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OF SLURRIES OF VAPOR-€!ROCESS MA.GNW!XM 

By Murray L. Pinns 

Slurry fuels consisting of approximahely 50 percent vapor-process 
magnesium, Jp-1 fuel, and surface-active  additive were studled. 
Brookfield  apparent  viscosities,  plastic  viscosities, and field values 
of the  slurries decreased  progressively  with  increasing  concentration 
of addltive up t o  a concentration of 3 t o  5 percent,  based on the weight 
of slurry. G r e a t e r  concentrations of additive had l i t t le  effect  on vis- 
cosity and yield value or caused a small increase. As the concentration 
of additive was increased T r a m  0 t o  about 2 percent,  the slurry appeared 
t o  change from a thixotropic t o  a nmthlxotrapic  material. APL the 
s lurr ies  prepared sett led  relatively little, ccmgared with slurries of 
1.5-micron atomized magnesium, and the  settled  portion was s o f t  and 
e a s i l y  remixed. The most f luid  s lurr ies  of vapor-process magnesium  were 
much thicker than the most fluid slurries with a sfmila cancentration 
of 1.5-micron atmized magnesium. The lowest Brookfield  apparent v i s -  
cosity obte,ined f o r  a slurry made with 49 percent vapor-process magnesium 
was 3050 centipoises at  room temperature, w h i l e  the lowest plast ic  vis-  
cosity was 28 centipoises and the lowest yield value was 140 dynes per 
square  centimeter. 

?- 
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Of the 13 additives  tested at a cancentration of 2.0 percent,  the 
7 that  were the most effect ive  in  reducing the Brookfield  apparent  vis- 
cosity  contained a hydroxyl group plus an ester or  polyoxyethylene group 
in the molecule. The most effective of the 7 was polyoxyethylene  dodecyl 
alcohol (8 moles ethylene oxide per mole dodecyl alcohol). The effect of 
the additives  in reducing  the  yield  value was relatively  the same as  the 
effect of reducing  the Brookfleld apparent  viscosity,  but was not rela- 
t ively  the same as the  effect of reducing  the  plastic  viscosity. 

The densities of s lurr ies  containing 2.0 t o  6.0 percent polyoxy- 
ethylene  sorbitol  tetraoleate ranged f r o m  1.098 t o  1.U.4 grams per  cubic 
centimeter at 30' C (86' F) . 
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Investigations  at  the MACA Lewis laboratory  have  indicated  that 
magnesium slurry fuels  offer  advantages  over  conventional  hydrocarbon 
aircraft  fuels  in  the  greater  thrust  and  wider  operating limits obtain- 
able  (ref. 1). Maguesium slurry has been  used  successfully  as fuel in 
missiles flown at  the NACA Wallops Island test  station (ref. 2). The 
use of more  finely  divided  magnesium  results in a higher  blow-out  vel=- 
ity  (ref. 1). However,  with  about 50 percent of very  finely  divided 
magnesium  (average  equivalent  spherical  diameter  less  than 2 microns), 
it is  necessary  to  incorporate  surface-active  additives  to  make  the 
slurry sufficiently  fluid  to  permit  satisfactory  pumping and atcrmization. 
These  additives  affect  rheological  characteristics,  settling  behavior, 
and  density, which in turn g o v m  the  effective  use  of  the  slurrfes as 
fuels. 

8 w 

The  most  finely  divided  magnesium naw avdlable for slurry prepa- 
ration is made by the  vapor-condensation process at  the Lewis labo- 
ratory  (ref. 3). The  effect of temperature on the  rheology  of slur- 
ries of vapor-process  magnesium  is  reported in reference 4. A stuQ of 
the  effect of' surface-active  additives on slurries  containFng  1.5-3nicron 
atmized magnesium  is disCU6ed in a previous  report  (ref. 5). The pur- 
pose of the  present  report  is t o  extend  that  study  to slurries made  with 
the  vaporized  product. 

Thirteen  additives  shown  in  reference 5 to  represent a range  of ef- 
fectiveness in modifying the  properties of the  slurries  were  chosen for 
evaluation in slurries  containing 49 or  51 percent  vapor-process mag- 
nesium. This report  presents flow curves, apparent viscosities,  plastic 
viscosities, and yield  values of slurries  containing 0.5 to 6.0 percent 
additive.  The  settling  characteristics and densities of sane  of  the 
slurries are a lso  reported. 

Materials 

mgnesium. - The magnesium  was  prepared  st  the Le~is laboratory  by 
the  vapor-condensation  process  described in reference 3. The starting 
material for  this  investigation was a concentrated  paste of magnesium 
in hydrocarbon,  prepared by c e n w n g  the  dilute hydrocarbon suspen- 
sion of magnesium  obtained from the  vaporizing  process.  The  hydrocarbon 
used  in  the  preparation OF the  dilute  suspension was JP-1 fuel (MILE" 
5616) that bad been  passed through activated alumina. Two batches of 
magnesium  paste  were  used;  they will be  designated  as FP-1 and FP-2. 
Only six slurries  were  prepared with "2, and unless otherwise fndi- 
cated,  the  slurries  to be discussed  were made with FP-1. 
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The FP-1 paste cansisted of 58 percent solids and 42 percent JP-l 
I fuel. The solids consisted of 87 percent  elemental magnesium, the  other 

13 percent presureably being magnesium oxide.  Electron micrographs  (such 
as f ig .  1) indicate that the  particles were generslly either cubic or  
hexagonal. It has been estimated by the I b w  Chemical Co. from electron 
micrographs they  prepased that the  particle  size ranged largely frm 
0.06 to 0.2 micron, with occasional  particles as large  as 0.4 micron. 

% 
Since an electron micrograph shows only a very small f ie ld ,  a photomi- 

e crograph was also taken  (fig. Z), which indicates that essentfally all 
the  particles were s m d l e r  than 2 microns. 

The FP-2 paste was  similar t o  FP-1, except that the hydrocarbon was 
Jp-5 fuel, and appraxFmately 0.5 percent  glycerol  sorbitan h u a t e  was 
present. The paste  contained 68 percent solids, of which 92 percent was 
elemental  magqesim. 

2 
Hydrocarbon. - The  magnesium pastes were diluted as required with 

8 
P which the mawesium paste PP-1 was obtained. The physical  properties 
3 
8 

the hydrocarbon e l u e n t  obtained frm the  centrifuging  process by 

of' this hydrocarbon are   l is ted  in   table  I. 

Additives. - The 13 comnercid2.y available  surface-active sddi- 
t ives that were used were chosen to represent a w i d e  range of surface . 
act ivi ty   in  magnesium slurries on the  basis of the findings reported in  
reference 5. These additives and their  chemical  composition are l l s t ed  
in table 11, where they are designated by the same code  numbers a8 Fn 
reference 5. 'phe physical  properties of the  additives, as reported by 
the manufacturers, are also given i n  reference 5. 

Preparation of SlurrLes 

The appropriate  quantities of additive and hydrocarbon were  weighed 
into  clean, new, one-pint pa in t  cans, and wa;rmed, if  necessary, t o  dis- 
perse  the  additive. The required  quantity of magnesium paste was added, 
and the air space in the can was purged with argon. The sealed can m8 
shaken for  30 minutes on a paLnt conditioner and was then  set  in a 3oo C 
(86' F) water  bath. Slurries =de  with FP-I paste weighed 400 gramer and 
contained 49 percent solids (percentage  not  including the ada t ive )  . 
Those with FP-2 paste weighed 450 g r a m  and contained 51 percent solids. 

Testing Procedure 

The s lurr ies  were aged as described in appendix A before tests were 
run. Prior  t o  each tes t ,   the  can of slurry uas shaken for  10 minutes 
on the  paint  conditioner. Each time the can was opened, the air space 
was purged with argon before  the can was sealed again. 
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Flow curves, plastic  viscosity, and yield  value. - Flow curves 
(rheologtcal terms are defGed in appendix B) of the  slurries were  ob- 
tained at approximately 30° C (86' F) at rates of shear up t o  about 1000 
reciprocal seconds by means of a modified Stormer viscameter. The in- 
strument and i ts  operation  are  described i n  references 5 and 6. Only 
the number 2 cup and bob  were used. when the .down curve of the flow 
c w e  bad a linear  portion, the phs t ic   v i scos i ty  of the slurry was cal- 
culated frm the slope, and the  yield value m s  obtained by determining 
where the  extrapolated linear portion  intersected the load &s. The 
follaTing equations were ued ,  and are based on the Reiner and R i w l f n  
equation  (quoted i n  ref. 7) and instrumental cansta.nts: 

U =  4.0 
Slope of Idnear  portion 

f = 2.3 (Wo - 7) 

where . .  .. . .  

U plastic  viscosity,  centipoises 

f yield value, dynes fsq cm 

Wo intercept of extrapohted linear portion with load a x i s ,  g 

x 
3 

-r  
" 

Determindions of the  plastic  viscosity: on two or more portions of 
the same material a l w a y s  agreed withln 10 percent of the mean, us- 
within 5 percent of the mean. Determinations of the S e l d  value  agreed 
-thin 10 percent of the mean. 

The flow curve of one slurry was obtained  with  the  autamatic 
concentric-cylinder  rotational  viscometer  described in  reference 8 be- 
cause the slurry was too thick t o  be  tested with the Stormer viscmeter. 

Brookfield  apparent  viscosity. - The Brookfield  apparent  viscosity, 
which i s  a one-point measurement of apparent  vtscosity a t  a low rate af 
shear, was determined at 30' *lo C (86O -1.2' F) with a model LVF Brookfield 
Synchro-lectric vlacometer. The number 3 spindle a t  12 rpm (estimated 
rate of shear, 10 sec-1) was used f o r  viscosities below 10,000 centi- 
poises, and the number 4 spindle  (estimated  rate of shear, 0.5 sec-1) 
w a s  used for  higher-viscosit ies.  The measurements were made i n  the same 
pint cags ixi which the  slurries were prepared. f i rs t  the slurry was 
shaken on the  paint  conditioner f o r  10 minutes. The viscameter  spindle 
w a s  then immersed to   the mark f o r  30 *1 secands before the read.ing w a s  
taken. For reasons  explained in appendix A, the  Brookfield  apparent 
viscosities reported are the average of readings  obtained at approxi- 
mately 2-week intervals during a period of 6 weeks o r  longer following d 

an aging period o f .  30 d a y s .  

- - . . ." 

. 
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Sedbentation  volume. - The  extent of settling of some of‘ the slur- 
a ries in ordinary 50-milliliter graduated  cylinders  is  reported as the 

sedimentation volume. Approximately 50 cubic  centimeters of the well- 
mixed slurry wSiiTpoured  into the clean, dry cylinder,  which w a s  thgn 
tightly  sealed  and  set in a water  bath  kept  at 30° to .5O C (86O +1 F) . 
When the m@pesium settled,  it formed a rather sharply demarcated layer. 
The volume of the  settled  portion was measured at the end of 28 @ys, 
and  the se”tatim volume w a s  calculated frm the  equation 

w m 

Sedimentation  volume = cc of sediment v 
g of magnesium  vopc 

=- 

where 

v volume of sediment,  cc 

vo volume of slurry, cc 
c 

p density of slurry, g/cc 
Y 

c concentration of Iua,gnesium,  fraction by weight 

In addition,  estimates  were  made  of  the  volumes of supernatant 
liquids appearing in the.  -pint.  cans of slurry at  2-week intervals during 
which  the slurry had been  at roan temperature  and had not been  disturbed. 

Den;ity. - The  densities of some of the  slurries  were  determined  at 
30° N.5 C (86O *lo F) with a wide-mouth (Hubbard-Carmick typ.) pycnm- 
eter.  Repeat  determinations  agreed  Kithin 0.003 gram per cubic  centi- 
meter of the mean. 

Flow curves  were  obtained for vapor-process-magnesium slurries con- 
taining a range of concentrations of various surface-active  additives.. 
The  shape of the f low curve,  the  plastic  viscosity and yield  value  cal- 
culated  from  the  flow  curve, and the  Brookfield  apparent  viscosity  were 
correlated with the  concentration and type of additive. In addition, 
the  extents of settlFng  and  densities of sane of the slurries  were meas- 
ured.  Comparisons  were  made  between  the  results of this  investigation 
rtnd the results of a previous  study (ref. 5) on the  effects of surface- 
active  additives on slurries  containing 50 percent 1.5-micron atomized 
magnesium. 

The  rheological  terms  used  in t h i s  discussion  are  defined in ap- 
pendix B. There are sane  comments about the flow curves and viscosity 
measurements  in  appendix A. 
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Effect of Concentration of Additive 

Flow curves. - The flow curves of slurries  contatninn 49 percent 
magnesium and 0, 0.5, 1.0, and 2.0 percent polyoxyethylene sorbitol 
tetraoleate (A132) that  are shown in  figure  3 are typical of the f low 
curves  obtained with the various additives.  Figure 3(a} watj obtained 
with the autamatic  cancentric-cylinder  ratational  viscmeter  (ref. 8), 
the  others with the Stormer viscometer. W i t h  no additive  present, the 
slurry appeared t o  be pseudoplastic and thixotropic-  (fig. 3(a)). How- 
ever,  the la t ter   character is t ic  did. not show up consistently. 

W i t h  the  addition 09 0.5 percent Al32, thixotropy was definitely 
present (fig. 3(b) ) , and the down curye had a relatively long linear 
portion,  Fndicatfng that the behavior of the slurry was similar t o  that 
of a plastic  material. When 1.0 percent A132 w88 present,  there was 
less displacement of' the down curve fram the up curve than with 0.5 per- 
cent Al32, indicating a lesser degree of thixotropy, and the down curye 
again had a  relatively long linear  portion  (fig. 3( c) ) . W i t h  2 .O per- 
cent  (fig. 3(d) ) o r  more Al32, the trp and down curves coincided  (within 
experimental error), showing that the thixotropy had substantially been 
eliminated. The major portion of the curve was s t i l l  linear, indicat- 
ing plastic behavior. 

The transition fram a thixotropic slurry t o  one w h i c h  was non- 
thixotropic  as  the  cancentration of additive was increased  parallels 
the  results  reported f o r  slurries of atomized magnesium in reference 5. 

I n  some instances,  the flow curves of the more f lu id  slurries of 
vapor-process magnesium had the d m  curve displaced  slightly toward 
lower rates of rotat ion.  This small displacement has no significance. 

Plastic  viscosity and yield value. - P h t i c  viscosities and yield 
values were determined fram the flow curves of slurries  containing a 
range of concentrations of each c$ the  five additives Al05, All.8, Al24, 
Al30, and Al32. All the results obtained  are  listed f n  table III, and 
those for A132 and Al05, w h i c h  are  typical, a r e  plotted i n  figure 4. 

The plastic  viscosity appeaxed t o  decrease t o  a shaJlow minimum 
with 3 t o  5 percent  additive.  Actudly, the variation in viscosity when 
more than 3 percent additive was used was within experimental error.  
The yield vrtlue decreased with bcreasing  concentration of addltive and 
either went through a minimum as in figure 4( a), or leveled off as in 
figure 4 ( b ) .  The use of 3 t o  4 percent  additive gave the lowest yield 
values that were attained. The lowest plastic  viscosities  obtained with 
these  slurries were about 3 t o  5 times higher than the lowest  obtained 
with the same additives -In slurries of atamized magnesium, while the 
carresponding yield  values we? about 20 t o  30 times greater. 
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Brookfield  apparent  viscosity. - The change in Brookfield  apparent 
viscosity with concentration of additive  generally  followed  the same 
trend as did the  yield value. Thi6 can be seen  table III and fig- 
ures 4(a) and (b) f o r  additives A105 , All8, A124 , A130 , asd Al32. Frm 
3 t o  5 percent  additive was required t o  ob- the  lowest  Broouield ap- 
parent  viscosities. The lowest Brookfield  viscosfties were generally 
20 t o  30 times as great as the lowest obtained w i t h  the same additives 
in   s lurr ies  of atamizedmagnesium (ref. 5). w 

E 
Comparison of Additives 

The relative  effectiveness of the additives was compared  on the 
basis of the  properties of slurries  containing 2 percent of additive. 
This concentration was chosen i n  order t o  minimize the  effect  of the 
additive in decreasing the heating  value of the slurry fuel. A t  the 
same time, t h i s  concentration gave viscosities and yield values not 
much higher than the lowest obtaigable, which would have required 3 to 
5  percent of additive. The available data (table III) indicate , haw- 
ever, that the  relative  effectiveness of the additives would be  about 
the same at  5 t o  5 percent as a t  2 percent. 

The additives evaluated in slurries of FP-lmagnesium &ste are 
l i s t ed  i n  table IV in  increasing  order of Brookf‘ield apparent  viscosity 
of the slurry. This table shows that the field values changed i n  SI&- 

stantially  the s8me order as the Brooldield  viscosities,  while  the plas- 
t ic   viscosi t ies  were not in   the  same order. 

The relative  effectiveness of the additives i n  reducing the Brook- 
f i e l d  apparent  viscosities of slurries of Fp-1 magnesium was very much 
like that  reported  for the same additives in s lurr ies  of atmized mag- 
nesium (ref. 5). As i n  reference 5, the most effective  additives were 
those which contain a hydroxyl group plus an ester  or polyoxyethylene 
group in the molecule. Additives Al.09, All8, Al30, AL31, and Al.32, 
which were the most effective of those tested i n  the  present  investiga- 
tion, axe all of this type. O f  these  five  additives, A130 was the best, 
not only i n  reducing  the  Brookfield a m e n t  viscosity, but also, in 
giving a markeduy lower plastic  viscosity and yTeld value than any of 
the  other  additives. 

In order t o  confirm the greater effectiveness of A130 (polyoxy- 
ethylene dodecyl alcohol made with 8 moles ethylene oxide per mole 
dodecyl alcohol)  several 51-percent-magnesium slurries were made with 
magnesium FP-2 and 2 percent of additive. The addi t ives  used were 
Al30, Al29, Al28, and AlO9.  The A109 was used as a basis of cmparlson, 
since it was also used i n   s l u r r i e s  made with FP-lmagnesium and gave a 
Brookfield  viscosity  very s lmik  to that   obtahed with A128 o r  Al.32. 
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The cmsositions of a28 and A129 are similar t o  that of' Al.30, but  they 
are made with only 2 and 4 moles of ethylene oxide, respectlvely. Aa 
shown in   t ab le  N, A130 again gave a lower Brookfield  apparent  viscosity - 
than "09. The Brookfield  vLscosity  obtained  with A129 was intermediate 
while that obtained  with A128 was higher than the  vlscosity  obtdned 
with A l O 9 .  It therefqre appears that the  effectiveness of this type of 
additive  increases with the number of oxyethylene groups per molecule. 
However, there is probably an optimum number which gives maximum 
effectiveness. 

. 

Other Characteristics 

Settling. - Observation of the  slurries of vapor-process magnesium 
in   p in t  cans and in   50-mil l i l i ter  graduated cyllnaers showed that these 
slurries set t led much less  than did  the  slurries of atmized magnesium 
(ref. 5). When slurries  containing 1.0 t o  5.0 percent  lecithin (All8), 
which wa8 one of the most effective  additives, .wge- e i t t e d  t o  sett le  
i n  50-milliliter  graduated  cylinders at 300 C (860 Ff , the quantity o f  
supernatant  Ifquid -that accurm;iLated in 28 days w a s  almost negligible 
and was small even d t e r  four months. A t  28 days, the sedFmentation 
volume of these  slurries ranged frm1.72 t o  1.84 cubic  centimeters per I 

gram, where 1.86 cubic  centimeters  per  ram would have indicated no 
set%-. 

. . . . - - - 
" 

men  the  pint cans of slurry were permitted t o  rest undisturbed f o r  
2 w e e k s  at roan temperature, no more than about 20 cubic  centimeters of 
supernatant  liquid was ever observed t o  form in  about 360 cubic centi- 
meters of even the most fluid of the VaTor-process-magnesium slurries, 
and the  sett led portion was always very soft  and easily remfxed. The 
s l ight   set t l ing and s o f t  sedfment, which are hi@;hly desirable  chazacter- 
i s t ics ,   a re  i n  contrast t o  the  extensive settling and hard &e of sedi- 
ment often observed in the most fluid slurries of a tcdzed magnesium 
(ref. 5).  

Density. - Thedensities of slurries containing 2.0 to  6.0 percent 
A132 varied  regularly with the  concentration of additive and ranged f m  
1.098 t o  1.ll4 (table V). The densities of slurries  containiug  less a f  
t h i s  additive  could  not be measured  pr-erly because air pockets were 
entrapped i n  the thick slurry i n  the pycnometer. No other methods of 
measuring density were tried. 

SUMMARY OF REEXlEFS 

A study of some  of the physical  properties of slurry fuels con- 
sist ing of 49 percent vapor-process magnesium, varfous  proportions of 
surface-active  additive, and sf-1 fuel  gave.the f o l l a r i i g  results: 
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1. The Brookfield  apparent  viscosity,  plastic  viscosity, and yield 
d value of the slurries decreased  progressively ~5th increasing  concentra- 

tion of additive up to a concentraticm of 3 t o  5 percent  by weight of 
slurry. Greater  concentrations had Uttle additional  effect o r  caused 
a small increase. 

2. As the  concentration of additive was Fncreased, the  slurry ap- 

proximately 2 percent of polyqyethylene  sorbitol  tetraoleate o r  leci-  
th in  was required t o  effect  this -e. i! 

0 4  peared t o  change f'rm a thixotropic t o  a nonthixotmpic  material. Ap- 

3. O f  the 13 additives  evaluated, those wMch gave the lowest . 
Brookfield  apparent  viscosity and yield  value  contained a hydroxyl group 
plus an ester or  polyoxyethylene group. Of 7 such additives, the most 
effective WELS polyoxyethylene  dodecyl  alcohol ( 8  moles ethylene oxide 
per mole of dcohol). 

c 4. Even the most f luid  s lurr ies  were much thicker  (Brookfield &p- 
parent viscosity 20 t o  30 times greater) than the most f lu id  slurries 
containkg a similar concentration of 1.5-micron atomized magnesium. 
They set t led much less and the settled  portion was always very sof t  and 
easy t o  remix. 

Y ?r 
5. The densities of' slurries  containing 2.0 t o  6.0 percent  poly- 

wethylene  sorbitol   tetraoleate ranged fran 1.098 to 1.U4 grams-per 
cubic  centimeter at 30' C (86' F). 

Lewis FHght Propulsion Iaboratory 
National Advisory Commit tee  for Aeronautics 

Cleveland, Ohio, August 30, 1955 
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Brookfield Apparent Viscosity 

The VariatPm of Broabfield  apparent  viscosity wi th  age of the 
slurry was often rather erratic,  so that measurements made at 2-week 
intervals gave an irregular  viscosity-time  plot. In this reepect, ;;r 
these vapor-process-magnesium slurries behaved more l ike the boron slur- % 
r ies  described in  reference 9 than  like the  s lurr ies  of -atomized magnesium 
described i n  reference 5. The viscosities of elurries  containing 2 per- 
cent o r  more additive  frequently tended t o  decrease f o r  about a month 
after preparation, while the  viscosities of those  cantaining  lesa addi- 
t ive sametimes increased during this period. Because  of the Fnitial 
a g e  and the  erratic  variation,  the  Brookfield  viscosities  reported 
are averages of readings obtained at approximately 2-week intervals 
during a periad of 6 weeks or  longer following an aging period af 30 
days. 

. Plastic  Viscosity and Y i e l d  Value 

There is  also s a e  evidence that the  plastic  viscoait ies and yield 
values of the slurries changed with age. Wen two slurries contaLnhg 
4.0 and 6.0 percent A130 were aged, the plastic  viscosities appeared t o  
decrease t o  a minimum in about 30 days, while the yield  values appeared 
t o  increase t o  a maximum in about 80 days. Since these  variations were 
almost witbin  experimental error,  they may not be significant. A l l  the 
plastic  viscosit ies and yield  values  reported were obtained after  the 
slurry had been aged f o r  a t  least 60 days. 

Hfec t  of Prolonged  Shear on Shape o f  Flow Curve 

When the flow curve wa6 such that the down curve was displaced from 
the up curve, the displacement sametimes disappeared when  repeated up 
and down curves were obtained 011 the same portion of slurry without 
pausing. If this same portion of slurry was permitted to res t  in the 
viscometer cug undisturbed for  about 89 hour after, the last down curve 
had been obtalned,  the  displacement aneared again. Because of t h i s  
behavior,  each flow curve f o r  w h i c h  data are  reported waa obtained on a 
new portion of slwry. 

. 
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A plot of rate of shear  (ordinate)  against  shearing 
stress  (abscissa).  For a rotational  viscometer, 
the  rate of shear may be expressed as the  rate of 
rotation of the  cup or bob,  and  the  shearing 
stress may be  expressed  as  the  load  or  torque  ap- 
plied. A plot  obtained  by  measuring  the  rate of 
shear  at  successively  increasing  shearing  stresses 
is called  an  up  curve. For decreasing  rates of  
shear,  the  plot  is  called a down  curve. 

A material  for  which  the flow curve is a straight 
line  ,passing through the  origin. 

A non-Newtonian  material  for Mch the flow c m  
is a straight  line  (except  possibly  at very l o w  
rates of shear) w h i c h ,  when extrapolated,  inter- 
sects  the  shearing-stress axis at a positive 
value. 

Pseudoplastic A non-Newtonian material for  which  the flow curve 
(both up  curve  and down curve)  starts at She 
origin  and  is  nonlinear  and  convex  toward  the 
shearing-stress axis. 

Thixotropy A condition in which the  structure of a suspension 
is  destroyed  by  agitation  and  is  rebuilt  upon 
rest.  The  condition  is  evidenced  by a flow curve 
in which, for a given sheazing  stress,  the  rate 
of shear is higher on the down curve than on the 
up  curve. 

Viscosity,  apparent  The  reciprocal of the  slope of a lFne dram fram 
the o r i g i n  to any point on the f l o w  curve. 

Viscosity,  plastic The reciprocal of the slope of the  llnear  flaw 
curve  exhibited  by a plaatic  material. 

Yield  value  The  value of the  intercept of the  extrapolated 
U e a r  f low curve of a plastic  material with 
the  sheaxing-stress a x i s .  
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c 

4 

w 
Q, w 
IP 

Code 
num- 
bera 

f i 0 5  
A109 
All3 
All6 
All8 
Al24 
A12 7 
A128 
A129 
A130 
A131 
A132 
A13 6 

&Ref .  

TABlX I. - PHYSICAL F'ROPERL'IES OF HYDROCAREON 
~~ ~~ 

Dist i l la t ion range, % 
Initial boiling  point 
Percent  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 . 
90 
95 

Final boiling point 
Residue, percent 

~ _ _  ~~~~ ~ 

330 

343 
355 
3 63 
373 
380 
390 
401 
413 
432 
460 
488 
532 
1.0 

Density at 86O F, g/cc 
Aromatics (s i l ica   gel) ,  

0.7944 

15.9 percent by  volume 

TABLE 11. - ADDITIVES USED IN PFlEPARATION OF SL- 

Chemical comgosition 

Cetyl  alcohol 
Glycerol  sorbitan laurateb 
Iron naphthenate 
Lead di(2-ethylhexoate) 
Lecithin  (derived from soybeans) 
- n-Octadecylamine 
OleFc acid 
Polyoxyethylene  dodecyl alcohol 2 moles ethylene  oxide) 
Polyoxyethylene  dodecyl alcohol t 4 moles ethylene  oxide) 
Polyoxyethylene  dodecyl alcohol (8 moles ethylene  oxide) 
Polyoxyethylene dodecanethiol (3.5 moles ethylene  oxide) 
Polyoxyethylene sorbitol   tetraoleate 
Sodim dioctyl  sulfosuccinate 

5. 
?hade name G-672, used i n  prepaxation of slurry f'uels discussed 

i n  refs. 4,  6, and 8. 
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~ 

Additive 
concen- 
tration, 
percent 

0 

Plastic 
viscosity, 
centipoises 

Y i e l d  
value, 
dp.es/cm2 

Additive Brookfield 
apparent 
viscosity, 
centipoiees 

>loO,O00 None 

450 
420 
420 
480 
510 

40 
40 
37 
36 
40 

60 
47 
43 
39 
41 

42 
40 
39 
40 

9,480 
8,750 
8,820 

9,450 

34,100 
5,300 
3,300 

3,500 

9,330 

3,260 

23,600 
9,380 
8,860 
8,590 

27 100 
29,500 
26,800 

2.0 
3.0 
4.0 
5.0 
6.0 

1.0 
2.0 
3.0 
4.0 
5.0 

2.0 
3.0 
4.0 
5.0 

2.0 
3.0 
4.0 

A105 

All8 

A124 

A127 

1010 
390 
220 
220 
220 

. 

490 
440 
410 
440 

-A130 33 
29 
30 

220 
150 
140 

2.0 4,360 
4.0 

3,050 6.0 
3,140 

~ 

.5 
1.0 
2.0 
2.0 
3.0 
4.0 
5.0 
6.0 

43,000 
21,800 
8,130 
8,400 
5,960 
5,480 
5,490 
5,690 

130 
58 
40 
43 
33 
35 
33 
39 

2400 
860 
400 
430 
320 
280 
280 
270 

Al32 

aDetermined  at 30' C (86O F) . 
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Additive Yield value, Plastic Brookfield 
apparent 

centipoises 
centipofses viscosity, 

ayn../& ~ B C O S ~ t Y ,  

I Magnesium FP-1 I 
a30 
A118 

~ A132 
A132 
A109 
Al31 
A105 
A124 
A127 
All6 
A136 
All3 

4,360 

8,130 
8,400 

8,460 

23,600 
27,100 
33,800 
36,500 
39 , 600 

5,300 

8,380 

9,480 

33 
47 
40 
43 
46 
46 
40 
42 

220 
390 
400 
430 
480 
430 
450 
490 

I Magnesium FP-2 I 
A130 
A130 

1 A129 
A109 
Alo9 
A128 

2,680 
2,820 
3,280 
3,750 
3,760 
3,840 

&Determined at 30' C (86O F) . 
TABm VI -  SIT^ OF SLZTRRIES CONTAINING 

VARIOUS CONCENTRATIQNS OF A132 

ConcentratLon 
slurry at of A132 in 
Density of 

S l U r r Y ,  30' C (86O P) 
percent g/cc 
2.0 

4.0 
1.101 3.0 
1.098 

1.U4 6 .O 
1.n0 5.0 
1.106 
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Figure 1. - Electron  micrograph of vapor-process 
magnesium in FP-1. 

Figure 2. - Photomicrogmph of vapor-process 
magnesium in FP-1. - 

. 



F lgwe  3. - Effect of concentration of additive o n  flow curve of 
vapor-procesa-magnesium ~lur~y. 

3.7 
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(b) 0.5 Percent polyoxyethylene sorbitol tetraoleate ( A 1 3 2 ) .  

Figure 3. - Continued. Effect of concentration of additive 
on f low curve of vapor-process-magnesium alurry. 

c 

.. . 

. 
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( c )  1.0 Percent polyoxyethylene sorbitol tetraoleate (AI.32). 

Figure 3. - Continued. Effect of concentration of addltlve on flow curve of vapor- 
process-magnesium slurry. 
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( d )  2.0 Percent polyoxyethylene sorbitol t e t r a o l e a t e  ( A 1 3 2 ) .  

c 

L 

io 

Figure 3. - Concluded. E f fec t  of concentrat ion of a d d i t i v e  on Plow 
curve of vapor-process-magnesium s l u r r y .  
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10,000 
9,000 
8,000 

300 1 I I I I 
2 3 4 5 6 

Cetyl alcohol,  percent 

(a) Additive,  cetyl  alcohol (Al05). 

Figure 4. - Effect of concentration of additive 
on  Brookfield  apparent  viscosity,  plastic 
viscosity, and  yield  value of vapor-process- 
magnesium slurry. 
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Polyoxyethylene sorbitol tetraoleate, percent 

(b)  Additive, polyoxyethylene sorbitol  tetraoleate (A132). 

Figure 4 .  - Concluded. Effect of concentration of additive on Brmkfleld 
spperent viscoeity,   plastic viecosity,  and yield value of vapor-proce88- 
magnesium s lurry . 

NACA - Land- Fleld, V L  
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