocazbon medium composed of 
40 percent  petrolatum and 60 percent MIL-F-5624A, 
grade JP-4, by weight; sedimentation ratio at 30 
&YE 
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Figure 9.  - Continued. Reproduoibillty of eedimentatlm ratio - t h e  r e l a t i m  of petrolatum-stabilizad m g n u s l u ~  - JP-4 

. . .  . .  

s l u n l e a .  Hydrwarbm mdlm ocapmed of 4.0 percent petrolatum and 60 percent HIL-F-562U, grade JP-4, by weight; magncslm 
pmtlole alze, 7.2 mlc~llle. 
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(a)  Viscosity  readings  taken 30 seconds a f te r  
spindle  started to  rotate. 

Figure 10. - Effect of container  size on viscosity of  
petrolatum-stabilized majgesium - JP-4 slurry. 
Hydrocarbon med ium colqpoeed of 40 percent  petrolatum 
and 60 percent MIL-F-5624A, grade JP-4, by weight; 
magnesium particle  size,  7.2 microns; relative  posi- 
t ion OIL baffle and spindle,  constant;  spindle  size, 
nwiber 3; temperature, 8 6 O  - + l.Oo F . 
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(b)  Viscosity  readings  taken 60 seconds a f te r  
spindle  started  to  rotate. 

Figure 10. - Continued. Effect of contaher  size on 
viscosity of  petrolatum-stabllized megneeium - JP-4 
slurry. Hydrocarbon medium c-osed of 40 percent 
petrolatum and 60 percent MIL-F-562&, grade Jp-4, 
by weight; magnesium particle  size,  7.2 microns; 
relative  position of baffle and epindle,  constant; 
epindle size, number 3; temperature, 860 - + l.Oo F. 
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(c) Viscosity readings taken 90 seconds after 
spindle started to rotate. 
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Figure 10. - Continued. Effect of container size on 
viscosity of petrolatum-stabilized magnesium - JP-4 
slurry. Hydrocarbon medium composed of 40 percent 
petrolatum and 60 percent MIL-F-5624, grade JP-4, 

relative position of baffle and spindle,  constant; 
spindle eize, nmiber 3; temperature, 86O - + l.Oo I?. 

. by weight; magnesium particle size, 7.2 microns; 
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(a) ~iscoeity readings  taken 120 seconds  after 
spindle  started  to  rotate. 

Figure 10. - Concluded.  Effect of container  size on 
viecoeity of petrolatum-stabilized  magnesium - JP-4 
slurry. Hydrocarbon  medium  composed of 40 percent 
petrolatum  and 60 percent ~ - F - 5 6 2 ~ ,  grade JP-4, 
by weight; megneeium  particle size, 7.2 microna; 
relative  position of baffle and epindle,  conetant; 
spindle size, n&er 3; temperature, 860 - + 1 .Oo F. 
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Figure 12. - Effect  of tinre on viscos i ty  measurements of petrolatum-atabilized magnesium - 
JP-4 slurry. H y d r o c a r b o n  medium composed of 40 pln._ce_n_t petrolatum and 60 percent 
MIL-F-562911, grade JP-4, by weight; megneeium part ic le   a ize ,  7.2 microm; relative 
posit ion of baffle and epin&le, variable;  spindle  size, number 3; spindle speed, 12 
revolutions  per  minute;  container inaide diameter, 10.4 cent-ters;  time, 30 seconda 
a f t e r  spindle etarted  to  rotate;-ten1perature,~860 2 l.Oo F. 
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Bigure 13. - Effect o f  time af i er  spindle darted t o  rotate on vlecosity measurements of 

percent  petrolatum an& 60 percent WIL-F-562411, grade JP-4, by welght; mgneslum partl- 
petrolatum-stabilized Psgneaium - Jp-4 slurry. Hydrocarbon tedium c c q a s e d  o f  40 
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Figure 14. - Effect of spindle wed 011 viscosity measurements of' petmlatwatabilized 
mgnesium - JP-4 alurrg. H y d r o c a r b a n  medium conposed of 40 percent petrolatm rmd 
60 percent KL-P-562UA, grade JP-4, by weight; magnesium partlcle a lee ,  7.2 mic rme;  
position of spindle an8 baffle, conatant; spindle size, rider 3; temperature, 
€16' 2 1.0' P. 
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