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SUMMARY 

An experimental  investigation was conducted WLth a 1--inch- 7 
a 

diameter burner t o  determine  the  effects of pa r t i c l e   s i ze  and of stabi- 
l iz ing  addi t ives  on the combustion  performance  of magnesium-hydrocarbon 
s lur ry   fue ls .  The fue ls  tested were MIL-F-5624-A grades Jp-3 and Jp-4 
and slurries of  magnesium i n  Jp-3 fue l .  

A slurry composed of 4pnicron  magnesium pa r t i c l e s  had a leaner 1 

mixture limit a t  which a flame could be minta ined  and a maxFmum blow- 
out  velocity much higher  than a s lu r ry  composed of  20-micron par t ic les .  

The cmbustion  efficiency of the  metal in the *micron s lu r ry  was 
consistently  higher than i n   t h e  20-micron s lu r ry  i n  s p i t e  of i ts  being 
burned a t  a much higher  burner-inlet  velocity. 

The slurries stabilized  with  petrolatum had conibustion eff ic iencies  
asd blow-out veloci t ies  comparable to   those  of the  gel-stabil ized 
s lur r ies .  

INTRODUCTION 

The use of metal-hydrocarbon s lu r r i e s  as fue l s  in jet-engine  pro- 
pulsion  systems has been  the  subject of a m l y t i c a l  and exper-ntal 
investigations at the  NACA k y 9 . s  laboratory. A s  a r e s u l t  of these inves- 
t igat ions  substant ia l  improvements i n  a i r  specif ic  impulse have been 
r ea l i zed   i n  an experimental  afterburner  by the addition of magnesium 
powder t o  conventional  hydrocarbon fuel  (reference 1) . I n  reference 2 
it was shown that tn a tail-pipe  burner  operating  with wa'ter inject ion 
a magnesium slurry could be burned a t  a much higher water-air r a t io   t han  
was possible  with Jp-3 fue l .  

The higher 
the hydrocarbon 
pound of a i r  of 

air specif ic  Fmpulse of the metal-hydrocarbon s lu r ry  over 
alone is  due mainly t o   t h e  higher heat of c.mbustion  per 
the   s lur ry  when compared with hydrocarbon a t  the  sane 
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equivalence  ratio.  References 3 t ~ 5  report  the r e su l t s  of ana ly t ica l  
investigations i n  which the equations of chemical  equilibrium were 
solved  for  the  conposition and teqerature, of We canibustion products 
of octene-1  and  mixtures of  aluminum, magnesium, and boron i n  octene-1 
when burned i n  air. Values of theore t ica l   a i r   spec i f ic  imgulse a t   s t o i -  
chiometric fuel-air r a t i o   f o r  octene  and the s lu r r i e s  were computed and 
shown t a  be higher f o r  each of the s lu r r i e s  than f o r  the hydrocarbon. 

Reference 6 reports the r e su l t s  of an experimental  investigation t o  
determine how the metal and hydrocarbon separately  contribute  to the 
over-all  conibustion of magnesium and boron slurries. The canbustion 
e f f ic iency   ( ra t io  of energy  released t o  energy available  by complete 
conibustion) of the magnesium  powder  component of slurries was unaffected 
by oxygen depletion as f u e l - a i r   r a t i o  was increased above stoichiometric, 
whereas the  conibustion efficiency of the hydrocarbon portion of the mii- 
ture declined  rapidly. 

In 
2 
iu 

Magnesium puwder of smaller par t i c l e   s i ze  has recently become 
available; and  petrolatum, a viscous  hydrocarbon, has been used as a 
s tabi l iz ing  addi t ive.  The f i n e r  powder has less tendency to   separate  . ". 

out of' a slurry  suspension,  but a s tabi l iz ing  addi t ive s t i l l  i s  a prac- 
t t ca l   necess i ty   i n   s lu r ry   fue l  systems.  Petrolatum-stabilized  slurries 
offer  some advantages  over  the  gel-stabilized slurries previously  inves-, 
tigated  because of ease of preparation and reproducibil i ty of viscosity, 
and  because  they do not break down (decrease- in   viscosi ty)  with age as 
ge l s  do. 

.. . . . . -. . -" 
" 

.l 

.. - 
P 

The object of the  present  investigation was t o  determine the ef fec t  
of pa r t i c l e   s i ze  and s tabi l iz ing  addi t ive on the conibustion properties 

of magnesium slurries i n  a lE-inch-diameter burner. The blow-outveloc- 
i t ies   (burner- inlet   veloci t ies  a t  which flame fa i lu re  occurred) were 
determined f o r  magnesium s l u r r i e s   i n  Jp-3 f u e l  having average mag- 
nesium par t ic le   s izes  of 20, 12,  and 42 microns.  Both gel- and 
petrolatum-stabilized slurries were investigated. The blow-out veloc- 
ities of two hydrocarbon fuels,  MIL-F-5624-A, grades JT-3 and JP-4, were 
determined f o r  comparison with s lur ry  .fuel performance. 

. .. 

7 

1 

The canbustion  efficiencies of the  metal and hydrocarbon components 
were determined for   both  the 4$ and 2O-nicron.1&pesium s lu r r i e s   s t ab i -  
l i zed  with g e l  and with petrolatum. Conibustion efficiency was deter- 
mined by sampling and analyzing  the gaseous  and so l id  conibuation produc&s. 

h 
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SYMBOLS 

The following symbols ar.e used in th is   repor t :  

molecular  weight r a t i o  of C02 t o  C when C burns t o  C02 

molecular  weight r a t i o  of C02 t o  CO when CO burns t o  C02 

fuel-air weight r a t i o  determined by flow rate measurements of 
a i r  and f u e l  

fuel-air  weight  ratio  determined  by  sampling and analyzing 
combustion products 

hydrogen-carbon  weight r a t i o  

heat of . conibustion . . -. . - . of carbon t o  carbon monoxide, Btu/lb CO 

heat of canibuetion of carbon t o  carbon  dioxide,  Btu/lb C02 

heat of conibustion of hydzogen t o  water (lower  value), 

" . 

Btu/lb H20 

weight of so l id  carbon i n  combustion samplea 

w e i g h t  . .. of' .. - carbon .. - " monoxide in combustion samplea 

weight of --carbon  dioxide in  combustion samplea 

w e i g h t  of carbon  dioxide formed by  catalytic  conbustion of 

". 

gaseous  hydrocarbon residues i n  combustion samplea 

hydrpcarbon-air  weight .. r a t i o  

weight of water i n  conibustion samplea 

weight of water formed by   ca ta ly t ic  combustion of gaseous 
hydrocarbon residues on combustion Samplea 

weight of uncombined metal i n  codus t ion  samplea 

metal-air weight . r a t i o  " 

molecular  weight r a t i o  of metal  oxide t o  metal 

. " - 

. .. 

&The combustion sample was t h e   t o t a l  of gas  and  solids drawn through  the 
sampling  probe. - 
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WS weight of sol ids  in cornbustion am@' 

combustion efficiency of hydrocarbon 

VM 

Cp equivalence  ratio 

combustion efficiency of metal 

APPAFUTUS AND PROCEDURE 

C d u s t o r  and Operating  hocedure 

The slurry  burner and  exhaust  sampling  apparatus are shown in f i g -  

ure 1. The burner  consisted of a  L-inch-inside-diameter tube. 20 inches 7 
8 

long. A tube liner wlth an  outside  diameter of 15 inches,  a  thickness 
of 1/16 inch,  and  length of 2 inches was mounted a t  the   i n l e t  and pro- 
vided a small prFnvzry  zone through which the atomized f u e l  was int ro-  
duced.  Secondary air was introduced as an amular stream along the 
burner wall. The secondary-air  inlet was about 1 inch from the burner 
entrance. 

5 

. .   . .  

The s lu r ry  was atomized  and injected  into the burner  with a con- 
ventional  paint  spray gun of the type that pressurizes  the  f luid.  The 
spray  nozzle was sealed  to  the  burner  entrance. The flow r a t e  of the 
f u e l  was set by a valve on the  spray gun and was measured by weighing 
the spray gqn before and after a timed flow interval.  The flow of the 
a i r  entering  the  bilraer was regulated w i t h  a thrott l ing  valve and was 
measured w i t h  a rotameter: The burner was ignited by  opening the   sea l  
between the gun and the burner and holding an acetylene  torch  to  the 
opening. 

Sampling apparatus and  procedure. - The sampling-probe-assenibly 
consited of a 1/4-inch-outside-diamete.r copper t&e incased in a water 
jacket. The outer w a l l  of the  jacket was covered with asbestos  insula- 
t ion.  The 1/4-inch  copper  tube was connected - t o  a solids-sampling  tube, 
which was.packed with glass wool t o  collect  the  metal  oxide, unburned 
metal, and  carbon par t ic les .  The asserbly was mounted so that it could 
be swung into the path of the flame, as ind ica ted   in   f igure  1. A rubber 
stopper  sealed  the opening of' the probe. It was held i n  place  by atmos- 
pheric  pressure when the sampling  apparatus was evacuated. As the probe 
moved toward the center of the burner  exit, the stopger was brushed off 
by the edge of the burner,  thus  permitting  the  exhaust  gases  and  solids 
t o  be dram in.  

In 
lc 
N 

n 

- ". 

" 

" 

&The combustion sample was t h e   t o t a l  of gas  and sol ids  drawn through  the 
sampling probe. 
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A 30-gallon vacuum tank was evacuated  by  the vacuum  pump t o  about 
1 inch of mercury absolute. The valve  between pump and tank was closed 
while a saqple was taken. The pressure in the tank was measured with a 
mercury manometer. A c o i l  of copper tubing packed i n  powdered dry  i ce  
served  to remove the moisture from the  gases  entering  the vacuum tank. 

The exhaust-gas sample was collected in the  gas-sampling  tube as 
follows : Both valves on the  gas sampling tube w e r e  open when the  sam- 
pling began, the downstream valve was closed after about 20 seconds of 
burning  operation, and then  the  upstream  valve was closed  after  the 
pressure i n  the sampling  tube had r i s e n   t o  atmospheric. 

Test  procedure. - For the combustion-efficiency t e s t s   t he  a i r  flow 
was adjusted  to   give  an  inlet-ai r   veloci ty  of 22 feet per second f o r  the 

20-micron slurries and 80 feet   per  second f o r  the +-micron slurries. 
The velocity was increased  for  the lat ter fuels  because the f iner   par-  
t i c l e s  burned with high  efficiency  over  the  entire  range of equivalence 
r a t io ,  and it was necessary to   c r ea t e  more severe  burner  conditions  to 
distinguish  the  regions of lowered efficiency. 

1 

For the investigation of  blow-out velocit ies,   the  velocity of the 
air flow was  f i r s t  set below the blow-out limit of the f u e l  mixture and 
gradually  increased  unti l  flame failure occurred. This velocity was 
taken as the blow-out limit. 

Method  of analysis. - The quantity of the combustion sample referred 
t o  in  subsequent  definitions  includes a l l  canbustion  products drawn 
through  the sampling  probe. It is  coquted  from the comgosition of the 
gases i n  the saqle  tube,  the  pressure  rise i n  the vacuum tank, and the 
weight of the  sample of sol ids .  

By analysis of the so l id  and gas  samples, the weights of t he   fo l -  
lowing constituents of the conibustion  sample  were determined: N2, COz, 
CO,  H20, t o t a l  solids,  carbon, uncombined metal,  and C02 ahd H20, formed 
by ca ta ly t ic  combustion of unburned residues in  the  gas sample. 

The analysis of the gaseous  products was determeed with an Orsat 
apparatus  equipped with a ca ta ly t ic  hea-ter f o r   t h e  combustion of hydro- 
carbon  residues. The nitrides in the so l id  samples were found t o  be   l ess  
than 0.1 percent and were neglected. No carbonates were found i n   t h e  
solids. 

The amount of uncombined  magnesium in   the   so l id  samples was deter- 
mined by  introducing an acid  solution  into  the  solids-sampling  tube and 
measuring the volume of hydrogen evolved. The solids-sampling  tube was 
weighed before the sampling, washed w i t h  d is t i l led water after the  acid 
treatment,  dried, and weighed again. The gain in weight was  taken as 
so l id  carbon. 

I 
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Combustion efficiency. - The combustion efficiencies  reported 
herein are not based upon chemical  equilibrium of the  products of cam- 
bustion inasmuch as data are not  available f o r  the  various  species 
involved.  Instead,  100-percent conibustlon efficiency assumes that the  
components oxidize as follows : 

H2 t o  Hz0 

c t o  co2 

The conibustion efficiency of the metal i s  defined as 

The conibustion efficiency of the hydrocarbon is  defined as 

e 

Conibust-lon eff ic iencies  so def Fned are in  substant ia l  agreement wlth the 
conventional conibustion efficiency a t  and below an  equivalence r a t i o  of 
unity. A t  equivalence ratios  higher  than  unity, the ccnnbustion e f f i -  
ciencies do not  account for  deficiency of oxygen, as they are based only 
on the  ut i l izat ion of fue l .  
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DESCRLPTION OF FUELS 

investigation. The following fue ls  were used in t h i s  

T %gne s ium 
(percent) 

MIL-F-5624-A Additive Tiscosity& 
1 centi-  
poises) 

f ue: 
Grade T Percent Percent pa r t i c l e  

I 
I1 

I11 
Iv 
V 
VI 

VI1 
V I I I  

ix 

0 
0 
0 
0 

50 
50 
50 
50 

50 

JP -3 
m-4 
m -4 
n -4 
n -3 
J-P -3 
m -3 
n -3 

n-3 

100 
100 

99.2 
60 
49.5 
29 
29 
34 

49.4 

0 
0 
0 .8  
40 

0.5 
2 1  
2 1  
16 

0.6 

2 
2 

840 
980 

4700 
3670 
4970 

3960 

10,000 Gel 
Petrolatum 
Gel 
Petrolatum 
Petrolatum 
Petrolatum 

Gel 

Properties of the JT-3 and JP-4 fue ls  used are listed i n   t h e   f o l -  
lowing tables  : 

Dis t i l l a t ion  Range 
~ 

I n i t i a l  b . p. 

300 
90  ,417  42 7 

479 488 

Properties I Grade Jp-3 I Grade Jp-4 

Reid vapor pressure,  lb/sq in. 
Sp. gr. a t  60° API 
Sp. gr. a t  60° F/60° F 
H/C 
Heat of combustion, Btu/B 
Aniline  point, "F 
Bromine number 

6.2 
55.8 

0.171 
18,725 
135.5 

1.0 

0 755 

2 .5  
52.8 

0.768 

18,675 
134 - 6 

1 . 2  

0 169 
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The  magnesium powders were. found by  analysis  to  contain  spherical 
particles  only and to  contain  about 98 percent  free magnesium with : 
i q u r i t i e s  of less  than 2 percent as magnesium oxide. The par t ic le   s ize  
designations  used  herein  to  describe  the powders w8s determined  with a 
Fisher Sub Sieve  Sizer.  This  instrument employs the air permeability 
method fo r  measuring the average par t ic le   s ize  of a powder. It is  based 
upon the   f ac t   t ha t  a current of air flows mora readi ly  through a bed of 
coarse powder than  through  an  otherwise  equal  bed of fine powder. Sieve 
analysis of the 20-micron magnesium wa6 98 percent  through a 325 mesh 
screen. 

. " .  

A batch of the 20-micron magnesium  powder  was placed in an a i r  . . 
e lu t r i a to r  (an instrument  used to  separate  f ine powders into graded s ize  
increments), where 78 percent by  weight of the cnarser par t ic les  were 
removed to  give  the =-micron powder used i n  this  investigation. 

" 

In 
K) 
h 

. . .  " 
" 

Photomicrographs of the  par t ic le-s ize   diatr ibut ion of the magnesium 
powders are shown in  f igure 2. 

The gelling  agent used in   t he   s lu r r i e s  was  aluminum di(2-ethyl) 
hexoate. Aluminum di(2-ethy1)hexoate melts 6nd decomposes a t  300° C .  
The gelling  agent  served t o  thicken and to   s t ab i l i ze   t he   s lu r ry  (reduced 
the tendency for  the powder t o   s e t t l e   o u t  of the  l iquid) .  

" 

The petrolatum s t ab i l i ze r  additive used in   t he   s lu r r i e s  conformed 
to  the  following  manufacturing  specification: .. 

Melting  point  (Saybolt), ?F 150-160 
Penetration (A.s.T.M.) . . . . . . . . . . . . . . . . . . . .  140 
Viscosity  (Saybolt), 6ec a t  210° F . . . . . . . . . . . . . . . .  90-100 

By analysis, it was found that   the  hydrogen-carbon r a t i o  (H/C)  was - 

0.160, and the lower heat pf combustion 18,400 Btu  per pound. 

1 

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

RESULTS AND DISCUSSIONS 

. Evaluation of sampling method. - The precision of the sampling 
apparatus  and  analytical  procedwe is  ind ica t ed   i i f i gu res  3 t o  6. The 
deviations of the data. points from-the  ideal  represent  the sum of the 
experimental  error. Some of the immediately  apparent  sources of the 
error   are   discussed  in   this   sect ion.  

A comparison of the   fuel-air   ra t io  determined  by i n l e t   a i r  and 
f u e l  flow f and the   fue l -a i r   ra t io  determined by. exhaust  products 
analysis f '  i s  shown in   f igures  3 and 4; the dashed l i n e  i n  each fig- 
ure  represents  the ideal.- It ... is - . . . . . . . .  seen tha t  " the f' points  are on the 
average lese   than-the corresponding f .  The deposit-En-%Tsome of the 
unburned f u e l  and sol id  combustion products on the  inside of the 
burner walls and  probe  before  they  reached  the sampling tube  (fig.  1) 
would make a difference Fn the  values of f and the corr.esponding f ' 
in  the  direction  indicated i n  the  figurel;. 

. " 
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The poss ib i l i t y  of f '  varying across  the  burner-exit  cross  sec- 
t i o n  was checked by  taking conibustion-product samples of f u e l  V I 1 1  a t  
one-half  and  three-fourths of the radial dis tance  f romthe  center   l ine 
t o   t h e  burner Wall. The r e s u l t s  are shown in figure 4. It i s  seen that 
there  was uniform dis t r ibu t ion  of the  canibustion products  across the 
burner exit 

The 4~-micron  s lurr ies  gave f/f r a t i o s  that averaged much closer 1 

t o   t h e  ideal than  the 20-micron slurries. 

The metal-hydrocarbon- r a t i o  as found by  codustion-products analysis 
is  shown i n  the p lo ts  of metal-air r a t i o  W d W a  again&  hydfocarbon-air 
r a t i o  WHcfia in figures 5 and 6. In f igure  6 the results of a radial 
survey of metal-hydrocarbon r a t i o  fo r  f u e l  VI11 showed that the metal- 
hydrocarbon r a t i o  was uniform  across  the  burner exit. The dashed l i n e  
i n  each figure  represents the metal-hydrocarbon  weight r a t i o  used in 
making the   s lurry.  . .  

With few exceptions, the metal-hydrocarbon r a t i o  as f o&d by anal- '' 
ys is  was lower than  that  used t o  make the slurry. The quantity of so l id  
products i n  the exhaust  stream was reduced  by  the amount of oxide which 
adhered t o  the burner walls and then  flaked off in agglomerations that 
were too  large  to   enter  the sampling  probe. Oxide pa r t i c l e s  as large 
as 1/2 inch were observed i n  the  burner-exhaust stream. 

The %-micron s lu r r i e s  gave metal-hydrocarbon ratios  by  products 1 

analysis that averaged much closer  to  those  used in  making the. fue l s  
than  the 20-micron s lu r r i e s .  

Blow-out velocity. - A comparison  of the blow-out'velocities of 
JP-3, JP-4, .and Jp-4 with  gel  aad  petrolatum  additives i s  shown in fQ-  
ure 7. Each data point was found by f k i n g   t h e   f u e l - f  low rate and  then 
increasing the air-f low rate . u n t i l  flame failure occurred. When the 
fuel-flow rates were set t o  give mixture values s l i g h t l y  lower than the 
lean lFmits (minimum fue l -a i r   ra t io   for   suppor t ing  conibustion) sham in 
the  f igure,  the blow-out velocity  occurred below the  lower limit of the 
scale  of the  air rotameter (shown by &+shed l ine ) .  It was concluded 
that the curves  drop  sharply a t  their lean end although  the data points 
do not always clear ly   def ine  this   t rend.  

The Jp-3 and JP-4 fue ls  had no appreciable  difference i n   t h e i r  
blow-out veloci t ies  while the additives raised the lean limit at  which 
burning  could  be  maintained. The ge l   addi t ive   ra i sed   the   l ean  limit 
more than the petrolatum. It i s  observed that the large  increase Ln 
viscosi ty   resul t ing from the  addi t ives  affected t h e  blow-out velocity 
only i n  the lean  region. 

, -., 



In   f igure  8 the blow-out  velocitfee af 2.0-micron and 12-micron -. ..: 
" 

" 50 percent magnesium slurries  stabil ized  with  petrolatum  are compared 
with  the blow-out veloci t ies   for   the Jp-4 plus  petrolatum  mkture. The 
20-micron magnesium  powder served only t o  reduce  the  lean limit a t  which II, 

V" 
the  flame of the JP-4 and petrolatum  mixture  could be maintained; the .  , Gu 
smaller-particle-size  slurry (12 p) further reduced.  the  lean limit. - m 

." 
." 

.. . 

The blow-out veloci t ies  of the-20-microrf and *-micron  magnesium .. 

s lu r r i e s  are sham in f igure 9. Arrowheads the data'  points  indtcate- 
that the maximum air-flow ra%e of the  apparatue was reached  with  the 

4pnicron  slurries  without  the flame blowing out. The 42-micron s lu r r i e s  
had a leaner lMt a t  which a flame  could  be  maintained and a maximum 
blow-out velocity much higher  than  the 20-micron s lur r ies .  No appreci- 
able difference i n  %-blow-out velocity of the ZO-iiicron'n&gnesium 

s lu r r i e s  wLth g e l  and with  petrolatum was observed. With 4Z-micron . 

. .  

. 

.. .. - - 

1 2s  .,.. 

" - -f- 
..I 

. .  . .  . . 
. .  

. 
- .  

1 . . 

particle  size,   the  petrolatum-stabil ized  slurry 'burned t o   s l i g h t l y  
leaner   fuel-air   ra t ios   than did the  gel-stabil ized  slurry.  

.. . 

Combustion efficiency. - The ef fec t  of -equiwilence r a t i o  cp an t h e  
conibustion efficiency of the metal T ~ M  and the hydrocarbon q~~ i n   t h e  
20- and +-micron slurries i s  sham  in   f igures  10 and 11. The 20-micron . 

slurries were burned at a burner-inlet  velocity of approximately 22 feet 

. . " . - - - 
1 . .  

. .- 
- 

b 

per second md   t he  &-micron s lu r r i e s  a t  approximately 80 feet   per  sec- 

ond. The combustion eff ic iencies  of the hydroc&?bon in each of the .  . 

four slurries were not  appreciably  different  (fig. 10). 

2 . .I 

" 

- 

It i s  seen (flg. 11) that the combustion efficiency of the  magne- 
sium component was unaffected  by oxygen degle t ion   as   the   fue l -a i r   ra t ic r  
was increased-above  stoichiometric up t o  the lMts of the  data. The 
rapid  decline of the  codust ion  eff ic iency of the hydrocarbon component" 
in the rich  region  indicates that the magnesium burns f i r s t  and the -: 
hydrocarbon react- -yle-lde increasing -amounts of incomplete conibustion - 

products as the   fue l - a i r   r a t io  is increased. This same behavior was 
previously  noticed  in  reference 6 where the .-combustTorr properties of .- 

similar magnesium slurries were studied. 

The combustion efficiency of the metal i n  the 20-micron slurry 
which was stabilized  with  petrolatum was higher  thaaxhrthe 20-micron 

.. .. 

. ." " ." 

I 

s lur ry  s t a b i l i z e d  with ge l   ( f i g .  11). In  the  4"micron  slurries,  the 1 . .  

2 . ." - " 

kind of a d a t i v e  made no .appreciable--difference in   t l e   cmbus t ion   e f f i - .  " 

ciency of the  metal. The 4pnicron.  magnesium had a consistently  higher 1 " .  

" 

" - 
. . .  

efficiency  than  the 20-micron pawder i n  sp i t e  of its being  burned a t  a 
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much higher  burner-inlet  velocity. The samples. .of f u e l  VI11 taken a t  
one-half and  three-fourths radial positions  shared the conibustion effi-  
ciency of metal and hydrocarbon t o   b e  uniform  across  the  burner  exit; ', 

SUMMARY OF RESULTS 

The following  results w e r e  obtained i n  an  investigation of the  
e f fec ts  of pa r t i c l e   s i ze  and s tab i l iz ing  additives on the conibustion 
properties of magnesium s lu r r i e s :  

1. The +-micron magnesium slurries burned with a higher combustion 1 

efficiency  than  the 20-micron magnesium slurries even  though the 

4pnicron  slurries were burned a t  a much higher burner-inlet   velocity.  
The %-micron slurries could  be  burned t o  a leaner mixture limit and t o  
much higher conibustor velocit ies  than  the slurries composed of the 
larger  magnesium par t ic les .  

1 
1 

2. The conibustion efficiency of the hydrocarbon component of the 
magnesium slurries was  not  appreciably  affected  by the type of additive 
and the   pa r t i c l e   s i ze  of magnesium. 

* 

3- The slurries s tab i l ized  w i t h  petrolatum had a combustion e f f i -  
ciency  and  blow-out  velocity comparable with  those  stabiliz2d  with  gel. 

c 

4. The blow-out velocity of hydrocarbon fuel  thickened w i t h  an 
additive so tha t  i t s  viscosity  increased  from 2 t o  10,000 centipoises 
was af fec ted   on ly   in  the lean  region. 

Lewis Flight  Propulsion  Laboratory 

Cleveland, Ohio 
National  Advisory Committee f o r  Aeronautics 
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Figure 1. - Slurry burner and sampling apparatus. 
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(b] Particle size ,  12 microns. 

Figure 2.  - Photomicrographs of atomized. magnesim particles ( eoab  in inches). - 
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( c )  Particle size, % 1 microns. 
Figure 2. - Concluded. Photomicrographs of atomized magnesium particles (soale in Inches). 
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(a) Fuel VI, 50 -percent 20-micron magnesium in MIL-F-5624-A grade JP-3 fuel plus:. 
21 percent  petrolatum. . 

Figure 3. - C O m p r i 8 0 n  of fuel-air  ratio determined by inlet  air and fuel flow (f) 
and fue l -a ir   rat io   detmned by exhaukt-products ana lp ie  (f ). 

. -  ." 
.. 
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(b) Fuel V, 50 percent 2C-micrm mgneaim in MIL-P-5628-A e a d e  JP-3 fuel p l w  
0.5 percent gaUlng agent. 

Plgure 3. - C o n t i r m a a .  Ccmplarison of fuel-air ratio determined by inlet sir and fuel 
flow ( f )  and fuel-air ratio determined by exhaust prcducts endpis  (f’  ). 
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(c) Fuel M, 50 percenf %-micron magnesium in  MIL-F-5624-A 
grade JP-3 fuel plus 0.6 percent gelling  agent. 

1 

Figure 3. - Concluded.  Comparison of fuel-air  ratio determlned 
by inlet air and fuel flow (f.1 and fuel-air  ratio determined 
by exhauat products analysis (f'). 
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Figure 4. - The effect of sampling  probe  position on fuel-air  ratio  determined by 
inlet  air  and fuel flow (f)  and  fuel-air  ratio  determined by exhaust  products 
amlysis (f I )  . Fuel VIII, 50 percent  %micron  magnesium in MIL-F-5624-A grade 1 

Jp-3 fuel plus 16 percent  petrolatum. 



1 0 
N 

.02 .a4 .a .08 .10 .l2 .14 .l6 .18 

Eydrccarbm-aSr veight ratio, WHc/Wa 

( a )  Fuel VI, 50 percent Z & a i c r m  magneairm in HIGP-5624-A grade JP-3 fuel plus 21 percent 
pttrolatum. 

Figure 5. - M e t a l - h y d r o c a r b o n  ra t io  detarmLned by ccsnbustion-products ana lyaL~ .  
N 
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V 

Hydrocarbon-ab  weight  ratio, W /W 

( c )  Fuel M, 50 percent %-micron magnesium in MILF-5624-A 

HC a 
1 

grade JP-3 fue l  plus 0.6 percent  gelling age+- 

Figure 5. - Concluded. Metal-hydrocarbon rat-io determined by 
combustion-products analysis. 
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Hydrocarbon-air  weight r a t io ,  WHc/Wa 

Figure 6. - Effect of sampling-probe position bn metal-hydrocarbon r a t i o  determined by 
combuatiun-products analysis. Fuel V I I I ,  50 percent Crmicron 1 magnesium i n  
MILF-5624-A grade JP-3 fue l  plus 16 percent petrolatum. N w 
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Equivalence ra t io ,  cp 

Figure 7. - Cor@&ison of blow-out vel&ities of JP-3, JP-4, and Jp-4 with petrolatum and gel additives. 
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Fuel Magnesium Particle Ey&o- Petrolatum Viscosity 
d e r  (percent) s i ze  carbon (percent) (centipoises) 

(PI ! 

o w . 0  JP-4 40 E40 
0 VI 50 20 JP- 3 21 4700 
0 VI1 50 JP- 3 21 3670 

Equivalence ratio,  CP 

Figure 8. - C c m p r i s o n  Clf blm-out velocit ies  of E- and 20-micron msgnesium slurries and Jp-4 fuel, all w i t h  
petrolatum additive. 
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0.5 Oel I 983 i 
21 Petrolatum 4700 

16 Petrolatum 4970 

0.6 Gel 3960 

c 2.8 3.2 
Equivalence ratio, cp 

Figure 9 .  - comperiaon of blow-out velocities of % and 2O-micron, 5O-percent msgneaium slimriea in Jp-3 fuel 1 

with petrolatum and gel additives. t I 
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Burner wall 

(xlter diameter of sampling probe 

Fuel Particle  Stabilizer  Viscosity 
number size  (percent) (centipoises) 

(PI 

Ix 4 0.6 Q e l  3980 

VIII 4 16 Petrolatum 4970 

VIII 4 16 Petrolatum 4970 

VIII 4 16 Petrolatum 4970 

Radial Burner- - 
position W e t  

velocit 
c f t / s J -  

Cent ar 80 

Center 80 

1/2 Radius 80 

3/4 R d i u  80 
0 V 20 0.5 Q a l  
A V I  20 21 Petrolatum 

980 Center 
4700  Center 

Equivalence ratio, cp 

F i g m e  10. - Eiisct of equivalence ratio CP on the combustion efficiency of hydrocarbon in 
50 parcent ma~lwn, 50 p a r o a t  Jp-3 plue abbltive, s lur ry .  
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Outer diameter of ~aplpling probe 

Fuel Particle Stabilizer  Viscosity Radial brier- 
number s i ze  (percent) (centipoises) position idlet 

3960 C e n t e r  

d VIII 4+ 16petrolatu.m 4970 1/2 Radius 80 

VIII ' $ 16 Petrolatum 4970 3/4 ' R a d l u s  80 
0 Y . 2 0  
A VI 20 21 Petrolatum 

.4 .0  1.2 1.6 2.0 2.4 2.8 
Equivalence rat io ,  cp 

Figure Ll. - Effect of equivalence r a t i o  cp on combus$ion efficiency of metal in 50 percent magnesium, 
50 pmcent JP-3 plne additive, slurry. 
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