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AND MAGNESIUM I3 Jp-5 F m  

By Harold F. Hipsher 

SUMMARY 

7 
5 

i n  JP-5 f u e l  from -40’ t o  80’ C (-40’ t o  176’ F). 

The viscosi t ies  of slurries containing 50 t o  65 percent by w e i g h t  of 
boron in Jp-5 fuel w e r e  determined at temperatures frm 30° t o  80° C (86O 
t o  176O F), and of slurries containing 50 percent by weight of m a g n e s i u m  

Plast ic   viscosi t ies  of the boron slurries as calculated from S e v e r s  
Rheometer and  Stormer  viscometer data  decreased  consistently  wlth  an in- 
crease in temperature. Apparent viscosity of boron slurries did  not 
change regularly  with  temperature. 

I 

An exponential  curve of the form log y = aT f b f i ts  the  viscosity- 
temperature  relation  for  the magnesium slurries from about Oo t o  80’ C, 
but does not f i t  the data below 00 C.  The plast ic   viscosi ty  and yfeld 
value of these slurries decreased  with  increasing  temperature. The mag- 
nesium slurries can  probably be used as a i r c ra f t  fuels t o  temperatures as 
l o w  as -30° C. 

INTRODUCTION 

The use of hydrocarbon  suspensions of magnesium and boron par t ic les  
f o r  jet  fue ls  is being studied at the NACA Lewis laboratory.  Potentially, 
such fuels have decided  advantages over hydrocarbon fuels ei ther  i n  added 
range  {boron slurries) o r  in greater thrust (magnesium slurries). A 
summary of the work through 1954 on the  preparation and properties of 
slurries is given i n  reference 1. 

Control of the physical  properties of these slurries is necessary in  
order t o  ensure  consistent results in their   application as akcraft fuels.  
O f  these  properties,  viscosity is of primary  importance  because of its 
r e l a t ion   t o   s t ab i l i t y ,  pumping, and  spraying. 
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Most of the vis cos i t y  data reported previ_ously ( re f .  1) have  been 
measured a t  or  near 30' C (86' F) .  However, in   pract ice ,   s lurr ies  must 
be  stored and used 0v-e wide ranges of temperature.  Therefore, data 
showing variations of s l u r r y  viscosity  with  temperature a r e  needed. 

An investigation of the  effect  of temperature on the  viscosity of 
several   slurries is described  herein. The viscosi t ies  of the slurries 
containing 50, 60, ana  65percent by weight of boron were measured at 
30°, 50°, and 80° C (86O, 12Z0, and 176O Fj. The viscosit ies of 50 p d -  
cent by weight of magnesium (vapor-procees magnesium, ref. 2) s lur r ies  
were measured  from -40° t o  80' C (-40° t o  176O F) .  

Materials " 

Boron powder. --The boron powder was prepared commercially by the 
thermal  reduction of boric  oxide  with magnesium (ref. 3); the average 
par t ic le   s ize  n s  approximately 1 micron as  determined by the air- 
permeability method with  the  Fisher  Sub-sieve  Sizer. The purity was 
about 90 percent  free boron and was quite.similar  to  the  law-acidity 
boron described  in  reference 4. 

." 

L. 

h 

Magnesium. - The  magnesium was prepared at  .the L e w i s  laboratory by 
shock-chilling magnesium vapor with-liquid hydrocarbon fue l  as desrrrfbed 
in  reference 2.  This magnesium is re fer red   to  as vapor-process magnesium 
throughout the  report. The  two batches  used had a p u r i t y  of 92 percent 
f r ee  magnesium. Sedimentation  analysis  indicated that 50 percent by 
weight of the magnesium powder w a s  ~ m a l l e r  than 4 microns. 

Hydrocarbon medium. - Throughout the  investigation MIL-F-7914, grade 
JP-5, fuel  with  the  properties  listed  in  table I was used. 

Additives. - Aluminum octoate ("fast g e l l i n g " ) ,  produced by the 
Witco Chemical C a m p a q y ,  was wed t o  gel  the boron slurries. 

The surface-active  agent w a s  glycerol  sorbitan  laurate, marmfactured 
by the  Atlas Powder  Company and  designated by the  trade name G-672. Both 
additive6 are described more fully in reference 4.  

Prepasation of Slurries 
\ 

Boron. - The boron elurr ies  were made by adding the boron powder t o  
a suspension of aluminum octoate (if  used) and G672 in JP-5 fuel .  The 
par t ia l ly  dry mixture was mixed  by shaking with  a-commercial  paint con- 
dit ioner followed by intensive mixing unt i l   the   s lur ry  was smooth and f r ee  
from lumps. The high-speed dispersing unit descrlbed Fn reference 4 was 
used in  t h i s   f i n a l  mixing operation. " 

. -. . . - * 

1 
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Magnesium. - Two batches of magnesium slurry were prepared by di- - lut ing the concentrated (60 t o  75 percent so l id)  vapor-process magnesium 
t o  50 percent with the required JP-5 fuel and G-672 and shaking wf%h the 
paint  conditioner. The concentration of G672 i n  each batch was about 
0. 5 percent-.""-. 

Viscosity Measurements 
w a Since  the viscosi t ies  of the  gelled  boron s lur r ies  change with time 
aJ (ref.  41, most of the measurements were made 1 day after preparation. 

In addition, one sample was aged until the Stormer viscosity remained 
constant a t  30° C (8 days after preparation)  before  the Stormer measure- 
ments  were made a t  elevated  temperatures. 

41 Viscosit ies of the magnesium s lur r ies  w e r e  measured o n l y  with  the 
2 Stormer viscometer, and temperature  studies were made when the  viscosity 
P a t  30° C had reached  a  constant  value w i t h  time. 
s;' 
u Brookfield. - 5 e  Brookfield  apparent  viscosity was a one-point 
c Synchro-lectric  viscometer. The instrument and its method of operation 

3 
measurement at a low r a t e  of shear, made with a model LVF Brookfield 

and precision are Arlly described i n  reference 5.. The number 3 spindle 
a t  1 2  rpm {rate of shear,  approximately 10 sec-l)  was u e d   f o r   v i s c o s i -  
ties below 10,000 centipoises, and the number 4 spindle at 6 rpm ( ra te  
of shear,  approximately 0.5 sec'l) was used for hLgher viscosit ies.  'Be 
measurements were made i n  l -pint  paint cans immersed in a bath a t  the 
desired  temperature. 

Severs. - Severs flow curves were plotted from data  obtained with a 
Severs  Extrusion Rheometer. The operation and constants of this instru- 
ment are  discussed in reference 5. The construction was modified by the 
addition of a concentric  jacket around the slurry chamber and orif ice .  
Temperature was controlled by circulating mineral oil from a constant- 
temperature bath through the  jacket. The orifice  tube was 0.20ll centi- 
m e t e r  i n  diameter and 5.00 centimeters long. Plastic  viscosity waa d- 
culated from the  elope of the shear  rate - shearing stress curve 
(set"- against psi) .  

Stormer. - Stormer flow curves were plotted from data  obtained on a 
commercial Stormer viscometer  modified as described in reference 4. Plas- 
t i c   v i scos i ty  was calculated from the straight-line  portion of the  plot  
of r a t e  of rotation  against  applied load according t o  the following 
equation: 

u =  0.040 
Slope of  l i n e  
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where U i e  the plastic  viscosity in poisee  and 0.040 is the instrumen- 
tal constant. When the "up" curve and " d m "  curve did not  coincide, the 
down curve was used f o r  the calculation. In order t o  calculate the yield 
value  in dynes per square  centimeter,  the  linear  portion of the down curve 
w a s  extrapolated  to the load axis and the  intercept was multiplied by 2.3. 
Y i e l d  values were calculated  only  for  the magnesium slurr ies .  

. 

The bath,  supplied with the  instrument, was heated with a therm- 
stated heater f o r  temperature above room temperature and  cooled w i t h  dry 
ice  for  temperatures below room temperature. An atmosphere of dry  nitra- 3 
gen was provided above the sample t o  prevent  condensation of moisture I- rn 
during the low-temperature  determinations. 

RESULTS AND DISCUSSION 

Viscosities of s h I r r i e a  consisting of 50, 60, and 65 percent boron 
i n  JP-5- f u e l  were measured at 30°, 50°, and 80' C with the Brookfield, 
Severs, and Stormer viscometers. The Brookfield  apparent  viscosities 
are presented i n  table  XI. Flow curves  and plast ic   viscosi t ies  Obt8ined 
w i t h  Severs and Stormer viscometers are plotted in figures 1 t o  4.  

Elow curves and plaetic  viscosit ies of 50 percent slurries of VRPOP 
process magnesium in Jp-5 fuel were obtained over the range of -40' t o  
80° C with a Stormer  viscometer. The data along with yield  values are 
presented i n  figures 5 t o  7. 

A discussion of the  different flow curves and the methods of deter- 
mining viscosity and yield  value are given in the appendix. 

Boron Slurries 

Brookfield  apparent  viscosity. - Rroolceield viscosi t ies  of several 
boron slurries a t  30°, 50°, and 80° C (86O, 122O, and 176' F) are shown 
i n  table  II. Brookfield  &cosities &e apparent  viscosities at low 
ra tes  of s h e w  and did not change consistently with temperature in most 
of the data shown. A possible  explanation is given i n  the appendix. 

Severs  viscosity. - Severs Rheometer flow curyes are  shown in f ig-  
ure 1. Figure- I ta )  is typical of the data obtained from slurries of 50 
t o  60 percent boron. At any one temperature,  the  plastic  viscosity did \ 

not change with an  increased  rate of shear. 2he plast ic   viscosi ty   as  
measured by the reciprocal of the s l o p  of the r a t e  of shear - 6hearFng 
stress curve  decreases  consistently from 30' t o  80' C.  

The effect  of increasing the boron  concentration t o  65 percent by 
weight  and  omitting the aluminum octoate is shown in figure l(b). The 
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viscosi t ies  at 30° and 50° lncrease  with  an  increased rate of shear and 
therefore  are  typical of dilatant  systems  (see  appendix). A t  300, f o r  
example, the  plast ic   viscosi ty  w&a 4.5 poiseq up t o  a rate of sheax of 
about 600 reciprocal second6 and 7.0 poises above 600 reciprocal  seconds. 
The sca t te r  of data at 8O0 C makes it d i f f i c u l t   t o  determine  whether  or 
not dilatancy was present. 

- 

Stormer viscosity. - Figure 2 shows Stormer flow curves for a 50- 
w percent-boron s lurry a t  various  temperatures. The curves are represents- 
w t i v e  of the  50- and 60-percent-boron slurries  with aluminum octoate  as 
cb an additive. The plastic  viscosity  decreases  progressively w i t h  an in- 
4 

crease i n  temperature. The s i ze  of t h e   I m p  {see appendix) a lso  decreases 
with an increase i n  temperature. The flow curves for a 65-percent s lur ry  
with no aluminum octoate w e r e  similar but had a much smaller loop. The 
curves  indicated a slight  degree of dilatancy a t  the  higher rates of shear 
comparable with  the data obtained  with  the  Severs Rheometer. 

Effect of temperature. - Plastic  viscosities  obtained on the Stormer 
c viscometer f o r  several boron slurries are presented i n  figure 3. At  80° C 

L wa6 only  about  one-eighth of the  value a t  30'. 

the   p las t ic   v i scos i t ies  of the thinner slurries were one-fourth to one- 
half t h e  viscosity a t  30° C, while the  viscosity of the  thickest  slurry 

Figure 4 is a comparison of the   p las t ic   v i scos i t ies  determined on 
the Stormer  viscometer  with  those  obtained on the Severs Rheometer. The 
values  used for   the 65-percent slurry were from the  lower p m t  of the 
curves  obtained on the  Severs  viscometer (see fig. l(b)), since  those  rates 
of sheax are  comparable with  the rates of sheax  obtainable on the Stormer 
viscometer. The trends of the  viscosities  with  temperature on the  two 
instruments are very  similar,  despite  the  differences i n  absolute  values 
of the  viscosi t ies .  The difference i n  values may be  due in pazt t o   t h e  
fact  that  the  Severs Rheometer measures fluw of material that has expe- 
rienced no thixotropic breakdown; whereas, the sample in the  Stormer 
viscometer was sheared  continuously  from  the start t o   t h e  end of the 
determination. 

Magnes iwn Slurries 

Stormer viscosity. - Stormer flow curves at f i v e  temperatures for a 
50-percent-magnesium slurry are shown i n  figure 5. 'Phe up and down por- 
tions  of the  curve  coincide,  indicating no thixotropy. The curves are 
quite similar t o  ones obtained  from Singham plastics  with  rotational 
viscometers (ref. 6) .  

c Effect of temperature. - The change of plastic  viscosity  with tem-  
perature for two  magnesium s lur r ies  is shown i n  figure 6. The change  of 

- viscosity of Jp-5 fuel is plotted on figure 6 for comparison. An 
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exponential  curve of the form log y = aT + b fi ts  the  viscosity- 
temperature relat ion for magnesfum s lur r ies  from about Oo to 80° C but 
does  not f i t  the data below Oo C. The plastic  viscosity  decreased with 
increasing temperature. For sample 1 a t  a@ C, the  plastic  viscosity was 
about  one-half of the value at 30° C, and a t  30° C the p l a s t i c  viscosity 
was about  one-fifth of that at -30' C. The plast ic   viscosi t ies  of these 
slurries apgarently  remain low enough for  use 8,s a i r c ra f t  fuels to about 
-3OO C (approximately -200 F).  

Figure 7 is a plot  of the change of yield  values of the 50-percent- 
magnesium slurries w i t h  temperature. The curves have the same general 
shape as. the viscosity-temperature  curves. A t  50° C, the  yield  values 
w e r e  about  one-third of those at -30° C. The higher  values  for sample 2 
could limit i ts  use t o  temperatures above about 0' C .  The c a u e  for the 
higher  values is unknown at  t h i s  time. 

SJMMhRY OF RESULTS 

Boron 

A study of the e f fec t  of temperature on the  viscosity of boron-slurry 9. 

fuels consisting of 50, 60, or 65 percent by w e i g h t  of boron, JP-5 fuel, 
and various concentrations of G 6 7 2  and aluminum octoate gave the f o l -  
lowing resu l t s  1 day after prepasation of the s lurr ies :  

1. At 30° C, the  plast ic   viscosi t ies  of the  slurries  containing 50 
and 60 percent  boron (with aluminum octoate) and 65 percent  boron (with- 
out aluminum octoate) were 2.5, 17, asd 4 poises,  respectively, a6 deter- 
mined with the Stormer viscometer, or about 150 t o  1000 times  the  viscosity 
of JP-5 fuel .  Similar plast ic   viecosi t ies  were obtained with the Severs 
Rheometer. 

2. R a i s i n g  the temperature from 30° to 80° C {a) decreased the plas- 
t i c   v i scos i ty  of the s lur r ies  by about 50 t o  80 percent  (the  vfecosity 
of JP-5 f u e l  decreases by about 50 percent  over t h i s  temperature  range); 
(b) decreased the degree of thixotropy of the  slurries;  (c} did not af- 
f ec t  t h e  Brookfield  apparent  viscosity of the slurries in a con~listent 
manner. 

Magnesium 

A study of the effect  of temperature on a slurry consisting of 50 
percent by w e i g h t  of vapor-process magnesium, JP-5 fuel, and approxi- 
mately 0.5 percent E 6 7 2  gave the following  results: 
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1. The plast ic   viscosi ty  as determined with the Stormer  viscometer 
was. 0.5 poise at 30° C, or  about 30 times  the  viscosity of JP-5 fuel.  - 

2. Raising  the  temperature from 30' t o  80' C (a) decreased  the  plas- 
t i c   v i s c o s i t y  by about 50 percent; (b) decreased  the  yield  value by  about 
20 percent. 

3. In  the temperature  range Oo to 80° C, the  equation of t he  form 
log y = a T  + b f i t t e d  the viscosity-temperature  curve. Thfs equation 
did not fit the curve a t  temperatures below 0' C. 

Lewis  Flight Propulsion Laboratory 
National  Advisory Connnittee for Aeronautics 

Cleveland, Ohio, May 27, 1955 
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APFEHDM - FLOW CURVES AND VISCOSITY OF SLURRIES 

Boron Slurries 

Severs Rheometer. - The plots of data obtained from a Severs Rheome- 
t e r  with boron s lur r ies  were of the  general shape shown i n  the following 
sketches: 

Rate of 
shear 

Plastic  viscosity i n  poises is given by the  reciprocal of the  slope of 
the  s t ra ight  line when the r a t e  of shear i s  expressed in reciprocal 
seconda and the shearing stress i n  dynes per square centimeters. rphue, 
the  viscosity of sketch (a) remains constant over a range of shear rate ,  
while the  viscosity of sketch (b) decreases with an increased  rate of 
shear. By definition, a dilatant  material is one whose viscosity in- 
creases with an  increased rate of s h e a .  

The apparent  viscosity is given by the reciprocal of the slope of a 
l i ne  from the  origin of the plot t o  a point  on the flow curve aa shown by 
the  dotted  lines. . " 

Stormer viscometer. - Plots 09 the Stormer  viscometer data for  the 
boron slurries are shown in the followSng sketches: 

I / 
/ 
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The data are obtained by increaslng the shearing stress  stepwise - and  measuring the   r a t e  of shear a t  each increase until t he  upper limit 
of the  instrument is reached  (approx. lo00 sec'l). The shearing  stress 
is then  decreased  stepwise until the lower limit is reached fapprox. 2 

sec'l). The two portions of the  curve  thus  obtained  are  designated by 
the arrows and by the terms "up" and "down" portions of the curve. Sepa- 
ra t ion of the up and dam  portions t o  form a loop is an indication of 
thixotropy, and the s i z e  of the  loop is a measure of the  thixotropy. The 

0 4  

CEl 
4 slope of the down portion is a function of the   plast ic   viscosi ty  of the 
OD slurry after the  thfxotropic  structure has  been  broken dam and is the 

one used f o r  the  calculations  in t h i s  report. Apparent viscosi t ies  are 
measured by the.reciprocal of the  slope of a l i n e  from the origin of the 
p lo t   to   the  flow curve; OA is a measure of the  apparent  viscosity  before 
thixotropic breakdown and OB after thhot ropic  breakdown. 

cu 

k Magnesium Slurries - 
A plot of Stormer  viscometer  data fo r  a 50-percent-magnesium slurry 

is shown in sketch (e]: 
4 

Rate of 
ehear 

The plast ic   viscosi ty  is measured by the reciprocal of the slope of 
the straight-l ine  portion AB of the  curve. The yield  value is defhed  
as  the shear- s t r e s s  at the  Intercept A of the straight l i n e  with the 
shearing stress axis (zero  rate of shear). The apparent  viscosity a t  any 
point C is measured by the slope of the line from the  origin of the plot 
t o  that point. 
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Comparison of Apparent Viscosity  with  Plastic  Viscosity 

hsume a slurry gives a Stormer flow curye a8 in curve A, sketch 
(f): " 

l 4  "I/* 

Curve B represents a different slurry or the same slurry at  a higher tem- 
perature. The appaxent viscosity at a given r a t e  of s h e a  is the  recip- 
rocal of the  slope of a l i ne  drawn from t h e   o r i g h  of t h e  plot  t o  the 
curve ' a t  that r a t e  of shear. In t h i s  case, assume that the desired rate 
of she= is 10 reciprocal  seconds.  Calculation  gives  the following 
value8 : 

Apparent 

poises  poises 

It is evident from these values that caution  should  be used in predicting 
f l o w  behavior from apparent  viscosities. 

The value of 10 reciprocal seconds wa8 chosen for the example because 
it i s  the approximate rate of shear of the Brookfield viscometer  with  the 
number 3 spindle at 1 2  rpm. 
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I. - PHYSICAL PROPERTIES OF MITLF-7914, W E  Jp-5 FIJEL 

Distillation  range, '?F 

Percent  evaporated 
Initial boiling  point -370 

5 388 
10 397 
20 406 
30 414 
40 424 
50 433 
60 441 
70  452 
80 465 
90 487 
95 506 

Final boiling point 534 
Residue , percent 1.2 

Aromatics, Silica gel, percent by volume 10.4 
Specific  gravity, 60/60° F 0.616 
D e n s i t ?  a t  68O F, g/ml . 0.8115 
Bydrogen--caa%on rat io 0.162 
Heat  of combustimb, gtu/lb 18,.625 
Aniline  point, ?F 153.1 

&Obtained on material  passed through activated 

'Calculated from anuine-pobt   gravi ty  
alumina. 

correlation. 

OF VARIOUS BORON SUURRIES 

Sample Brookfield  apparent Composition, percenta - viscosity,  centipoises, at 
Boron Aluminum E 6 7 2  

octoate SO0 C 50° C 30° C 

1 
2 

6,200 3,420 6,020 0.3 1.6 50 

2,660 1,680 1,690 .5 1.6 50 4 
ll,600 20,600 22,200 .25 1.6 60 3 
8,320 5,240 6,860 0 2.0 65 

&RemaMer of sample 1s JP-5 fuel .  - 

03 
M 
l- 
ts) 



0 .04 .08 .12 .16 .20 .24 
Shearing stress, p s i  

(a) Boron, 50 percent; G-672,  1.6 percent; aluminum octoate,  0.3 percent. 

Figure 1. - Effect of temperature on Severs f l o u  curves for two boron - 
JP-5 s l u r r i e s .  Aging, 1 day. 
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Shearing s t r e s ~ ,  p a l  

( b )  Boron, 65 percent; a-672, 2.0  percent; aluminum octnate, 0. 

Figure 1. - Concluded.  Effect of temperature  on Severe flou curves for 
two boron - JP-5 slurries.  Aging, 1 day. 
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P 

Loa, g 

Figure 2. - Effect of temperature on Stormer flow curves for %-percent- 
boron - JP-5 slurry. G-672, 1.6 percent; alumFnum octoate, 0.3 percent; 
aging, 1 *Y. 
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percent 
- 0  60 1.6 0.25 1 

0 65 2 .o 0 1 
0 50 1.6 .3 1 
v 50 1.6 -3 1 * 50 .7 .4 8 

I 

. 4 0  50 60 70 80 
T q e r a t u r e ,  OC 

I I I I 

Figure 3. - Effect of temperature on plas t i c  viecosi ty  of boron 
slurries a8 determined by Stormer viscometer. 

. -  
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0 60 1.6 0 -25 
65 2 .o 0 
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m Severs Rheometer 

N I  I - - - Stormer viscometer 

*- 30 40 50 60 
Temperature, OC 

70 

Figure 4 .  - Comparison of plastic  viscosit ies of boron slurries 
as determined from flow curves obtained from Severs Rheometer 
and Stormer viscometer at various  temperatures. Aging, 1 day. 
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Figure 5. - Effect of temperature on flow aurves of 50-percent magneelum - JP-5 
slurry aa determined with  Stormer viscometer. Q-672, 0.5 percent. 
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Figure 6 .  - change af viaccsity with taaperature of 50-parcent-magueesium - Jp5 
n l w r i e a .  JP5 fuel data shown for caxgaxiroa. 
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Figure 7. - EfTsct of temperature on field value of 50-percent- 

magnesium - JP-5 slurries. 
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