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EFFECT OF PARTICLE SIZE AND STABILIZING ADDITIVES ON THE
COMBUSTION PROPERTIES OF MAGNESIUM SLURRY

By Albert M. Lord and Vernide E. Evans

SUMMARY

An experimental lnvestigation was conducted with & l%—inch-

diameter burner to determine the effects of particle size and of stabi-
lizing additives on the combustlon performance of magnesium-hydrocarbon
slurry fuels. The fuels tested were MIL-F-5624-A grades JP-3 and JP-4
and slurrles of magnesium in JP-3 fuel.

A slurry composed of 4%-micron megnesium particles had a leaner

mixture limit at which a flame could be maintained and a maximum blow-
out velocity much higher than & slurry composed of 20-micron particles.

The combustion efficiency of the metal in the 4%hmicron slurry was

consistently higher than in the 20-micron slurry in spite of its being
burned at a much higher burner-inlet velocity.

The slurries stabilized with petrolatum had combustion efficiencies
and blow-out velocities comparable to those of the gel-stabilized

slurries.

INTRODUCTION

The use of metal-hydrocarbon slurries as fuels in Jet-engine pro-
pulsion systems has been the subJect of analytical and experimental
investigations at the NACA Lewis leboratory. As a result of these inves-
tigations substantlal improvements in air specific Impulse have been
realized in an experimental afterburner by the addlition of megnesium
powder to conventional hydrocarbon fuel (reference 1). In reference 2
it was shown that din a tall-pipe burner operating with water injection
a magnesium slurry could be burned &t a much higher water-air ratio than
was possible with JP-3 fuel.

The higher air specific impulse of the metal-hydrocerbon slurry over
the hydrocarbon alone is due mainly to the higher heat of combustion per
pound. of air of the slurry when compared with hydrocarbon at the same

.
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equivalence ratio. References 3 to 5 report the results of analytical
investigations in which the equations of chemlcal equilibrium were
solved for the composition and tempersture of the combustion products i
of octene-~l and mixtures of aluminum, magnesium, and boron in octene-1

when burned in alr. Values of theoretical air specific impulse at stol-
chiometric fuel-alr rstlio for octene and the slurries were computed and

shown ta be higher for each of the slurries than for the hydrocarbon.

Reference 8 reports the resulis of an experimental Investigation to
determine how the metal and hydrocarbon separately contribute to the
over-all combustlon of magnesium and boron slurries. The cambustion
efficiency (ratio of energy released to energy avallable by complete
combustion) of the magnesium powder component of slurries was unaffected
by oxygen depletion as fuel-alr ratio wes Increased above stolchiometric,
whereas the combustion efficiency of the hydrocarbon portion of the mix-
ture declined rapidly.
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Magnesium powder of smaller partlcle size has recently become . el
avallable; and petrolatum, a viscous hydrocasrbon, has been used ss a
stabilizing additive. The finer powder has less tendency to separate - e
out of a slurry suspension, but a stabllizing additive still is a prac-
tical necessity in slurry fuel systems. Petrolatum-stabilized slurries
offer some advantages over the gel-stabllized slurriles previously inves-
tigated because of ease of preparation and reproducibility of viscosity,
and because they do not break down (decrease in viscosity) with age as .
gels do.

The object of the present investigation was to determine the effect
of particle size and stabilizing additive on the conmbustion properties

7
of magnesium slurries in a lg-inch-diameter burner. The blow-out—veloc-

itles (burner-inlet velocities at which flame faillure occurred) were
determined for magnesium slurries in JP-3 fuel having average mag-

nesium particle sizes of 20, 1z, and 4% microns. Both gel- and

petrolatum-stabllized slurries were investigated. The blow-out veloc-
1ties of two hydrocarbon fuels, MIL-F-5624-A, grades JP-3 and JP-4, were
determined for comparison with slurry .fuel performance.

The combustion efficilencies of the metal and hydrocarbon components

were determined for both the 4—%-- and 20-milcron magnesium slurries stabi-

lized with gel and with petrolatum. Combustion efficlency was deter-
mined by sampling and analyzing the gaseous and solid combustion produckts. o
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SYMBOLS

The following symbols are used in this report:

Cog/C
cog/CO

hig
£

H/C
hao
oo,

hH,0

Wmox/wm

molecular weight ratio of CO; to C when C burns to COp
molecular weight ratio of CO; to CO when CO burns to COp

fuel-air welght ratio determined by flow rate measurements of
air and fuel

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

hydrogen-carbon weight ratio

heat of combustion of carbon to carbon monoxide, Btu/1b CO
heat of combustion of carbon to carbon diloxide, Bﬁu/lb CO5

heat of combustion of hydrogen to water (lower value),
Btu/1b H20

welght of solid carbon in combustion sample®
welght of carbon monoxide in combustiog sample®
weight of -carbon dioxide in combustilion sample?

welght of carbon dioxide formed by catalytic combustion of
gaseous hydrocarbon residues in combustion sample®

hydrocarbonfair_weigpt rgtio
welght of water in combustion sample@

weight of water formed by catalytlc combustion of gaseous
hydrocerbon residues on combustion sample®

welght of uncombined metal in combustion sam.plea
metal-alr weight ratio

molecular welght ratio of metal oxide to metal

&The combustion sample was the total of gas and solids drawn through the
sampling probe.
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Wg welght of solids in combustion sample®
MHe combustion efficlency of hydrocarbon
M combustion efficiency of metal

P equivalence ratio

APPARATUS AND FROCEDURE
Combustor and Operating Procedure

The slurry burner and exhaust sampling spparatus are shown in fig-

ure 1. The burner consisted of a ll-inch-inside-diameter tube 20 inches

8
long. A tube liner with an outslde diameter of 1% inches, a thickness

of 1/16 inch, and length of 2 lnches was mounted at the inlet and pro-
vided & small primary zone through which the atomized fuel was intro-
duced. Secondary alr was Introduced as an annular stream along the
burner well. The secondary-air inlet was eabout 1 inch from the burner

entrance.

The slurry was atomized and injected into the burner with a con-
ventional paint spray gun of the type that pressurizes the fluid. The
spray nozzle was sealed to the burner entrance. The flow rate of the
fuel was set by a valve on the spray gun and was measured by welghing
the spray gun before and after a timed flow intervel. The flow of the
alr entering the burher was regulated with & throttling valve and was
measured with a rotameter. - The burner was ignited by opening the seal
between the gun and the burner and holding an acetylene torch to the

opening.

Sampling apparatus and procedure. - The sampling-probe—assembly
consited of a 1/4-inch-outside-diameter copper tube incased in a water
Jacket. The outer wall of the Jjacket was covered with asbestos insula-
tion. The l/4-inch copper tube was connected to a solids-sampling tube,
which was: packed with glass wool to collect the metal oxlidé, unburned
metel, and carbon particles. The assembly was mounted so that it could
be swung into the path of the flame, as indlcated in figure 1. A rubber
stopper sealed the opening of the probe. It was held in place by atmos-
pheric pressure when the sampling apparatus was evacuated. As the probe
moved towaxrd the center of the burner exit, the stopper was brushed off
by the edge of the burner, thus permitting the exhaust gases and solids
to be drawn in.

&The combustion sample was the total of gas and solids drawn through the

sampling probe.
S
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A 30-gallion vacuum tank was evacuated by the vacuum pump to about
1 inch of mercury absclute. The valve between pump and tank was closed
while a sample was taken. The pressure in the tank was measured with a
mercury manometer. A coll of copper tubing packed in powdered dry ice
served to remove the moisture from the gases entering the vacuum tank.

The exhaust-gas sample was collected in the ges-sampling tube as
follows: Both valves on the gas sampling tube were 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 in the sampling tube had risen to atmospheric.

Test procedure. - For the combustion-efficiency tests the air flow
was adjusted to glve an inlet-air velocity of 22 feet per second for the

20-micron slurries and 80 feet per second for the 4%—micron slurries.

The veloclty was increased for the latter fuels because the finer par-

ticles burned with high efficlency over the entire range of equivalence
ratio, and it was necessary to create more severe burner conditions to

distinguish the reglons of lowered efficiency.

For the investigation of blow-out velocities, the velocity of the
air flow was f£irst set below the blow-out 1limit of the fuel mixture and
gradually increased until flame failure occurred. This velocity was
taken as the blow-out limit.

Method. of analysis. - The quantity of the combustion sample referred
to in subsequent definitions includes all combustion products drawn
through the sampling probe. It 1s computed from the composition of the
gaeses 1in the sample tube, the pressure rise in the vacuum tank, and the
weight of the sample of solids.

By analysis of the solid and gas samples, the weights of the fol-
lowlng constituents of the combustion sample were determined: Nj, COp,

CO, Hp0, total solids, carbon, uncombined metal, and COp; &nd HyO, formed
by catalytic combustion of unburned residues in the gas sample.

The analysils of the gaseous products wes determined with an Orsat
apperatus equipped with a catalytic heater for the combustion of hydro-
carbon residues. The nitrides in the solid samples were found to be less
than 0.1 percent and were neglected. No carbonates were found in the
solids. '

The amount of uncombined maegnesium in the solid semples 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 wilth distilled water after the acid
treatment, dried, and weighed again. The gain in weight was taken as

solid carbon.
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Combustion efficiency. - The combustion efficiencies reported
herein are not based upon chemlcal equilibrium of the products of com-
bustion inasmuch as date are not availasble for the various species
involved. Instead, 100-percent combustion efflciency assumes that the
components oxlidlize as follows:

Hy to Hp0
C to COp
Mg to MgO -
The combustion efficiency of the metal is defined as
= [Wg - (W'y + We)] -
mo.

I:Ws - (W'M + WC)]+ W'y ngﬂ

The combustion efflciency of the hydrocarbon 1s defined as

W + W + Wo b
c:ozhco2 cobco H,0"H,0

NHC O, . co,
oo, + Weo\go/+ Wi, ) Boo, +(WEyo + W'ao) Bmyo + Wel5)heo,

Combustlon efficlencies so defined are in substantial agreement with the
conventional combustion efficiency at and below an equivalence ratio of
unity. At equivalence ratios higher than unlty, the combustion effi-
clencles do not account for deficiency of oxygen, as they are based only
on the utilization of fuel.

€

WA
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DESCRIPTION OF FUELS
The following fuels were used in this investigation.
Fuel |Average |Magnesium| MIL-F-5624-A Additive Viscosity®
nunber jmagnesium|(percent) | fuel (centi-
particle Grade | Percent Type Percent | poises)
size
53
I -——— 0 JP-3 100 0 2
IT - 0] JP-4 100 0 2
IIT - 0 JP~4 99.2 Gel 0.8 10,000
Iv —— 0 JP=-4 80 Petrolatum 40 840
A 20 50 JP=-3 49.5 Gel 0.5 980
VI 20 50 JP-3 29 Petrolatum 21 4700
VII 12 50 JP-3 29 Petrolatum 21 3670
VIIT 4% 50 JP-3 34 Petrolatum 16 4970
IX 4% 50 |JP-3 49.4 |Gel 0.6 3960

&Viscosity measured with Brookfield Syncro-lectric viscometer, #Ho. 3

spindle, 12 rpm at 30-34° C.

Properties of the JP-3 and JP-4 fuels used are listed in the fol-

lowing tables:

Distillation Range

Fuel evaporated| Temperature (°F)
(percent) |4 3e 7p-3|Grade JP-4

Initial b.p. 1086 140

10 177 222

50 299 300

90 417 427

Final b.p. 479 488

Propertiles Grade JP-3|Grade JP-4

Reld vapor pressure, Ib/sq in. 6.2 2.5
Sp. gr. at 60° API 55.8 52.8
Sp. gr. at 60° F/60° F 0.755 0.768
H/C 0.171 0.169
Heat of combustion, Btu/lb 18,725 18,675
Aniline point, 135.5 134.6
Bromine number 1.0 1.2
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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
impurities of less than 2 percent as magnesium oxide. The particle size
designations used herein to describe the powders was determined with a
Fisher Bub Sleve 3izer. This instrument employs the air permesbllity
method for measuring the average particle size of a powder. It is based
upon the fact that a current of air flows more readily through a bed of
coarse powder than through an otherwise equal bed of fine powder. BSileve
analysis of the 20-micron magnesium was 98 percent through a 325 mesh
screen.

A batch of the 20-micreon magnesium powder was placed in an air
elutriator (an instrument used to separate fine powders into graded size
increments), where 78 percent by weight of the cosrser particles were
removed to give the lZ2-micron powder used in this investigation.

Photomicrographs of the particle-size distribution of the magnesium
powders are shown in figure 2.

The gelling sgent used in the slurries was aluminum di(2-ethyl)
hexoate. Aluminum di({2-ethyl)hexoate melts and decomposes at 300° C
The gelling agent served to thicken and to stabilize the slurry (reduced
the tendency for the powder to settle out of the liquid).

The petrolatum stabilizer additive used in the slurries conformed
to the following manufacturing specificatlon:

Melting point (Saybolt), °F . . . . . v . v v v 4 v ¢+ « . . 150-1680
Penetration (A.S.T.M.) . e e e e e e e e e e e e 140
Viscosity (Saybolt), sec at 2100 F T (o s o (o

By analysis, it was found that the hydrogen-carbon ratio (H/C) was
0.160, and the lower heat of combustion 18,400 Btu per pound.

RESULTS AND DISCUSSIONS

. Evaluation of sampling method. -~ The precision of the sampling
apperatus and snalytical procedure is indicated in figures 3 to 6. The
deviations of the dats points from the ideal represent the sum of the
experimental error. Some of the immediately apparent sources of the
error asre discussed in this section.

A comparison of the fuel-air ratio determined by inlet air and
fuel flow f and the fuel-air ratio determined by exhsust products
analysis f' is shown in figures 3 and 4; the dashed line in each fig-
ure represents the ideal. Tt is seen that the f' points are on the
average less than the corresponding E The deposition of some of the
unburned fuel and solid combustion products on the inside of the -
burner walls and probe before they reached the sampling tube (fig. 1)
would make a difference in the values of f and the corresponding f'_
in the direction indicated in the figureg.

- 2735
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The possibility of £' varylng across the burner-exit cross sec-
tion was checked by taking combustion-product samples of fuel VIII at
one-half and three-fourths of the radial distance from the center line
to the burner wall. The results are shown in figure 4. It is seen that
there was uniform distribution of the combustion products across the
burner exit.

The 4%-micron slurries gave f/f’ ratios that averaged much closer
to the ideal than the 20-micron slurries. .

The metal-hydrocarbon ratio as found by combustlon-products enalysils
is shown in the plots of metal-air ratio WM/Wa"against hydrocarbon-air

ratio Wpg/Wg in figures S and 6. In Figure 6 the results of a radial

survey of metal-hydrocarbon ratio for fuel VIII showed that the metal-
hydrocarbon ratio was uniform across the burner exit. The dashed line
in each figure represents the metal-hydrocarbon welght ratio used in .
making the slurry. .

With few exceptions, the metal-hydrocarbon ratio as found by anal-
yels was lower than that used to make the slurry. The quantity of solid
products in the exhaust stream was reduced by the amount of oxide which
adhered to the burner walls and then flaked off in agglomerations that
were too large to enter the sampling probe. Oxide particles as large
as 1/2 inch were observed in the burner-exhaust stream.

The é%amicron slurries gave metal-hydrocarbon ratios by products
analysis that averaged much closer to those used in meking the. fuels
than the 20-micron slurriles.

Blow-out veloclty. - A comparison of the blow-out velocities of
JP-3, JP-4, and JP~4 with gel and petrolatum additives is shown in fig-
ure 7. Each data point was found by fixing the fuel-flow rate and then
increasing the air-flow rate until flame faillure occurred. When the
fuel-flow rates were set to give mixture values slightly lower than the
lean limits (minimum fuel-air ratio for supporting combustion) shown in
the figure, the blow-out veloclty occurred below the lower limit of the
scale of the alr rotameter (shown by dashed line). It was concluded.
that the curves drop sharply at their lean end although the data points
do not always clearly define this trend.

The JP-3 and JP-4 fuels had no gppreciable difference in their
blow-out velocities while the additives raised the lean limit at which
burning could be maintained. The gel additive raised the lean limit
more than the petrolatum. It is observed that the large increase in .
viscosity resulting from the additives affected the blow-out velocity
only in the lean region.
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In figure 8 the blow-dut velocities. af 20-micron and 12-micron
50 percent magnesium slurries stabilized with petrolatum are compared
with the blow-out velocities for the JP-4 plus petrolatum mixture. The . “;
20-micron magnesium powder served only to reduce the lean limit at which NG
the flame of the JP-4 and petrolatum mixture could be maintained; the. . N
smaller-particle-size slurry (12 p) further reduced.the Iean 1limit. - — O

The blow-out velocities of the-20-microd and 4%—micron magnesium
slurries are shown in figure 9. Arrovheads on the data points indicate . S
that the maximum air-flow rate of the apparatus was reached with the . e L2

4%-micron slurries without the flame blowing out. The 4%—micron slurries

had a leaner limit at which a flame could be maintained and a maximum - SemeE
blow-out veloclty much higher then the 20-mic¥on slurries. No appreci- L
able difference in theblow-out velocity of the 20-micron magnesium ’ )

slurries with gel and with petrolatum was observed. Wiﬁh’4%—micron - S

particle size, the petrolatum-stabllized slurry burned to slightly -
leaner fuel-air ratios than did the gel-stebiligzed slurry.

Combustion efficiency. - The effect of equivalence ratio @ on the e

combustion efficiency of the metal mny and the hydrocarbon 1y in the .
20~ and 4%-micron slurries is shown in figures 10 and 1l1. The Z20-micron . =~ ...
slurries were burned at a burner~-inlet velocity of approximately 22 feet LT

per second and the 4%-micron slurries at approximetely 80 feet per sec-

ond. The combustion efficlencies of the hydrocerxbon in each of the. . _
four slurries were not appreciably different (fig. 10).

It 1s seen (fig. 11) that the combustion efficiency of the magne-
gium component was unaffected by oxygen depletion as the fuel-air ratio-: cmIT
was lncreased.above stolchiometric up to the limits of the data. The
rapid decline of the combustion efficiency of the hydrocarbon component-
in the rich reglon indicates that the magnesium burns first and the o LTI
hydrocarbon reaction ylelds lncreasing amounts of incomplete combustion- T
products as the fuel-air retio 1s increased. This same behavior was . e
previously noticed in reference 6.vwhere the combustion properties of —. e e
similar magnesium slurries were studied. ' ;

The combustion efficiency of the metal in the Z20-micron slurry
which was stabilized with petrolatum was higher thenm im the Z20-micron

slurry stabilized with gel (fig. 11). . In the 4%—micron slurries, the Ll
kind of additive made no sppreciasble-difference in the combustion effi-. Ll

clency of the metal. The 4%-micron'magnesium had a consistently higher
efficiency then the 20-micron powder in spite of its being burned at a . Tz
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much higher burner-inlet velocity. The samples of fuel VIII taken at
one-half and three-fourths radisl positions showed the combustion effi-
ciency of metal and hydrocarbon to be uniform across the burner exits:

SUMMARY OF RESULTS

The following results were obtained in an investigation of the
effects of particle size and stebilizing additives on the combustion
properties of magnesium slurries:

l. The 4%-micron magnesium slurries burned with a higher conmbustion
efficiency than the 20-micron magnesium slurries even though the

4%—micron slurries were burned at a much higher burner-inlet veloeity.
The 4%-micron slurries could be burned to a leaner mixture limit and to

much higher combustor velocitiés than the slurries composed of the
larger magnesium particles.

2. The combustion efficiency of the hydrocarbon component of the
magnesium slurries was not appreciably affected by the type of additive
and the particle size of magnesium.

3. The slurries stebilized with petrolatum had a combustion effi-
ciency and blow-out veloclty comparable with those stebiliz:d with gel.

4. The blow-out velocity of hydrocarbon fuel thickened with an
additive so that 1ts viscosity increased from 2 to 10,000 centipoises
was affected only in the lean region.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio
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Figure 2. - Photamicrographs of atomized megnesium particles (scale in inches).
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(c) Partiocle size, 4%‘- microns.

Figure 2. - Concluded. Fhotomicrographs of atomlzed magnesium particles (scale in inches).
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(a) Fuel VI, 50 percent 20-micron magnesium in MIIL-F-5624-A grade JP-3 fuel plus.
21 percent petrolatum. : :

Figure 3. - Comparison of fuel-air ratlo determined by inlet air and fuel flow (f)
and fuel-air ratic determined by exhaust products asnalysis (f').
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Flgure 5. - Contimied. Comparison of fuel-air ratioc determined by inlet rir and fuel
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by exhaust products anslysis (£'),
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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

analysis (£'). Fuel VIII, 50 percent 4=-micron magnesium in MIL-F-5624-A grade

JP-3 fuel plus 16 percent petrolatum.
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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 5. - Metal-hydrocarbon ratio determined by combustlon-producte analyais,
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{b) Fuel V, 50 percent 20-micron magnesium in MIL-F-5624-A grade JP-3 fuel plus 0.5 percent gelling agent.

Figure 5. - Contimued, Metal-hydrocarbon ratio determined by combustion-producta analysis.
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(c) Fuel IX, 50 percent 4%-micron magnesium in MIL-F-5624-4

grade JP-3 fuel plus 0.6 percent gelling agemt.—

Figure 5. - Concluded. Metal-hydrocarbon ratic determined by
combustion-products anslysis.
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Figure 6. - Effect of sampling-probe positlon on metal-hydrocarbon ratio determined by
combustion~-products smalysis. Fuel VIII, 50 percent 4%»-m1cron magnesium in
MIL-F-5624-4 grade JP-3 fuel plue 16 percent petrolatum.
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Figure 7. - Comparison of blow-out velotitles of JP-3, JP-4, and JP-4 with petrolatum apd gel additives.
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Figure 8. - Comparilson of blow-out velocities of 12- and 20-micron magnesium slurries and JP-4 fuel, all with

petrolatum additive,
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Blow-out velocity, f£t/sec
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Figure 9. - Comperiscn of blow-out velocities of 4—%- and 20-micron, SO-percent magnesium sl?.n:riea in JP-3 fuel
with petrolatum and gel additives. I i
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Figure 10, - Effect of equivalence retio @ on the combustion efficilency of hydrocarbon in
50 percent megnesium, 50 percent JP-3 plus additive, slurry.



00F - 20-¥1-1 ~ LordawI-yOVN

Combuation efficlency

1.00

.60

Burner wall

Outer dimmeter of sampling probe

Fuel  Particle Stabilizer Viacoslity Radial Burner- — |
mmber size (percent) (centipoisee) positlion inlet
() velocity
(ft/sec) —
X & 0.6 Gel 3960  Cenmter 80
o VIII 4% 16 Petrolatum 4970  Cemter 80 ]
f VIII 4 16 Petrolstun 4970  1/2 Redius 80
W VIII 4 16 Petrolatun 4970  3/4 Redius 80
Y - 20 0.5 Gel 980  Center 22
VI 20 21 Petrolatim 4700 Center 22
o O AT 2 ﬁ_‘:l[
¢/ —— 9 P - >
o b
O
d
d @;
I
0 4 .B 1.2 1.6 2.0 2.4 2.8

Figure 11. - Effect of equivalence ratic @ on combustion efficiency of metal in 50 percent magnesium,
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50 percent JP-3 plus additive, alurry.
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