N

This disseriation has been
microfilmed exactly as received 67-2546

STRAUSS, William Anthony, 1927~

INVESTIGATION OF THE DETONATION OF ALUMINUM
POWDER-OXYGEN MIXTURES.,

The Ohio State University, Ph.D., 1966
Engineering, aeronautical

~ University Microfilms, Inc., Ann Arbor, Michigan

\
|
‘!
|
'!
|
}
|
3

Yz



INVESTIGATION OF THE DETONATION OF ALUMINUM
POWDER-OXYGEN MIXTURES

DISSERTATION
Presented in Partial Fulflilliment of the Requirements for the

Degree of Doctor of Philosophy in the Graduate School of
The Ohio State University

by
William Anthony Strauss, B. of M.E., M.Sc.

B o% * ¥ #

The Ohio State University
1966

Approved by

———

Adviser -
Department of Aeronautical and
Astronautical Engineering




ACKNOWLEDGMENTS

The author acknowledges and 1s grateful for the encour-
agement and advice of his adviser, Dr. R. Edse, during the
course of this study. It is also acknowledged that Mr. J. W.
Pliickebaum alded in the construction of the experimental
apparatus and that Messrs. Orkins and lLawrence ailded in the
collecting of the experimental data.

Thlis study was supported in part by the National Science
Foundation on Research Grants GK 143 and GP 635 with The Ohio
State University Research Foundation. Computer time for the
theoretical calculations was donated by The Ohio State

University Computer Center, Dr. Roy Reeves, Director.

1i



CONTENTS

ACKNOWLEDGMENTS

CONTENTS
ILLUSTRATIONS
TABLES
SECTION
I INTRODUCTION
II APPARATUS, INSTRUMENTATION AND METHOD
IIT EXPERIMENTAL RESULTS
Iv THEORETICAL CALCULATIONS OF DETONATION
PARAMETERS o
v DISCUSSION OF RESULTS
VI SUMMARY
APPENDIX
I METHOD OF DETONATION PARAMETER CALCULATION
II HYDROGEN-OXYGEN DETONATION PROPERTIES
III STUDIES OF ALUMINUM POWDER-OXYGEN BUNSEN-
BURNER FLAMES
REFERENCES
SYMBOLS
AUTOBIOGRAPHY
ILLUSTRATIONS
TABLES

1i1

Page
i3
111
iv

vi

12

21
34
60

62
69

73
76

80
82
83
103



Figure
1.
2.

3.

9.

10.

11.

12,

ILLUSTRATIONS

Heterogeneous Detonatlion Apparatus

Typlcal Streak Photographsvof Aluminum
Powder-Oxygen Mixtures Burning in
Combustion Tubes .

Flame Speeds of Shock Ignited Flake
Aluminum Powder-Oxygen Mixtures

Decelerating Flames Propagating in Lean
Aluminum Powder-Oxygen Mixtures

Typical Streak Photograph of a Rich
Aluminum Powder-Oxygen Mixture Flame

Photographs of Detonating Flake Aluminum
Powder-Oxygen Mixtures in Various
Diameter Tubes

Plot of Flame Veloclty as a Function of
Distance from Point of Ignition

Detonation Velocities of Aluminum Powder-
Oxygen Mixtures

Detonation Induction Distances of Aluminum

- Powder-Oxygen Mixtures

Typlcal Plots of Pressure Versus Time for

a Detonating Flake Aluminum Powder-~-Oxygen
Mixture

Typlcal Plots of Pressure Versus Time for
a Detonating Aluminum Powder-Oxygen
Mixture (From Opposed Pressure Trans-
ducers).

Detonation Pressures of Aluminum Powder-
Oxygen Mixtures

iv

Page
83

84
85
86

87

88
89
90

91

92

93

b



Figure Page

13. Adiabatic Flame Temperatures of Aluminum
Powder-Oxygen Mixtures 95
14, Streak Photogfaphs of a Detonating
' Hydrogen-Oxygen and a Detonating
Aluminum Powder-Oxygen Mixture T 96
15 Systems of Flow Through a Detonation Wave 97
16. Raleigh Lines and Hugoniot Curves 97
17. Detonation Velocities of Hydrogen-Oxygen
Mixtures 98
18. Detonation Pressures of Hydrogen-Oxygen 99
Mixtures _
19. Typical Streak Photograph of a Detonating
Hydrogen-Oxygen Mixture 100
20. Typical Plot of Pressure Versus Time for
a Detonating Hydrogen-Oxygen Mixture' 101
21, Bunsen-Burner Flame Velocities of Aluminum
Powder-Oxygen Mixtures 102



TABLE

9.

10,

11.

12,

13,

14,

TABLES

Measured Flame Speeds of Shock Ignited
Aluminum Powder-Oxygen Mixtures

Measured Detonation Parameters of Flake
Aluminum Powder-Oxygen Mixtures

Measured Detonation Parameters of Granular
Aluminum Powder-Oxygen Mixtures

Measured Detonation Pressures of Aluminum
Powder-Oxygen Mixtures

Theoretical Flame Temperatures of Aluminum
Powder-Oxygen Mixtures (Case A)

Theoretical Flame Temperatures of Aluminum
Powder-Oxygen Mixtures (Case B)

Theoretlical Flame Temperatures of Aluminum
Powder-Oxygen Mixtures (Case C)

Theoretical Detonation Properties of
Aluminum Powder-Oxygen Mixtures (Case A)

Theoretlical Detonation Properties of
Aluminum Powder-Oxygen Mixtures (Case B)

Theoretical Detonation Properties of
Aluminum Powder-Oxygen Mixtures (Case C)

Theoretical Detonation Properties of
Hydrogen-Oxygen Mixtures

Measured Detonation Properties of Hydrogen-
Oxygen Mixtures

Measured Flame Temperatuies of Aluminum
Powder-Oxygen Mixtures

Measured Burning Veloclitles of Aluminum
Powder-Oxygen Mixtures

vi

Page
103
104
105
106
107
108
109
110 .
112
114
116
117
118

118



SECTION I
INTRODUCTION

The phenomenon of detonation waves propagating in explo-
sive sollids and explosive gas mixtures has been observed and
studied for many years. A detonation wave is characterized
by a hlgh speed shock wave whidh propagates through a com-
bustible mixture and 1s followed by a flame. The shock wave
is sustained by the energy released in the exothermic reac-
tlons in the flame zone. The mechanlism of initiation of
detonatlion in homogeneous gas mixtures is similar to that of

generating a shock wave. The accepted model of shock wave
1

shock waves result from a coalescence of infinitesimal pres-

generation was first proposed by Becker™ who suggested that
sure waves, The result of many pressure waves overtaking one
anothe: 1s a wave of supersonic velocity and finite pressure
difference between initial and final states. The energy
required to produce shock waves may be supplied by an
external source such as an accelerating plston. By contrast,
the driving force which produces a detonation wave is the
accelerating flame front. Since a detonation wave is supsci-
sonle,;répid chemical reactions are required to sustain the
chemical process. The normal flame speed of a system is an

indicator of the overall rate of chemical reactions of that

1



system; that ls, systems having high normal burning rates
have fast reaction rates and vise versa.

Only recently have heterogeneous liquld fuel-gas
oxidizer mixtures been studled with respect to detonation.
In all of these cases, the studies were conducted by passing
high energy shock waves through the mixtures. Kling and

2

Maman studied the kerosene-air system. For a stoichiometric

mixture, they observed detonation, but only after reflection
of the incident shock. The observed velocities agreed with
theoretical values. Cramer3 reported observing "detonation
like" waves propagating through DECH (diethylcyclohexane,
Clono)'fuel spray-oxygen mixtures. Frézer4 was able to
detonate both octane-oxygen and benzene-oxjgen mixtures (also
initiated with a high energy shock wave). Nichols, Dabora
and Ragland5 also reported "detonation like" waves in hetero-
geneous DECH-oxygen mixtures. Whilé it is difficult to
produce detonations in the above heterogeneous liquid-gas
mixtures, 1t would appear that to detonate powdered megal
fuel-gas oxidizer mixtures would be even more difficult.

The combustion of metal powders in gaseous atmbspheres
was filrst studled by Hartman and Greenwald of the Bureau of
Mines in 1945.6 They reported that finely divided aluminum
powder 1is easy to ignite and will reactlin gas atmospheres
of air, oxygen, carbon dloxide and in special cases,

nitrogen. They also reported that the burning of aluminum



occurred with a violent explosion. Cassell, Das Gupta and
GuruSWamy7 measured the burning veloclties of powdered
aluminum in various oxygen-nitrogen atmospheres., TFor a 70
percent oxygen, 30 percent nltrogen atmosphere, they reported
"tube" burning veloclties of approximately 40 cm/sec.
Bunsen-burner flame veloclities of aluminum powder-oxygen
mixtufes were measured earller at thls laboratory (Appendix
III) and found to be approximately 25 cm/sec. The low burn-
ing velocities of this system result from the slow overall
reaction rates. The initial surface reaction 1s bellieved to
be the rate limiting mechanism. These low burning rates
suggest that it would be very difficult for such a system to
self-inltiate a detonation as well as to support a detona-
tion if initlated by other methods. Grosse and Conway8
conducted a study of some of the properties of combustion of
aluminum-oxygen mixtures while developing a high temperature
cutting torch. These torches were subsequently used to cut
thréugh concrete blocks several.- feet thlck. The continuum
radiation emitted by the Bunsen-burner flames of this system
was studied at this laboratory and was found equal to that
of a carbon arc operating at 50 volts and 10 amperes.9

In recent years, the interest in aluminum powder combus-
tion has increased because of its usefulness as a fuel
additive and combustion stablizer in solid rocket propellants.

The properties of the oxides of aluminum have also been under



1nvestigationlo’11 and tables of thelr thermodynamic values
have beeﬁ—compiled.

It was generaily assumed that the very low burning
velocities (slow reaction rates) of the powder-gas mixtures
'prec;ude the formation of detonatlon waves in such mixtures.
Howevér, in the course of the aluminumvpowderfoxygen Bunsen-
burner flame work at this laboratory (Appendix III, Reference
9)s there was some evidence that these mixtures detonated
when thelr flames entered the burner tubes. The purpose of
the present investigation was to establ;sh whether these
~mixtures are detonable and if so, to study thelr properties

experimentally and theoretlically.



SECTION II
APPARATUS, INSTRUMENTATION AND METHOD

In an effort to establish detonation waves in the heter-
ogeneous aiuminum powder-oxygen mixtures,-flames were allowed
to propagate through these mixtures in long tubes. This
technique has been used succesSfully for the study of the
detonation properties of homogeneous gas mixtures. The
equipmentwused for these experlments includes a long glass
tube, a system to fill this tub; with the alumihum-oxygen
mixture, an ignitor at one end of the tube and the necessary
instrumentation. After a uniform aluminum-oxygen mixture has
been established in the tube, the ignitor 1STSet off. With
a low energy ignitor, a combustion wave is formed'initially.
This combustion wave then speeds up and 1ead§ to a detonatlion
wave after it has traversed a certain distance which 1is

called the detonatlon induction distance.

Apparatus
A sketch of the apparatus 1s shown in Figure 1. For

regulating and metering'the oxygen gas flow, a pressure
reducing regulator and a glass wool flow restrictor element
were used in conjunction with a Barton differential pressure

indicator and a throtting valve. A metal powder feeder



apparatus, which has been described in detail in Reference 12,
1s used to add the desired amount of aluminum powder to the
oxygen gas stream at a constant rate.

Since flash-back of the flame from the tube to the
supply system damages the feeder parts, speclal attention was
gilven to the désign of the flow system to minimize the
possibility of flash-back. Unfortunately, flash-backs could
not be prevented completely since sparks from electrostatic
charges were sufficient to ignite the mixture either when the
flows were being adjusted or when the detonation tube was |
being filled. Although the use of dry powder increases the
tendency of the flowlng heterogeneous mixture to produce
static charges, it was necessary to employ dry aluminum powder
in the feeder apparatus to assure uniform flow rates. To
" prevent the flame from reaching the powder feeder mechanism
during an experiment, a specially designed knife wvalve was
used to physically separate the detonation tube from the feed
.system immediately prior to ignition of the mixture.

The concentrations of aluminum powder in the mixtures of
the early experiments were determined on the basis of calibra-
tions of the feeder mechanism, The mass flows of aluminum
were linear with feeder speed and were initially accurate to
within 1 percent of the maximum flow.12 However, due to wear
and warpage of the teflon mgtering gear, the mass flows would

gradually shift. To guarantee more accurate mixtures, the
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mass flows were determihed prior to or following each experi-
Ament. After some experience with this procedure, it was
decided to callibrate the flow immediately prior to an experi-
menf. ) |

The various types of ignitors used to initiate combus-
tion of the heterogeneous mixtures included: 1) pressure
generating squibs, 2) detonator caps and 3) exploding silver
wires. The pressure generating squibs were supplied by the
Dupont Manufacturing Company and were of the 8;68 variety
charged with 3 and 6 grains of powder. The blasting caps
were of the No. 6 variety supplied by the Hercules Powder
Company. The exploding wire ignitors were made from 0;0045"
diameter silver wire and were 3/16" long. rAll of the above
1gn1£ors were initiated electrically with 110 v ac.

The detonation tubes used for these experiments were
approximately 9 feet long and were mounted vertically. The
powder-gas mixtures entered at the top to give it downward
flow. This procedure reduced the problems associated with
gravitational effects, Tubes with inside diameters of 19.5
mm, 26.4 mm, 44 mm and 55.2 mm were used. Most of the
experiments were conducted with the 26.4 mm diameter size.
The induction distance aﬁﬁ the ﬁetonation wave velocity were
determined from photographlc records of the flame. Although
the glass tubes were shattered by the explosions in the

experiments, the results were not affected by the breakage.



Glass tubes with different wall thicknesseé were tried,
however, none were sufficiently strong to withstand the
pressure generated during detonation of the mixtures. Using
a nominal wall thickness of approximately 1.2 mm, a well-
established heterogeneous detonation wave usually fractured
the 26.4 mm tube into very small pieces.

The tubes were wrapped with an army-type cloth adhesive
tape except for a narrow reglon which served as a window
(approximately 1/2" wide) facing the camera. To determine
ﬁhether the shattering glass had any effect 6n the observed
results, a series of experiments were made with the glass
tubes surrounded by a heavy metal tube having a window 3/16"
wide and 6 feet long facing the camera. A metal tube with
an inner diameter of 27 mm was employed for measuring the

detonation pressures.

Instrumentation

The propagating flame fronts were photographed with a -
hish-speed'Strip film camera on Kodak 70 mm Tri-X‘Film.
Synchronization of the camefa shutter with the propagating
flame front was accomplished by a modified drop-type shutter
apparatus which controlled the ignition apparatus.

Thé‘pressure behind the high-speed detonation wave was
measured with Kistler Model 603-A quartz pressure transducers.
The charge on the crystal, produced by the force on the

transducers, was amplified and converted to a voltage with



a Kistler Model 566 multirange electrostatic.charge ampli-
fier. This signal was sdbsequently recorded on a Tektronik
Model 564 Storage Oscilloscope and a Tekronik Model 555 Dual
Beam Oscilloscope. The pressure transducer ﬁas mounted
flush with the inside wg}l of the detonation tube and iocéted
at a distance approximately 7.5 feet distant from the point
of ignition. The long distance between the'ignition point
and the transducer was necessary to glve the detonation wave
sufficient distance to stabilize. The manufacturer's static
transducer calibrations were used for evaluating the pres-

sure data.

Method

The operational procedure was as follows: (1) Set the
strip film camera to the desired speed for measuring the wave
velocity. (2) Set first the oxygen-gas flow and then the
aluminum powder flow to the desired values with the miiture
being exhausted directly to the atmosphere. (3) After the
flows were stable, calibrate the powder flow. (4) Flow the
test heterogeneous mixture lnto the detonation tube.
(5) After fhe mixture in the tube was uniform, the synchron-
1zing shutter apparatus was adtuated. The latter operation
simultaneously separated the feed line and powder feeder
apparatus from the detonation tube and ignited the mixture
in the tube, The drop shutter exposed the film to the

propagating flame while the output signal from the pressure
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transducers was used to trigger the oscilloscopes for pres-
sure measureﬁents.4
| Two basic experimental problems were encounteredti
(1) 1t was difficult to produce uniform and reliable
gluminum—oxygen mixtures in the detonation tubes and (2)
spurlious ignitions of the mixtures by stray electrostﬁtic
dischérges‘occurred. Uniform and reliable mixtures were
obtalned with the powder feeder apparatus by frequent
cleaning and calibration of the equipment and by employing
dry Powder. In addition, the veloclty of the mixture in the
tube had to be maintained above a certain level, otherwise,
tpe powder would tend to collect along the tub§ walls and
produce density varlations both along the tube length as
well‘és across the tube diameter. The flowing dry powder
tended to accumulate electrostatic charges when flowing in
nonconducting tubes. Sparks resulting from tﬁese charges
occasionally 1gnited the mixture and the }esultingldombus-
tion caused extenslve damage to the powder feed apparatus.
Damage of this type was kept to a minimum by using metal
supply lines wherever possible.

 The apparatus, 1nstrﬁmentation and evaluationﬂproce-
dures were checked by measuring the detonatlion properties of
a hydrogen-oxygen mixturé at 1 atmosphere pressure., The
results of these experiments are repbrted briefly in

Appendix II. The results of the detonation velocities
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agree well with both theory and other experimental data.
Some difficulty, howevef, was encountered in reading the
pressure transducer déta because of oscillations which
resulted from the natural frequency of the crystal (175;000
cps). It was decided to use an average value of the indi-
cated pressure which had to be extfapolated to the wave
front. This procedure‘yielded pressures for the hydrogen-
oxygen mixtufes which were approximately 8 percent below
the theoretical values obtained on the basis of a Chapmann-

Jouquet detonation (Appendix II1).



SECTION III

EXPERIMENTAL RESULTS
The experiments were carried out with the mixtures

initially at room temperature and atmospheric pressure. The
gaseous oxygen used for these studles was an industrial gfade
supplied by the Liquid Carbonic Company, & Division of
General Dynamics Corporation. The manufacturers analygis of
thls gas 1s given as minimum oxygen 99.6% plus traces of
nitrogen, argon and helium. The actual analysis of the gas
in the detonation tube was, however, somewhat different from
that given above since some alr was asplrated into the system
at the junction where the aluminum powder was introduced into
the gas stream. This alr flow was employed to facilitate the
flow of aluminum powder from the feeder apparatus.l2 The
amount of alr introduced was a function of both the oxygen
flow rate and the powder flow rate., The greatest admixture
:of aif occurred when the gas flow rates were high and'po%der
flow rates low., Chromatographic analysis of the gas indi-
cated that the maximum air intake for the normal operational
range was less than 0.5 percent of the total volume flow of
oxygen. This amount of air increased the nitrogén content to
a maximum of 0.3 percent of the total gas. This nitrogen
content was consldered small and therefore neglected in the

theoretical calculations.
' 12
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Several grades of flake and granular aluminum powders
were tried with the result that the finer powders gave more
uniform heterogeneous mixtures throughout the detonation
tubes., The flake aluminum powder was a pyrotechnic grade
(Magna Flake Dark Pyro-Extra Fine) éupplied by the Valley
Manufacturing Company. Because of the method of manufacture,
the impurities in thlis powder were unknown, The powder is
manufactured from sheet aluminum pounded into flake form in
a ball mill apparatus. To prevent the flakes from fusing
together, stearlic acid 1s used as a lubricant. To remove
this acid the powder was thoroughly washed in ethyl alcohol
prior to use. While this procedure appeared to remove the
bulk of the stearic aclid, the purity of the aluminum powder
cannot be stated since the treated product was not analysed.
The average surface dlameter of the flake particles were
measured from microphotographs of samples of the powder and
found to be approximately 40 microns. The granular powder
ﬁas grade A-140 supplied by the Aluﬁinum Company of America.
It 1s manufactured from ingots b§ an atomlzing procedure,
Composition of the aluminum ingots as glven by the manufac-
turer is: aluminum 99.5%, while maximum values of impurities
are iron 0.3%, copper 0.02%, silicon 0.2% and alumina 0.2%,
This powder was alseéénalysed by Lyle, Tower and Vrugginkl3
who reported an oxide content equivalent to 1,1 percent of

the total particle mass. The oxide layer thickness depends



greatly on the tempera;ure and the atmosphere in which the
powder 1s stored. The powder was heated to 95 to iZO°K prior
to use. It was therefore estimated that the powder used in
these studles had an oxide content of 2 percent. The average
particle diameter of thls powder was given by the ﬁaﬁufac-

- turer as 5 mlicrons., | |

The speed of the mixture down the tube varied with
mixture ratio and tube diameter but never exceeded 1 m/sec.
The maximum Reynolds number based on the oxygen flow rate was
approximately 1200, Thlis value 1s within the laminar flow -
regime particularly since Dolg and Roperlu reported that the
effect of powder in a gas flow 1s to dampen the turbulence,
The compositions of the mixtures are given as the percent
mass of aluminum in the total mass of the mixture.

The flame speeds of the mixtures were obtained by the
"tube method" (discussed in Section II of this report). The
studies were conducted over a mixture ratio range of 29 to 64
percent fuel., Two different flame front structures were |
- observed to propagate through these mixtures; typical
examples of which are shown in Figure 2. The type of flame
shown in Figure 2a was alyays observed for mixtures leaner
than 46 percent fuel and occaslionally for richer mixtures
(when ignited wiﬁh a pressure generating squib). This tyéé.
of flame front was also observed in the initiation region

when mixtures were ignited by means of an exploding silver
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Wire. The striations observed at the fefy front of the flame
suggests that initially the individual particles burn
possibly in a surface-type reaction. Further behind this
front, gas phase reactions become predominant. Another type
combustion front observed is that'shown in Figure 2b., From
similar pictures obtained\for carbon monoxlde-oxygen mixtures
by Campbell and Finch,° 1t can be said that the flame
propagates down the tube in a spiral ﬁanner. Moreover, the
combustion front of this type of flame 1is very sharb, very
intense and probably involves only a gas-phase reaction.

Sonme flames were observed to change speed rapidly when
propag#tiﬁg the length of the detonation tube (9 ft). This
change could have been due to a véry long induction period,
nonuniform mixtures in the detonatlon tube or to an initially
over driven condition. The reported flame speeds are for
steady states. These flames had constant speeds over a
distance of at least 1.5 feet.

Propagation of the lean-type, high-speed flames tended
to decrease slowly with distance from the ignitor. Therefore,
some scatter of results could be expected. The flame speeds
measgured for this type of:combustion of granular and flake
powder-oxygen mixtures and for various tube dlameters are
fabulated in Table‘l and plotted in Figure 3. This graph
indicates that the spéed of these flames 1s dependent on

tube diameter as well as on mixture ratio. The presence of a
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shock wave precedlng the flame ffont and traveling long
distances may be surmised from the photographs of Figure 4
wWhich shows flames of very lean aluminum powder-oxygen
mixtures ignited by Dupont S68 pressure generating squibs.
The burning of individual particles 1s seen ahead of the
main flame front. It appears possible that ignition occurs
as the shock wave passes over the particles.l.The,distange
of the burning particle path between the particle ignitibn
point and that of the main flame is interpreted as the
separation distance between the shock front and the flame
front. The speed of the flame is seen to decrease with
distance from the point of ignition. The decrease in flame
‘velocity 1s caused by expansion waves which diminishes the
strength of the shock.

A photograph of a typical rich (48 to 68 percent fuel)
aluminum powder-oxygen mixture burning in a 26.4 mm diameter
tube and ignited with an exploding silver wire ignitor is
given in Filgure 5. As seen from this photograph, the mixture
burns at its normal rate for a short period after ignition.
Thereafter, the flanme accelerates slowly (probably due to an
1ncr¢ase 6f the flame burning surface area). For this
portion of the combustion, the front of the flame is
striated indicating individual particle surface combustion.
Thereafter, the flame accelerates very rapidly, probably due

to the mixture ahead of the flame becoming turbulent and
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also to increasing strength of the shocks preceding the
fiame. Eventually, some lignition ahead of the main flame
occurs after which the flame accelerates very rapidly.
Shortly after thislfapid acceleration, the front of the
flame transforms from the striated appearsnce to a very
intense, sharp wave front. The intensity of the radliation
of the flame is seen to décrease rapidly beliind the wave
front. This decrease is caused by the deposits of oxlide on
the tube wall. The subsequent intense region thereafter

is caused by breakage of the glass tube,

The distance from the point of ignition to that point
where the combustion front transforms to a gas-phase reac-
tion and where the velocity flrst exceeds the Chapman-
Jouquet detonation veloclity value 1is called the detonation
induction distance. After reaching the high veloclity, the
flame front takes on a spin appearance. If the mixture had
a sufficiently short induction distance, the flame would
stabilize. Constant speed of'ﬁhe spinning flame fronts
were observed in the 9-foot detonation tubes only in the
26.4 and the 44 mm diameter tubes. The wave lengths of a
spin cycle observed in the 26.4 mm diameter tube depended
on the type of aluminum powder, For very clean flake powder,
the oscillations had nearly the same wave lengths as those
of the granular powder-oxygen mixtures, otherwise, they were

shorter (corresponding to higher frequencies). The frequency
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of the spin‘of the mixtures burned in larger diameter tubes
was lower (wavelengths of the spin cycles were longer).

The effect of tube diameter, particle geometry and mixture
ratio on the oscillation frequency and wavelength are given
in Tables 2 and 3. PFigure 6 shows photographs illustrating
the effect of tube dlameter on the spin waveiength for
detonating flake powder-oxygen mixtures.

The average flame velocity as a function of the distance
from the point of ignition for the flame shown in Figure 5
is presented in Figure 7. As seen from the latter figure,
the flame accelerates slowly at the outset. The spéed then
increases rapidly until the flame front reaches a peak value.
Finally, the flame velocity decreases to a constant average
value (the detonation velocity). Detonation velocities for
the flake and granular-powder-oxygen mixturés are tabulated
in Tables 2 and 3 respectively and plotted in Figﬁre 8. As
seen from the graphicai representation of the data, the
detonation velocities aie independent of tube size and are
only slightly higher for the granular powder. The lower
velocitles of the flake powder-oxygen mixtures are believed
.. to result from the impurities. Mixtures richer than 64
percent fuel could.npt be produced with the apparatus used.
The scatter of the data is believed to result frbﬁ mixture
ratio vafiations as well as from impurities on the powder.

The steady detonatlion speeds for the leaner mixtures are
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approximate}y 1550 m/sec and decrease slowly with mixture
ratio.

The induction distances for the various detonateable
mixtures ignited by exploding silver wires are also given in
Tables 2 and 3 and are plotted in Figure 9. The scatter of
these data probabiy results from the ignition variatiqps and
the impurities on tq; aluminum powder. The induction
" distances were found to be shorter for richer mixtures and
longer for the larger diameter tubes,

A typlical record of the pressure behind the detonation
wave front as a function of time is given in Figure 10a.

As seen from this photograph, the pressure rises very
rapidly. The trace has a high frequengy osclllation super-
imposed upon a low frequency osclllation. The high frequency
oscillation is that.of the natural frequency of the quartz
transducer (175,000 cps) and results from the sudden applica-
tion of the pressure to the transducer. The lower frequency
oscillation represents an oscillation of the pressure due to
the spinning character of thebflame. It is interesting to

" pote that the low frequency pressure oscillations from two
diametrically opposed transducers are 180 degrees out of
phase (Figure 11), After several damped low frequency
pressure oscillatlions, both tfansducers vield approximately
the same value of pressure (15 cm behind the wave front).

This pressure decreases slowly with distance behind the wave
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as is shown‘by the lower sgweep rate pressure~time photograph
given in Figure 10b (200 microseconds per centimeter). The
detonation pressure was taken as the average value behind
the first low frequency pressure pulse, Details of the
pressure evaluation are presented in more detaill in the
discussion of the hydrogen-oxygen pressure measurements made
to check out the apparatus (Appendii II). The'transducerw
calibration values used in this evaluation were those giien
by the manufacturer for a statlc calibration. The results
of the detonation pressure measurements are tabulated in -
Table 4 and piotted in Pigure 12 which shows that the
measured pressures are approximately 31 étmospheres_in the

45 to 60 percent fuel hixture ratio range studied.



SECTION IV
THEORETICAL CALCULATION OF DETONATION PARAMETERS

The detonation parameters of the aluminum.powder-oxygen
system were calculated aocording to the methods described in
Appendix I. Since the calculations involve the solution of
higher degree equations, iteration procedures were employed.
The calculations were programméd in Scatran language and
executed on the IBM 7094 computing machine at The Ohio State
University Numerical Computation Laboratory. The procedure
to determine the composition of the species behind the
detonation wave front is identical to the method employed
An the flame temperature calculations. Therefdre, the flame
temperature calculatlion was programmed initially and this
basic program was used later‘as a subroutine in the detona-
tion ocalculation, Moreover, the results of the temperature
caldulations could be checked against some previously
unpublished alumihum powder-oxygen flame temperature.measure-
ments which are discussed in Appendix III.

Since the experimental apparatus and instrumentation
was checked with the hydrogen-oxygén system, it was decided
to check the general iteration procedures of the computer

program by calculating the detonation properties of the

hydrogen~oxygen system. The results of this calculation

21
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are reported in Appendix II and were found to agree wlth
previously published calculations.

Flame temperature calculations

Adiabatic flame temperatures are based on the fact that
in this case the enthalpy of a given mass.of the unreacted
mixture is equal to the enthalpy of the same amount of mass
of the reacted mixture. 'Considering a unit mass of the

mixture, we can write this condition as

W1, . 7
Z n, AH;T: > nlH'" (1)
4 ¢

where 7@ = specific molality of species i

moles of 1 .
e

. unit mass of mixtur
[§}£;T= heat of formation of specles 1 at temper-

ature T.

subscripts 1 and 2 refer to the unreacted

and the reacted states respectively.
The determination of the flame temperature requires an
iteration on the reacted state temperature; and for each
temperature an iteration to determine the composition of the
reacted state. For known initlal conditions (pl, Tl) and -
for an estimated value of flame temperature (TZ)’ the

composition of the gaseous species in the reacted state may

be calculated according to the procedures described in
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References 15 and 16. The accuracy of the assumed flame
temperature (TZ)'may now be checked by substituting the
calculated specles concentrations into Equation 1., If the
enthalpy difference of the reactants and the products is not
within the accuracy desired, then a new reacted state temper-
ature must be assumed and the above steps repeated.

Flame temperature calculations of the aluminum powder-
oxygen mixtures (Tl = 298,16°K, p, =1 atm) were made
initially considering only gaseous specles in the reaction
zone, The two gas specles cases considered were Case A
seven gaseous species (0, O, Al, Aly, AlO, Al0, Al,0,) and
Case Bt eight gaseous species (O, 05, Al, Al,, Al0, Al,0,
Al;0,, Al503). The equations used for the composition

calculations of Case A are

Total pressures

P= Pot Po, + Pae+ Pae,t Poeot Pae o+ Pae.o, (14)

Ratio of elementss

o = NﬂQ = p‘e-‘ a /P“C:. + 'pAeo -&'ka?ﬂego + 2 pﬂezcz.
No Pot AR, + Pogo 4 ’Pae,o 4+ Pae

(24)
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Equilibriums

Chemical Reaction

O, = 20

Ae, =2 A

A0 = N2+O

AL,0 = Peo + AL

A2,0, =2 AD

wheres JP

Other independent equllibrium equations employing other

pressure of mixture,

Equation
K, ="¥%
* 'P"c.
K - 'P:g
2" ne,
- Xaeko
KAeo )Pazo
KAQ - PrcoPac

a9 ?AQ‘O
Peo

Resoz

KAC,LO,;‘:

pressure of specles ¢ in mixture,
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(38)
(4A)
(54)
(64)

(74)

total number of atoms of element ¢ in a given

mass of mixture,

specifié molalities of specie ¢ .

equilibrium constant of reaction j in terms of

the respective partial pressures of the species,

combinations of speciés could also have been used.

iteration procedure consisted in estimating the pressure of

species ( (p,) in the mixture. The equation for the ratio of



25

elements was used to check the quality of the estimated
value (sée References 15 or 16 for details). |

The method of flame temperaturé'caloulation of Case B
(elght gaseous specles in the reaction zone) is similar to
that of case A, Since fof”this case another specles 1s
present‘whioh involves no elements different from those
present in the other species, one addlitional independent
equilibrium equation is required. This equation takes the
form of an equilibrium equation involving the decomposition
and formation of A1203(g). Moreover, the presence of this
additional species will require a modification of the total
pressure equation and the ratio of elements equation. The

modified and additional equations for the eight species case

take the forms

Total pressuret
)P = o+ )P%+)PAL+ )Pne;" )Pmo + JPnc.,o""B,e,_al'* Pae,o 3 (1B)

Ratio of elements:

ol = NAB;__ JPM"‘ a@AC}iJPAeo* apie.g +2PA¢,01+ Q'Pgiaz

- (2B)
° Po* a 'po; + pﬂ¢°+ /PAQI-O + a 'PAQ;O‘ +3PA‘ -.,03

Equilibriums

A2, O, (N = DALO+O K =Peobe

Ae,0
*"8 Pae,o,
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The thermodynamic properties of the gas species 0, 0, Al,
Al,, A10, A1,0, and A1,0, were taken from NASA Tables'®
while the properties of the gaseous A1203 specles were taken
from General Electric Tables.17 The results of the atmo-
spheric préssure aluminum powder-oxygen flame temperature
calculations for the 7 and 8 species cases and based on the |
dust particles containing 2 percent oxide coating (by mass)
are tabulated in Tables 5 and 6 respectively and represented
graphlically in Figure 13.

Calculations of the adlabatic flame temperatures of the
aluminum powder-oxygen system were also made for the case
that the species in the reaction zone include in addition to
the gaseous species 0, 0,, Al, Al,, AlO, Al,0, Al,0,, the
liquid speciles A1203. The procedure to calculate the sﬁecies
concentration for this case differs from the method described
above since the equilibrium between the liquid species and its
gaseous products must be used. Physical chemists generally
agree that the molecule A1203 does not exist in the gaséous
state.18’19 The equations employed in the calculation of the

species in the reaction zone for this case (Case C) are:

Total pressure?

)P= )P° + )P°a+ )PAC- Y )PM-; + )Paco ‘“PAQ-@ + )Pqeto,,_ (xc)



BRatio of elementst

e 9 9 9 __9 °
Nae_ Maed 2 Nae, + Npeotd Naeyo + dNag,0, 12 Mae,0,
— - 102

Nz

N ? 9 9 9, 2.9
o MyHAN, +N + M, elo-ﬁa ", e,0, 3n, &0,
Equilibriums
Beaction Equation
2
0,=30 Ko %;—
2
YRy Koz Boe
)PAQ,.
ARO == AR 4O L K - Db
‘ o ° 'PMO
2,02 Aeo+ A * Kpe,o= PreoPre
AR, O
a
2,0, == A0 Kne,o= Dhte
| 1%e42L
B . . 1 8
R2,0,(2iq)3ALO+O Koy Raco .
G'M,,Da

where Q; = activity of species (.
9
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(2¢)

(3¢)
(4c)
(5¢)
(6¢)
(7¢)

(8¢)

7. = specific molality of specles (. based on a unit

-

mass of the total gas .

18

Brewer and Searcy studied the vaporization of A1203 by

means of the Knudsen Effusion cell, From consideration of

the observed pressures and the heat of vaporization, the
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above authors suggested equilibrium equation (8C) as that
reaction involving the liquld alumina. The chemical activ-
ities (a) of the species when that species is a perfect gas
1s 1dentical to the partial pressure of the gas (i.e.
aigg‘pi). The chemical activity of the liquid specles was
equated to one.lé’20 For similar calculations, Zeleznlk and

Gorden?2

also used unit activity for the liquid species.

Note that the ratio of elements expression in this system of
equations 1s given in terms of the specific molalities of the
gaseous specles, the unit mass being that of the total
gaseous species only. This set of equations 1s also solved
iteratively, starting by first finding the composition of

the gaseous species. Agsuming the partlial pressure of atomic
oxygen (p,) and substituting into equations (8¢), (5¢), (3C),
(4C), (6C), (7C) in that order, the composition of the
gaseous speciles at a given pressure and estimated temperature
ma& readily be determined. A check of the assumed value can
then be made from the total pressure equation (which for the
temperature calculation equals the initial pressure). The
specific molalities of the gaseous specles in the reacted
zone (ny8) may then be calculated from the following equa-

tion:

‘ Z‘mi,?‘ (2)
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From the ratio of elements‘equation (Equation 2C) we may now
compute the gas specific molality of the liquid alumina
species (A1203,11q) as follows:

L] o 9 9 9
n o —= ot Ny - 'noﬁ-&'ﬂ:g 4(1~ o) Vpeo +(2~ ) "AO;O"’(Z'R“)’”A&_O_E (3)

0y iy (3x-2)

With the gas specific molalitles of all species, the specific
molalities of the entlire mixture (ni) may bg calculated from

the following equation:
9
- M

Colseem, ., - &)
\ 9% Mg,y

Having the specific molalities of the combustion products at
an estimated flame temperature and for given initial condi-
tions, the correctness of the estimated flame temperature may
be checked by substituting into Equation 1. If this equation
i1s not satisfied to the desired accuggcy, then a new temper-
ature is estimated and the calculation fepeated. In'attempt-
ing to solve thls problemn, it was not possible to obtain a
solution when the flame temperature was greater than 4005°K
for the atmosphere pressure case when the dust particle mass
comprised of 98 percent aluminum and_z percent alumina (solid
A1203). Using a different iteration procedure (Newton Rapson
Method) Zeleznic and Gorden?? develéped a program which was

used to calculate the flame temperatures of burning pure
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aluminum-oxygen mixtures. These authoré employed the same
basic equilibrium relations as was employed in the present
calculation. Thelr program failled to converge to a composi-
tion at 1 atmosphere pressure at a temperature of approxi-
mately 4020°K. However, their program gave aluminum-oxygen
flame temperatures below this value. In cases where the
present program worked the results agreed with those of
Gorden and ‘Zeleznic for pure aluminum, Results for the Case
C adiabatic flame temperature calculation are tabulated in

Table 7 and plotted in Figure 13.

Detonation calculations

The calculation of the detonation wave properties 6f the
aluminum powder-oxygen system followed the general procedures
outlined in Appendix I. The only difference between the
pfesent system and that discussed in the Appendix is that
the mixture 1s inltially heterogeneous and could also be
—heterogeneous in its final state. The baslic equations used

in the calculation aréx

Detonation wave veloclity:

CO ¥ (%ﬁ--l\

u, = \ (5)
¢ 0-£)
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Hugoniot equation:
A AP N |
Z“‘AH& _azw‘AH‘ =§-ig'—(%-])(|+%) (6)

Particle velocities behind the wave:

sz W —-U, = _)g‘_(__l__n(\__e.___\ ‘ (7)

Density of unreacted mixture:

O = 1 + X
' \—oxide oxide

9&2103 QA& hL X Pot

(8)

to
X,___ Mo, _ (-oxide) (57 ¥ oxrde (—?39-';_-\ d (‘1_8)
N“AQ_I - Py — OXide\on
Density of reacted mixture:
p . E“Ld’m{ (9)
2 V :

where W, = detonation velocity = wave velocity of the
front of the wave.
U, = wave velocity of the rear of the wave,

U, = particle velocity behind detonation wave.

3

. = molecular weight of species ¢ .

pressure.

<
]

= volume per unit mass of total mixture.
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1 4

= density.

M, = specific molalitles of specles <.
m = mass,

ALQ = heats of formation of speclies ¢ at temperature T.

oxlde = percent mass of oxide in dust particle,
q .
d =__A_];=
No

number of Al particles per unit mass of mixture ,
number of O particles per unit mass of mixture

Subscriptst 1 = unreacted state.

2

reacted state,

Although the experliments were conducted with the reactants
having an initial velocity of 1 m/sec, the theoretical calcu-
lations were carried out for the case that the initlal gas
was at rest, Thlis assumption has a very small effect on the
final results since the detonation wave velocities are much
larger than the initial velocity. The solid aluminum and

- liquid alumina particles were assumed to be small (less than
2 microns) so that no significant relative motion between the
different phase particles existed.23 The system was further
assumed to be in thermodynamic and éﬁemical equilibriunm,

The detonation was considered to be of the Chapman-Jouquet
type and the initial conditions of the mixtures were assumed
to be 1 atmogphere pressure and 298.16°K temperature. In

addition, thé gas species were assumed to be perfect gases
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and the liquid alumina density constant at 2.7 gm/cc.21
Detonatlion parameter calculations were made for the same
three product species composition cases considered in the
flame temperature calculations., A discussion of the proce-
dure for the calculation of the detonation properties is
given in Appendix I. The calculations were made for the
case that the dust particle mass was 98 percent aluminum and
2 percent alumina.

Results of the detonation calculations of the aluminum
powder-oxygen mixtures are tabulated in Tables 8 through 10 _
and represented graphically in Figure 8 and 12. Theoreticéi
solution of the Case C combustion products case worked only
for the mixture ratlios .9< ol < 6. The program of Zeleznik
and Gorden22 which used the Newton Rapson iteration method
appeared to have the same baslc problem. The reasons for
the lack of a solution of this system has not been definitely
established as yet.



SECTION V
DISCUSSION OF RESULTS

The combustion of the fine aluminum powders with gaseous
oxygen at one atmosphere pressure was investlgated over the
mixture ratio range of 29 to 64 percent powder (by mass).
When mixtures leaner than 46 percent fuel were ignited with
exploding silver wlires, the combustion wave usually acceler-
ated continually over the length of the combustion tube, For
these cases, the combustion was shown to be that of a high
speed flame, It is possible that in tubes longer than those
employed in this study (i.e. longer than 9 feet) a stable
detonation condition for some of these mixtures could have
been reached. The aluminum powder-oxygen mixtures in the 48
to 68 percent fuel range had induction distances shorter than
6 feet and the propagating wave reached a constant speed. A
summary of the important experimental flame properties in
this mixture ratio range 1s gliven below.

1) Using 26.4 mm diameter combustion tubes and igniting
the mixtures with exploding silver wires, the flames acceler-
ated during the inductlion period to a very high velocity
(Figure 7).

2) The detonation induction distances decrease with

increasing mixture ratio (Figure 9).

34
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3) The mechanism of combustion in the vicinity of the
wave front changes from a combination surface-gas phase reac-
tion in the induction region to a predominately gas-phase
reaction thereafter (Figure 5).

4) The wave 1s overdriven at the onset of detonation
(Pigure 7).

5) The stabilized flame front is nonplanar and spins as
it propagates down the tube (Figure 5).

6) After the flame reachesvthe detonation induction
distance, a shock wave (retonation wave) propagates back into
the induction region (Figure 5). ‘

7) The aveiage detonatlion velocity of the lean mixture
flames is approximately 1550 m/sec and decreases with
increasing mixture ratio (Figure 8).

8) The pressure behind the stabilized detonation wave
fronts 1s approximately 31 atmospheres over the mixture ratio
range studied (Figure 12).

9) Pressures indicated by diametrically opposed pressure
transducers yleld pressure peaks and troughs that are 180
degrees out of phase (Figure 11).

10) The shape of the aluminum powder aﬁd the tube diam-
eter in general have very little effect on the flame veloc-
ities and detonation pressﬁre but do affect the induction

distances and the spin frequency of the flame,
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11) The flame spin parameter is approximately 3.5 for the
flake powder and 4.1 for the granular powder (Tables 2 and 3
respectively).

The purpose of this study was first to establish whether
heterogeneous aluminum powder-oxygen mixtures are detonable
and 1f so, then to measure the induction dlstances, the wave
velocities and pressure behind the wave fronts. Finally the
results would be compared with theoretical values,

Hydrogen-oxygen mixtures were used to check out the
apparatus, the instrumentation and the method of data evélua-
tion (Section II). It was quite helpful to compare the strip
film photographs of the aluminum powder-oxygen flames to
those of hydrogen-oxygen mixtures. Figure 1lba is a strip
film photograph of a typical hydrogen-oxygen mixture ignited
with anvexploding silver wire. Thls photograph shows that
the combustion wave accelerates in the induction reglon and
reaches a steady state value after it has been overdriven,

A shock wave 1s also seen to propagate from the point of
initiation back into the induction region (a retonation
wave)., Figure 14b is a strip film photograph of a rich
granular aluminum powder-oxygen mixture also ignited with an
exploding silver wire 1gn1por. As seen from this figure,
the heterogeneous flame has all the ch;;aoteristics of that
of the hydrogen-oxygen flame; that is, it has an induction

period with an accelerating flame, a retonation wave and a
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steady state flame veloclity value. The one basic difference
between the aluminum-oxygen flame photograph and that of the
hydrogen-oxygen mixture is that the former propagates in a
nonplanar, oscillatory manner after attaining its high speed
stable state. The classlcal example of a detonating mixture
with a spinning flame is that of carbon monoxlde-oxygen
mixtures, first observed by Campbell and Woodhead. The
average detonation velocities of the latter mixtures are
equal to thelr theoretical Chapmann-Jouquet values., ILewls

and Von Elbezl+

report that near the limits of detonation of
all gas mixtures, the flames are of the oscillatory type.
Edwards,'w1lliams and Breeze25 observed oscillatory flames
in both rich and lean limits of detonating hydrogen-oxygen
mixtures. Detalls of the osclllating flame of the aluminum-
oxygen mixtures will be discussed later.

After the flame reached the induction distance, the high
pressure behind the wave caused the glass detonation tubes to
shatter into very small pleces. The shattering of the glass
occurred just after fhe flame front had passed by a few
centimeters, The observation that the expansion waves resul-
ting from the breakage of the tube had no effect on the wave
velocities serves as excellent evidence that the Chapman-
Jouquet state behind the wave was established. To support

thlis conclusion, a series of experiments were made in glass

tubes surrounded by a heavy metal shell (except for a
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3/16-inch slot in the metal tube and facing the camera). The
results were found to be identical. In reference to the
glass detonation tube, apparently the speed of the combuétion
products behind the’wave was sonic, a condition which would
'prevent expansion waves from reaching the wave front. The
latter is a requirement for a stabllized Chapman-Jouquet
detonation wave. ILean aluminum powder-ox&gen mixtures which
were ignited with pressure generating squibs frequently
resulted in very high flame veloclitlies which decreased slowly
with distance from the ignition point. Apparently these
waves were overdriven and the combustion products behind the
wave front were not sonic relative to the front of the wave.
Therefore, expansion waves due to cooling of the combusted
mixture were able to travel to the wave front and weaken 1it.
Time histories of the pressure behind the étabilized
detonation waves in the aluminum powder-oxygen mixtures
indicate that the pressure rises abruptly to very high values
(Figure 10). The pressure traces are similar fo those of
detonating hydrogen-oxygen mixtures (Appendix II) suggesting
further that the high-speed aluminum powder-oxygen combustion
is that of a detonation. The heterogeneous mixture pressure
traces had an additional low frequency osclllation believed
to result from the spiraling wave path. Oscillatory flame
pressure traces of thls type have also been observed for

carbon monoxlde-oxygen detonations by Mooradian and Gordens.26
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From the experimental observations of the acceleration
of the flame, the generation of a retonation wave, the
stabilized high-speed combustion wave, the abrupt rise and
the high values of pressure behind the wave front and the
similarity of these characteristics to those of known detona-
ting homogeneous gas mixtures, it can be stated that the
aluminum powder-oxygen mixtures in the mixture ratio range of

48 to 64 percent fuel are detonable.

Having established that the heterogeneous aluminum
powder-oxygen mixtures are detonable, 1t 1is desirable to
compare the measured detonation properties of the mixtures
with their theoretical Chapmaﬁ-Jouquet values.

The adlabatic flame temperature and combustion gas
composition calculation of the aluminum powder-oxygen system
validated the detonatlion composition calculation procedures
and provided some insight into the reliability of the thermo-
dynamlc properties of the oxlides of aluminum. This conclu-
sion is true because the results of the theoretical values
compared favorably with the experiméntal Bunsen-burner flame
temperature work for thls system which was conducted earlier
at this laboratory (Appendix III). The emission spectrum of
the aluminum powder-oxygen Bunsen-burner flames showed the
presense of 0, O, Al, AlO specles plus traces of impuri-

ties.9 A very intense continuum was also observéd, resulting
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from the black body radiation of the liquid alumina species,
Other aluminum oxide species reported by Brewer and Searcy18
and Drowart et a119 in their studies of the vapor pressure
and the decomposition of specles above liquid alumina were
gaseous Al,0 and gaseous Aly,0,. Gaseous A1203 has not been
detected by investigators and it is generally thought that
this species does not exist., In thelr analysis of the poss-
ible reactions which produce liquid alumina (A1203), Brewer

and Searcy indicated that the following equllibrium reactions
as most likely. |

2AAL0+0 = Afzog(aﬂ) (R6)
AL,0,+0=% AL,0,(&q) (R7)

The particular equilibrium reaction usediin the theoretical
calculation should, however, have no effect pn;the final
answers, Martin, Kydd and Browne27 1n-the1r study of
diborane-alr (BoHg-Alr) mixtures found that the lean mixture
combustion products conslisted only of gaseous products while
the rich mixtures contalned some liquid B303. It was there-
fore decided to calculate the aluminum-oxygen detonation
properties also for the case that the products are gaseoué.
Calculations were made for the following three product

species cases (see Section IV for detalls of calculation)
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Liquid
Case Gas Specles Speciles
HAW 0, 0,, Al, Al,, Al10, Al30, Al,0,
wp 0, 0z, Al, Al,, AlO, Al,0, Al,0,, A1203
weH 0, Oz, Al, Al,, AlO, Al,0, Al,0; Al,04

Results of the calculations for these cases are tabulated in
Tables 8 through 10. The theoretical and experimental deton-
ation wave veloclties and detonation pressures are plotted in
Figures 8 and 12 respectively. As seen in the above figures,
the velocitles and pressures for the Case "B" case are
approximately 12 and 21 percent above the experimentally
determined values, Since the reliabllity of the thermody-
namic propgrties of the gaseous A1203 species could not be
established and since gaseous A1203 is generally thought not
to exist18 thls case was disregarded. Theoretlical calcula-
tions of the detonation properties of the aluminum-oxygen
system based on Case "A" combustion products (gases only and
no gaseous A1203) gave values which are approximately 10 and
22 percent below the experimental detonation wave velocity
and pressure values respectively. Adlabatic flame temper-
atures of this system were also calculated (Figure 13 and
Table 5) and were found to be approximately 27 percent below
the experimental values. Since i1t is unrealistic for the
theoretical values to be lower than the experimental values

when the calculations were made assuming that the system was
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in thermodynamic and chemical equilibrium, the combustion of
the system was complete and that the process was adiabatic,
the Case "A" calculation is considered not correct. There-
fore, liquid alumina must be considered as a product specles
in the calculation (Case "C")., Although the Chapman-Jouquet
detonation properties for the Case "C" product specles case
- could not be calculated over the entire mixture ratio range
(see Section IV), the data show that the calculated Chapman-
Jouquet detonation velocity and pressure values are approxi-
mately 10 and 15 percent respectively above the measured
values (Figures 8 and 12). Moreover, the adiabatic flame
temperature calculations bésed on Case "C" prodﬁct specles
are only a few percent above the measured values (Figure 13).
Since the calculated detonatlion velocitlies and pressures
were higher than the measured values for the Case "C"
calculation; it 1s well to review the assumption made for
the theoretical calculations and to analyse them with regards
to the actual case. The assumptions made were (1) pure
propellants, (2) complete combustion, (3) no heat losses
from the system and (4) thermodynamic and chemical equilib-
rium., In addition, it was assumed that the thermodynamic
properties of oxldes of aluminum as reported by McBride et
all0 are reliablé, the gases are perfect and the density of
liquid alumina is approximately the same as that reported

by Kirshenbaum and Cahill at 2700°K.%1



43

The assumption of pure propellants is not valid since
stearic écid was used in the manufacture of the flake
aluminum powder. This probably accounts for the fact that
the granular powder-oxygen mixtures generally had higher
experimental detonation velocity values than those of
similar flake powder-oxygen mixtures. In addition, for
smaller particle sizes, the‘oxide coating could represent a'
greater fraction of the total particle mass. The oxide
layer thickness on sheet aluminum exposed to alr at room
temperatures and atmospheric pressures is reported by
Gulbranson and Wysongz9 to be 100 X. At higher temperatures,
Keller and Edwardsao reported that Steinhell measured oxide
layer thicknesses up to 1000 X. Lyle, Tower and Vruésinle
reported that the granular A-140 powder used in the present
studies has an oxide coating amounting to 1.2 percent of the
total powder mass. Since the powders were_heated to approxi-
mately 95 - 120°C for extended periods prior to uSe, the
theoretical calculations were made assuming that the oxide
constituted 2 pergent of the total particle‘mass. Additional
theoretical detonation calculations showed that if the oxide
content of the powder was approximately 23 percent of the
total mass of the powder, then the theoretical Chapman-
Jouquet detonatlion values would egree approximately with the
measured values. Considering the surface area of the

granular particles, this oxide layer would correspond to a
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thickness of about 600 X. According to Gulbranson and
Wysong, a temperature of 450°C is required to form a layer

of this thickness. 8Since the temperatures at which the
powder was prepared'for use waé considerably below this value
and since ignition of the particles would be very difficult
with such thlck oxide layers, the possibllity of the oxide
layer causing the difference between theoretlcal and experi-
mental values is discounted.

The assumption of complete combustion is believed to be
relatively good since the temperatures behind the detona-~
tion front are above the melting temperature of aluminum
(for p = 1 atm, Tyery = 932°K, Tporp = 2700°K while
Terave ~ 4000°K).u5 Of course, some of the larger sized
particles, particularly those near the wall of the detona-
tion tube, mgg_not have sufficient time to combust bécause'of
quenching-gffects. The high heat transfer rates to the
particles result primarily from the surface reaction and
rediation from the flame. The radiation 1s believed impor-
tant because of the high intensity of the normal flames8’9
and also because of the close proximity of the aluminum
particles to the flame zone. Grosse and COnway9 have
reported that up to 70 percent of the chemical energy in the
aluminum powder-oxygen flame 1s lost through radiation.

From photographs of the detonating mixtures and the micro-

fine dust observed after an experiment, the mechanism of the
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aluminum combustion in the detonation process is believed to
occur in the gas phase. The assumption of complete combus-
tion is therefore generally thought to be valid.

The assumption of no losses of heat during the detona-
tion 1s considered to be good. Heat losses would occur
primarily through convectivé and radiative processes. The
convective losses are probably of second order because of
the relatively small wave thickness and the high flame speeds,
Since the radiation emitted from the aluminum-oxygen flame is
very high, it would appear then that radiative heat losses
may be significant. However, because of the heterogeneous
nature of both the reactants and the products, the radiation
mean free path is very small thus the losses could also be
expected to be small. Moreover, if the radiation losses were
slgnificant, then a greater discrepancy between the theoret-
ical and measured flame temperature values could be expected
than has been observed.

The assumptions of thermodynamic and chemical equilib-
rium are good for the hydrogen-oxygen system (see Appendix
III). For the aluminum powder-oxygen system, the meaéured
detonatlion wave velocities are much lower and the waves
thicknesses appear greater than those of-the hydrogen-oxygen
system, therefore, more time is avallable for processes to
occur. Hence, the assumption of thermodynamic equilibrium

is probably good. The assumption of chemical equilibrium for



the heterogeneous system 1s questionable because of the
necessity to vaporize the solld aluminum and then to form the
condensed alumina speclies. The most likely chemlcal reac-
tions in the overall process of the Case "C" situation are

the followlng:

Al(solid) —> A€

(A1)

O, =—o0+0 (R2)

AL +O =——> ARQ (B3)
Ae+0O, 2 ALO+0O (RY4)
QA0 > A4.0, (B5)
AA0+0 = ALO, (Ky) (26)
ALO. +O = 440, (43) (87)
ARO+ AL  — A0 (88)
AL,0+ O — A4 0, (R9)
A4,0+0, = A4,0,+0 (R10)
QAL —> Aé (11)
2 AL0 —> A2,0+0 (B12)

While all of these chemical reactions may appear in the

combustion process of aluminum with oxygen, reactions (R1l)
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through (R6) would appear more often for lean mixtures while
reactions (R1) through (R5) and (R7) through (R12) would
appear more often for the rich mixtures. This conclusion is
based on the theoretical calculations (Table 10) wherein the
dominant gas product species for lean mixtures is Al0 while
for richer mixtures the dominant gas product speclies is
A120. Brewer and Searcy18 and Droﬁart et a119 also reported
the same corresponding dominance of these specles experi-
mentally. The chain branching chemlcal reactions producing
active radicals, (Rl) through (R4), are common to both rich
and lean mixtures., Whlle the theoretical calculations for
the 8 species case is based on 6 independent equilibrium
relations, certaln of the above chemical reactions are more
likely to occur than others. For lean mixtures, liquid
alumina 'is probably formed more often through reaction (R6)
(because of the abundance of 0 agg Al10 species). Brewer and
Searcy suggested this reaction‘ﬁs the most likely one to
produce the liquid alumina. The A1202 specles was not
detected in the spectroscopic analysis of the aluminum-oxygen
Bunsen~-burner flames9 and has been found in only very small
amounts above boillng alumina by Brewer and Searcy. There-
fore{ reaction (R7) probably does not contribute signifi-
cantly to the formation of alumina, lReaction (R6) is a
tri-molecular reaction, requiring simultaneous collision of

3 molecules in the proper orientation. For usual 3-body
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collisions, the rate of disappearance of 2A10 (corresponding

rate of formation of AIZOjliq))is gilven by the rate equation

( nez 3 o
‘L(df % = -2 Ry (Ae0) (0) (10)

wheres (Al10) = AlO species concentration (moles/cc)

(0)

0 specles concentration (moles/cc)

t = time
k3 = three-body rate coefficient.
Ba,rth)"6 reported rate constants for ideal three-body colli-

cC

sions as approximately 1,088 x 1015 (wmzy )Zgﬁz « Using this
rate coefficient and the initial concentration as that of

the 7-gas specle case (Table 8), the time to form half the
alumina species (the half time, tj/3) 1s approximately 37
microseconds, From the pressure and the streak photograph
traces, the wave thickness of the process is approximately

3 cm (20 microseconds). In view of the fact that the rate
constant used in the above calculation is that for the 0, or
N, formation from thelr elements (in collision with a third
body) and that this reaction apparently requires no preferred
collision orientation, the present reaction (R6) would have a
steric factor which would give longer half times. Moreover,
the reaction forms liquid alumina (A1203) and probably re-
quires that the reaction occur on the surface of a liquid

particle. Hence, reaction (R6) would probably require even
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more time thus making 1t even less llkely that a state of
chemical equilibrium is reached, particularly for rich
mixtures. Hence, in all probablility, the system is not in
chemical equilibrium, |

In summary, the assumptions made in the theoretical
detonation calculation would tend to give values which are
higher than experimental values., The assumptions of pure
propellants, complete combustion, perfect gases and heat
losses represent minimal effects while the assumption of
chemical equilibrium, at least with regards to the liquid
alumina specles production, would constitute a major devia-
tion from the real case. ‘

As seen from Figure 8 and 12, the theoretical values of
velocity and pressure values are approximately 10 and 15
percent respectively above the experimental values., If
chemical reaction (R6) is not in equilibrium, the value of
equilibrium constant may be altered to compensate for this
deviation. BRecall that the chemical equilibrium equation of

reaction (R6) can be written as

e
A0, = AALO+O (11)

forward reaction rate

wWheres rF

ry = reverse reaction rate
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The equilibrium constants for thls reaction can be expressed

ass

K~ - . (12)

where: k = rate constant.

In the event that this reaction 1s not in chemical equilib-
rium, the constant gilven by the above equation would be
greater than that of the equilibrium value. Because of the
variation in temperature, pressure and composition with
mixture ratio, it 1s expected that the nonequiiibrium factor
would change somewhat with mixture ratio. When a nonequilib-
rium factor of .002 was applied to the lean mixtures, the
theoretical values approximated to the experimental val@es.
This value corresponds to a rate constant g%ath of the rate
constant used in the above half time calculation. This low
rate cbnstant suggests that the liquid A1203 specles has very
little chance of attaining its equilibrium composition value
before the apparent end of the wave and is probably respon-

sible for the low experimental detonation values,

From the similarities of the strip film photographs of
the lnduction reglons of the aluminum powder-oxygen and
hydrogen-oxygen systems (Figure 14), it is concluded that the

mechanism of detonatlion initlation of the two systems is
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similar. The Becker model of shock wave generation1 can be
used to describe the initiation of heterogeneous detonations.
After ignition, the flame burns nofmally untii the flame
f1lls the tube, Because of friction and cooling at the tube
wall, the flame surface area increases causing the flame to
be accelerated. The increased combustion rate causes pres-
sure waves to be transmitted into the unreacted media,
Initially, the waves travel much faster than the flame and,
therefore, separate from it. Successive waves travel faster
than those preceding them since they are traveling in a
region of higher temperature and travel with respect to a
gas that has a velocity in the direction of the preceding
wave. The result being that the pressure waves will eventu-
ally overtake one another forming a shock wave., As the shock
wave lncreases in strength, the gas velocity behind the wave
increases, and eventually the flame becomes turbulent., At
thls stage of induction, several models have been proposed.
Martin and White31 have suggested that the flame accelerates
very rapldly along the tube walls. Bone, Frazer and
Wheeler32 proposed that the mixture between the flame and
the shock wave autoignites. Oppenheim et a133 and later
Laughrey, Bollinger and Edse34 have observed ignition ahead
of the maln flame along the walls of the tube. Strip film
photographs of the detonation induction region of carbon

monoxide-oxygen mixtures taken by Bone, Frazer and Wheeler
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look remarkably similar to those observed for the hetero-
geneous detonations. For the present studies, autoignition
was frequently observed ahead of the main flame, probably at
the wall of the tube,

The induction distances of the flake and granular
powder-oxygen mixtures are shown graphically in Figure 9.
The scatter of the data is belleved to result from variation
of preparation of the aluminum powder and/or variations of
the eiploding wire ignitors. Ignitor variations could have
resulted from partial shorting of the electrodes due to
deposit of metal powder at the base of the electrodes.
Variatlions of the flake powder purlity resulted from possible
insufficient cleaning. When flake powders were heated to
120°C prior to use, the inductlion distances were shorter
than when heated to 95°C. The induction distances of gran-
ular powder-oxygen mixtures were generally longer than those
of flake powder-oxygen mixtures. The induction distances
decreased with increasing fuel concentration. According to
Fong, Bollinger and Edse,35 the induction distance of homo-
geneous gas systems 1s inversly proportional to the burning
veloclties and the energy released in the chemical reaction
and directly pfoportionallto the sound speed. Systems with
high burning velocities, 1oﬁ sound speeds and high energy |
release rates per unit mass of the mixture‘will tend to

detonate easily. The normal flame veloclities of aluminum
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powder-gas (76 percent oxygen, 30 percent nitrogen) mixtures
in combustion tubes was found by Cassell et al? to be
approximately 40 cm/sec. Using Bunsen-burner flames
(Appendix III), normal burning velocities of approximately
25 cm/sec were measured for the aluminum powder oxygen
system, For such low burning rates, it would appear very o
difficult to detonate such mixtures even with the large
amounts of heat released in the chemical reaction. Gouse

and Browne28 derived expressions for the isentroplc velocity
of sound in two-component, two-phase systems. The expression

they give for a perfect gas-incompressible solid 1s

Py 2 Cwa,s
e (Ein) (REELt n) 15)
c2 = ) c
L) N+ N ArS
( (CM + )
wheres = veloclty of sound

= density

= ratio of specific heats

c
C, = specific heat at constant volume
Y
M = mass

N

=M3
n

s
Subscripts: g = gas
m = mixture
s = solid
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This equation shows that the sound speed in a heterogeneous
mixture is less than that of the gas alone and for increasing
powder density (mass ratio) the mixture sound speed decreases
even more. Therefore, the shock wave bulld-~up will be more
rapild and the induction distances short for richer mixtures,
This agrees with experiment (Figure 9). Dobbins and
Tempkin36 studied the attenuation of sound waves in two-phase
media. Their results show that viscous and thermal dissi-
pations are independent of pressure, increase with particle
size and that there 1s an optimum particle size for acous-
tical impedance. The acoustical impedances are most impor-
tant for long induction distance, high acoustical velocity
systems, Carrier37 studied the passage of shock waves
through dusty mixtures. The result of hls study showed that
the shock thickness l1ls increased for larger sized and larger
mass particles. In the heterogeneous detonation process, it
is difficult to assess the particle effect on the shock wave
since chemical reactidns on the particle surface will occur
very rapldly because of the high pressure and high temper-

ature df the oxygen behind the shock wave.

After the induction period and a short overdriven
condition, the flame front of these mlixtures propagates
down the tube in a spiral manner (Figure 5). The average

velocity of the flame for a given rich mixture is constant
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as seen from the plot of velocity versus a distance (Figure
7). A helical pattern was deposited on the inside wall of
the metal tubes dﬁring detonation of the rich mixtures.

This pattern corresponded to the propagation of a rotating
combustion head along the perifery of the tube. The pres-

- sure~time traces of detonating aluminum powder-oxygen
mixtures were also shown to be osclllatory (Figures 10 and
11)., The flame oscillation frequency (or wavelength since
the flame speed is almost cbnstant) for a given powder-oxygen
mixture was found to,be relatively independent of mixture
ratio. Flake powders which were not washed prior to use had
shorter spin wavelengths (higher frequencies). The frequen-
cies of oscillations in the 26.4 mm diameter detonation tubes
were approximately the same for both the granular and very
clean flake mixtures, The wavelengths and frequencies of
flame oscillations for detonating aluminum powder-oxygen

mixtures glven in Tables 2 and 3 are summarized below.

Tube
Dia, Wavelength Frequency A
Powder (mm) 2 (cm) (1/sec) dia

Flake
(uncleaned) 26.4 9,0 16200 3.41
Plake _
(uncleaned) 44,0 15.2 9700 3.45
Granular 26.4 10.8 14300 .09

The osclllatory flame front observed in the detonation of the
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aluminum powder-oxygen mixtures is not unique to this system.
Campbell and Woodhead first observed this phenomena in
detonating carbon monoxide-oxygen mixtures. ILater, Campbell
and Finch38 established from head-on (axial) ﬁhotographs
that the osclllations resulted from a helically traveling
flame head. The head of the flame propagated in a spiral
fashion down the tube. Bone, Frazer and Wheeler32 observed
higher spin frequencies when small amounts of hydrogen were
added to carbpn monoxide-oxygen mixtures. The higher
frequenclies are the result of increased reaction rates of
the system. The higher frequencies observed for the
uncleaned flake powder-oxygen mlxtures over the cleaned
powders may be related to 1ncreased reaction rates or greater
sound speeds behind the wave as a result of the stearic acid
on the powder. Spinning detonations éan be elther single or
multiple headed structure,38 the multiple structured cases
occuring in 1arge diameter tubes., The phenomena of spin
detonation and its relation to transverse pressure waves
behind the shock fronts of homogeneous gas mixtures was
studied first by Manson and later by Fay.39 Using a rota-
ting wave solution to Ralelghs potential equation for the
natural vibrations in a cylindrical duct and solving for the
approximate boundary conditions, Fay showed that for the
lowest mode, the épin pitch (R) divided by the tube diameter
(dia.) is given by

U,
azf';’ 1841 ¢ (14)
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The detonation velocity (U,) divided by the speed of sound
(€) at the Chapman-Jouquet point is, to a first approxima~
tion, given by

U, Y+

[ 4

c ~ Ty (15)

where ¥ is the ratio of specific heats at the C-J point.
For a value of Y = 1.2, it is found that
__2__.. = 3./3 (16)
dia
Thlis spin detonation parameter agreed remarkably well with
the experimental values for the carbon monoxide-oxygen system
observed by Bone, Frazer and Wheeler.32 Ba.r:t'ere"'o derived
an analytical expression for the high frequency combustion
oscillations observed in small length to diameter ratio

rocket combustion chambers (zf;~<.3 ). The oscillation

frequency ( $) is given by,

- L
=586/ e (17)

where! ¢ = sound speed.

dia = chamber diameter.
This frequency expression corresponds to that obtained for
the first tangential acoustlical model"’o and also the first
rotary acoustical mode.39 Berman and Cheneyl'1 have showed

that the high frequency combustion oscillations in rocket
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motors (screaming) are of the rotary-type. The pressure
traces from opposed transducers and the streak photographs
observed in the present studies are verj similar to those
observed in corresponding studies of the carbon monoxide-
oxygen detonations by Mooradian and Gorden26 and Bone,
Frazer and Wheeler32 respectively.

Detonations with oscillatory combustion are character-
istic of systems having low chemical reaction rates or in the
detonation limits of other systems. For the latter systems,
the chemical energy per unlt mass of the mixture is lower
resulting in lower temperatures and slower chemical reaction
rates. Systems with low reaction rates generally have
thicker wave fronts. Transverse pressure waves from the
combustion region can, in such systems; build up nodal
points. These points would depend on the vessel geometry
(tube diameter) and the acoustical properties of the media.
The nodal polnts would have higher pressures and higher
temperatures and thus have higher chemlcal reaction rates.
The combustion front would therefore follow the hlgh-pressure
nedal point.

The speed of sound in the gas behind a normal shock of
velocity equal to that of the detonating aluminum powder-
oxygen mixtures (speed = 1550 m/sec) is calculated to be
approximately_680 m/sec., The pitch-diameter ratio for a

rotating transverse pressure wave for this situatlion is
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given by Equation 17 as 4.0; approximately the same as that
observed for this system (Table 3). The frequency as given
by the empirical expression for screaming osclllations of
rocket motors (Equation 20) is 16000 cycles per second;
approximately the same as that observed for thls system.

It should be remarked that in the above calculation of the
sound speed and shock property calculation, the solid

particles were not taken into account.



SECTION VI
SUMMARY o

It has been shown that fine aluminum powder-oxygen
mixtures are detonable. The range of detonable mixtures for
the 9-foot long, 26.4 mm diameter combustion tubes is 48 to
64 percent fuel (by mass). The energy required to initiate
burning of these mixtures was found to be very small. 1In
some instances, the mixtures were ignlited by sparks from the
discharge of statlc charges bullt-up on the mixture. The
detonation induction distances in this mixture ratio range
are less than 1.6 meters in length and were found to decrease
rapidly for the richer mixtures. This relatively small
induction distance 1s attributed to the low sound speed of
the system and the very intense radiation emitted by the
flame.,

The streak photographs of the flame fronts are similar
to those of hydrogen-oxygen mixtures and identlcal to those
of the carbon monoxide-oxygen mixtures. The photographs
show a rapidly accelerating flame in the induction region, a
retonation wave at the point of initiation of detonation, a
flame velocity that is initially overdriven and a spinning

flame front during detonation. The pressure behind the wave

60



61

front rises rapldly to a very high value. All of the latter
characteristics are typlcal of a detonation wave,

The detonation velocitlies of this system over the
mixture ratio range of 49 - 64 percent aluminum were found to
be approximately 1550 m/sec for the lean mixtures and
decrease wlth increasing mixture ratio. The detonation
pressures corresponding to this mixture range were found to
be approximately at 31 atm. The theoretical values are
approximately 10 and 15 percent,respectively,above the
measured detonation values, The combustion product species
for the calculation were: O, O,, Al, Al,, AlO, A120, Al,0,
in the gas state and A1203'1n the liquid state. From an
analysis of the assumptions made for the calculation, the
discrepancy between the theoretical and experimental values
are attributed to chemical non-equilibrium. The non-equilib-
rium results baslically from the slow reaction producing the
liquid specie since it 1s a tri-molecular reaction.

The frequenoy of spin of the flame front of the detona-
ting mixtures results from the buildup of transverse pressure
waves in zone between the shock front and the flame front.
The aluminum powder-oxygen system has a characteristic flame

spin parameter of approximately 4 for the clean powders,



APPENDIX I

METHOD OF DETONATION PARAMETER CALCULATION

The method of calculation of the theoretical detonation

properties of explosive mixtures follows the general proce-

dures described by Edse and Fishburne.15 The assumptions

made for this calculation ares

1)
2)

One-dimensional wave motion.

Thermodynamic and chemical equilibriunm,

3) Adiabatic flow.

4)
5)

6)

7)
8)

Perfect gases.

No relative motion between particles of different
phasés (implies that if liquid and/or solid particles
are present, they are small so that veloclitles of all
particles are the same. Thié condition generally
holds true if particle sizes are less than 2

mi crons ) , 23

Chapman-Jouquet condition for stable detonation.

No external body forces,

Initial conditions:

a) Mixture is uniform throughout.

b) No mass motion.

c) Initial temperature = 298,16°K,

d) Initial pressure = 1 atm.
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Figure 15a is a sketch of an ideal one-dimensional
detonation wave., Zone 1 of this figure represents the
initial or unreacted state while zone 2 represents the final

~or reacted state behind the detonation wave. The problem 1is
solved most easily by considering the wave front to be
stationary and particles of the system moving relative to it
(PFigure 15b). Hence, the unreacted mixture in the stationary
wave frame coordinates will have a motion to the left into
the detonation wave front equal to that of the detonation
wave velocity (u;). The burned particles leaving the
combustion zone will also have a motion to the left but
wlll have a speed (uz) different than the particles‘entering
the wave front because of the different properties after the
wave,
The conservation equations for an adiabatic, constant

area, stationary coordinate system are as follows:

Masss P‘u L= P'l uw, (A-1)
Momentums )P,+ p.u?‘= {)m.\.(_)‘u: (A-2)
£ 4 U W, |
Energyt =TI Lo (A-3)
Sl Ty
where-! = pressure
density

wave velocity

>c DT
1]

enthalpy
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Subseriptss 1 reactants

2 = products
For the case that the reactants or the products are perfect

gases, the perfect gas law may be employed and 1is given byt

2. RT k4
PV ST W (a-4)

wWhere N = specific volume
(R = universal gas constant
‘WL = molecular weight of gas
T = temperature
6) = density
An expression for the wave velocity of the reactants (ul) in
terms of pressure ratio ( %’— ) and density ratio (-%:— ‘) may

be obtained from the mass and the momentum equations (Equa-

tions A-1 and A-2) and takes the form

2_ (% - D (A
W = 2. -5)
& -£) |

The wave velocity of the products (uz) may be computed in a
similar fashion with the result

Sk (—%
2 @ €2
(& -1)

(A-6)
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For a stablilized detonation wave, the veloclity of the
particles in the reaction zone relative to the laboratory
system (up) plus the velocity of the wave in the reaction

zone (uz) must equal the velocity of the wave in fhe unre-

acted zone or

u1+ ub: \L\ (A"'7)

The velocity of the particles in the reaction zone can

therefore be written as:

Vi -~ l)(l (A-8)

Hence, the detonation wave veloclity (ul) and the particle

velocity behind the wave (up) may be computed for a glven
systém when the pressure and denslty ratlos across the wave
are known. An expression relating the density and pressure
ratios without thé presence of the wave velocltles may be
obtalned by substituting the expressions for uy and u,
(Equations A-5 and A-6) into the energy equation (Equation
A-3) and takes the form

b= &0+ & (a-9)

This expression 1s known as the Hugoniot equation and gives

a relationshlip between the pressure and density ratios and
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the enthalpy change across the wave., Since chemical reac~
tions occur in the reacted zone, it is necessary to determine
the composition as well as the state of the media behind the
wave front. The procedure to calculate the composition of a
reacting mixture at a specified temperatuie and pressure for
the condition of chemical thermodynamic equilibrium is
discussed in References 15 and 16. With knowledge of the
composition of the mixture before and after the wave for a
given initial and an estimated final temperature and pres-
sure, the enthalpy difference (‘ﬂ:"g,) for a unit mass of

the mixture may be obtalned as follows:

¢, 1z ¢,
f,. -, =.Z m, AH;'T "Z”i AH; (A-10)

wheres 7h = specific molality of specie 1 at temperature
_ T.
T
AL& = heat of formation of specle 1 at temperature
T, "
( =1, 2+++, 53 where S = total number of species

present in mixture.

The Hugonlot equation may now be written as

LT

o . |
Zw; AU, —LZM‘. AH, -.:—é—%(%_l)(”%; (A-11)
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For given initial conditions and estimated final pressure,
there 1s one temperature (and eorresponding.density) which
satisfies Equation A-1ll. A locus of points satisfying the
Hugoniot equation may then be determined for a gliven system
at given initlal conditions; a plot of which is called the
Hugoniot curve of that system. A typlical Hugonilot curve is
shown plotted in Figure 16.

According to Equation A-5, for each straight line drawn
from the initial conditions (‘%“-:= %l; = | ) to some point on
the Hugoniot curve, there corresponds a detonation wave
velocity value. This stralght line can be shown to be that
of a Raleigh”line.15 The slopping nature of the Hugonlot
curve results in the Ralelgh lines normally intersecting
this curve at two points. The high pressure point (point A
of Figure 18) corresponds to that of a subsonic particle
flow condition behind the wave whlle the lower préssure
point (point B of Figure 18) corresponds to a supersonic
particle flow condition behind the wave., Since the flow
behind a normal shock is subsonic, the lower pressure inter-
sectlion point 1s dilsregarded. Because the high pressure
intersection point has subsonic flow behind the wave,
expansion waves (due to cooling that occurs after passage
of the wave) can propagate up to the wave front. These
waves reduce the strength of the shock wave and also fhe

wave speed. The original condition consldered therefore
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was an overdriven case., The effect of expansion waves on the -
wave on the overdriven condition 1s to produce a condition of
higher Mach numbers behind the wave. As the wave strength is
reduced further, as a result of additional expansion waves,

a condition 1s reached wherein it can be shown that the
detonation velocity 1s a minimum (point C on the Hugoniot
curve, Figure 16), the entropy is a maximum and the particle
Mach number behind the wave 1s exactly equal to one.15 For
this condition, the effects of cooling behind the wave do

not affect the wave. This 1ls the well-known Chapman-Jouquet
criterion for a stable detonation. This point corresponds

to the tangent point of the Raleigh line with the Hugoniot

curve.



APPENDIX II
HYDROGEN-OXYGEN DETONATION PROPERTIES

The theoretical and experimental detonation properties
of the homogeneous gas hydrogen-oxygen mixtures were studied
for the purpose of checking both the operation of the hetero-
geneous mixture experimental apparatus and the calculation
procedures employed in the heterogeneous detbn;tion computer
program. This particular system was selected because it 1is
a simple system and has been studied previously.

The theoretical detonation calculation procedures are
dlscussed briefly in Appendix I and in detail in Reference
15. The basic assumptions made for this calculations
include: +the system 1s in thermal and chemical equilibrium,
both reactants and products are perfect gases, and the
process 1s adiabatic, the reaétants are initlally at standard
conditions (T = 298.16°K, p = 1 atm), the detonation is of
the Chapman-Jouquet type and the system 1s initially static.
The calculations for thlis system were made on an IBM 7094
computing machine using the baslc program setup for the
calculation of the aluminum powder-oxygen detonation proper-
ties (Section III). It was only necessary to change the
composition equations and the thermodynamlc properties of

the program to accommodate the hydrogen-oxygen system. The
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thermodynamic properties for spécies used in thls calculation
were taken from NASA tablesl® and from JANAF tables.ll The
results of these calculations are tabulated in Table 11 and
plotted in Figufes 17 and 18, These values were found to
agree with the values reported previously by Bollinger and
]E:ds.’.e,'+2 and Edwards, Williams and Breeze.25 The latter
authors used a general program which was setup by Zeleznik
and Gorden.22

The apparatus used to measure the detonation wave
velocities and detonation pressures of the hydrogen-oxygen
mixtures was very similar to that used for the aluminum
powder-oxygen studies (see Section II). The only difference
was that the gases were mixed in an impingement-type mixing
chamber and the mixture was initially statlic. The bulk of
the experiments were made in heavy wall 26.4 mm inside
diameter glass tubes. Some thin-walled glass tubes were
used to determine whether tube breakage had any affect on
the measured wave‘velocity and pressure values., The velocity
and pressure values of the stabllized waves were found to be
uneffected by the shattering tﬁbes.

Figure 19 shows a typical strip film photograph of a
44,6 percent hydrogen-oxygen mixture (by volume)., The
results of fhe detonation wave veloclty measurements of this

system are tabulated in Table 12 and plotted in Figure 17.
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These results agree favorably with those reported by
Bollinger and Edse.l"3 Compared to the theoretical Chapman-
Jouquet wave velocity wvalues, also plotted in Figure 17,
the measured values are in very good agreement,

The detonation pressure measurements of this system
were made with detonation tubes of heavy wall glass or
metal in order to avold tube breakage. Because of the high
cost of the pressure transducer, care was taken to protect
it from damage by the detonations. Previous experiments
indicated that no significant damage to the transducer
occurred when it was subjected to a hydrogen-oxygen detona-
tion. However, because the aluminum powder-oxygen flame 1s
' very intense and because of the possibllity of powder burning
on the transducer surface, 1t was protected by a thin plastic
shield. The shield had no effect on either the transducer
operation or the results for the hydrogen-oxygen system. A
typical photograph of the pressure traces for the present
system 1s shown in Figure 20. The high frequency oscillatioﬁ
of the output 1s a result of the natural frequency of the
crystal (175000 cps) which is excited by the sudden applica-
tion of pressure. The interpretation of the data was ques-
tionable since the manufacturer calibrated the transducer by
applying a statlc pressure with a dead weight tester
apparatus. The present data was evaluated using the manu-

facturers calibration and the average value of the
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osclllations extrapolated to the front of the trace. The
results of the detonation pressure measurements are tabulated
in Table 12 and plotted along with the theoretical values in
Figure 18. These results are seen to be approximately 8
percent below the Chapman-Jouquet pressure values. The
experimental values compare favorably with the measurements
of Edwards, Williams and Breeze.25

Based on the relatively good agreement between the
present values (experimental and theoretical) with those
reported earlier, 1t can be stated that the general proce-

dures employed in the detonation investigations are correct.



APPENDIX III
STUDIES OF ALUMINUM POWDER-OXYGEN BUNSEN-BURNER FLAMES'

An experimental study of the properties of aluminum
powder-oxygen Bunsen-burner flames preceeded the detonation
property investigation. Thlis work was sponsored in part by
the Hercules Powder Company, Allegany Ballistics Laboratory,
Cumberland, Maryland through a contract with The Ohlio State
Unlversity Research Foundation. The apparatus and method
used to produce the Bunsen-burner flames is reported in a
paper on the emission spectra of these flames.9 Also
studied, but heretofore unreported, were the flame temper-
atures and burning velocitles of the system. Several
different spectroscoplc procedures for determining thé
flame temperature from the emlission spectrum of the flame
were trled. The most reliable temperature data was obtained
from the intensity distribution of line spectra. While
several different line spectrum were present in the radia-
tion emitted by the flame, best results were obtained from
the Fel lines since they appear in a reglon of low flame
continuum and away from other discrete spectrum. The
spectrum of the flames were recorded photographically with
a 2l1-foot Jarrel Ash grating spectrograph employing a

Wadsworth mounting. The d4-inch-diameter concave grating of
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this spectrograph has 1500 lines per inch and gives a reclp-
rocal linear dispersion of 5.0 X per mm in the first order.
Kodak III-F spectroscoplc plates were employed for this
study. The plates were calibrated with a mercury lamp. The
aluminum powder was grade #123 purchased from the Aluminum
Company of America Inc. The flames were stabilized on
burners having én inslde diameter of .95 cm. The spectrum
was taken from the emission of the flame at a point immedi-
ately above the tip of the flame cone. The iron line
spectrum results from a small amount of iron impurities in
cthe aluminum powder. Approximately 40 lines appeared in the
‘wavelength region from 3000 X to 4000 R. The electronic
temperature was determined by the line slope method.uu
Results of the temperature measurement of several
different mixture ratio aluminum powder-oxygen flames are
tabulated in Table 13 and plotted in Figure 13. As seen from
this plot, the maximum flame temperature 1s approximately

3800°K. This result agrees with the suggestion of Grosse and

Conway8

that the maximum temperature of a metal flame is
limited by the boiling point of the condensed combustion
products. The condensed specles of this flame is alumina
(A1,03) which has a boiling point of 3800°K at atmospheric

pressure.45 Theoretical adiabatic flame temperature calcu-

lations of this system are discussed in Section IV of
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this paper. Results of the calculations fo; the case that
the products contain liquid alumina aré tabulated in Table
12 and plotted along with the experimental data in Figure
13. The measured values are approximately 5 percent below
the théoretical values.

The burning velocities of thlis system were also deter-
mined from the Bunsen-burner flames. Evaluation of these
data were made from the flame cone surface area and the
unburned volume flow of the mixture. Results of these
measurements are tabulated in Table 14 and plotted in Figure
21l. The average burning velocity is approximately 25 cm/sec.
This value of burning velocity is low for a system having
such high heats of combustion (400400 cal/mole). It suggests
that the overall chemical reaction is very slow; probably due

to surface reactions in the mechanism.
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SYMBOLS

activity qf,species

differential

combustion tube diameter

frequency

sound speed

specific heat at constant volume

gaseous specles

specific enthalpy

reaction rate coefficient

specific molality (per unit mass of mixture)
specific molality (per unit mass of gas mixture)

decimal equivalent of mass of alumina oxide to
total mass of powder

pressure

time

velocity

particle velocity behind detonation wave
detonation veloclty

specific volume

molar heat of formation of species 1 at temper-
ature T

equilibrium constant in terms of py of species
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Subscripts
1l
2

3

Al

1liq

oX

81
total number of elements of species 1 in a given
mixture
molecular weight
concentration of species 1
univeréal gas constant
temperature

ratio of oxygen mass to aluminum powder mass in
mixture

ratio of elemental aluminum particles to oxysgen
particles

a constant
ratlio of specific heats
density

wavelength of flame osclllations

initial conditions (unreacted state)

stable detonation conditions (reacted state)
3-body collision

flame

aluminum powder

foreward

gas

species

liquid

mixture

oxidiger

reverse
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TABLE 1, Measured Flame Speeds of Shock Ignited Aluminum
Powder-Oxygen Mixtures

Initial Conditlions: Room Temperature
: Atmospheric Pressure

Tube Dia. = 26.4mm Tube Dia, = 44,0mm Tube Dia. = 55.2mm
% Fuel ug Ignitor % Fuel us Ignitor ¥ Fuel ug Ignitor
(m/sec) ' (m/sec) (m/sec)
29.2 935 868-6 33.9 576 868-6 - - -
32.6 960 ~ 868-6 34,2 636 868-6 - - -
36.4 1010 S68-6 36,2 654 868-6 - - -
Lo.1 1333 868-3 37.3 763 S68-6 38.3 566 S68-6
ko,2 891 868-6 - - - - - -
Qg1 1311 S68-3 43,1 676 868-6 - - -
Lh,9 1310 S68-3 Li,5 711 S68-6 - - -
45,0 1290 868-6 - - - - - -
4s,2 1290 S68-3 - - - - - -
bs. 4 1225 S68-3 - - - - - -
47,6 1370 Fp 47,8 718 868-6 - - -
49.8 1170 868-6 - - - - - -
51 01 1140 FP 530‘4‘ 870 868-6 - - -
56.4 © 1120 868-6 - - - - - -
FP Flash Powder Squlb

S68-3 Generating Squib (3 Grain)

€0T
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TABLE 2., Measured Detonation Parameters of Flake
Aluminum Powder-Oxygen Mixtures
Initial Conditions: Room Temperature
Atmospheric Pressure
Exploding Silver Wire Ignitor (+ Pressure
Generating Squib)
‘ Flame Spin
Tube Induction
Dia. Distance oo | A f
% Fuel (mm) (cm) (m/sec) (cm) (1/sec) )/dia.
46,1 26,4 113% 1480 9.14 16170 3.46
hp,0* 26.4 138 1606 9.14 17560 3.46
47.5 26.4 118#% 1559 9.04 17230 3.42
48 .4 26.4 95% 1500 9.65 16590 3.66
48.5 26,4 8é* 1560 8.99 17340 3.41
48,5+ 26.4 “85 1470 8.79 16720 3.33
48.7 26.4 133 1524 9.58 15910 3.63
49.1 26.4 133 1552 8.94 17360 3.39
49.3 26.4 124 1550 9.35 16580 3.54
49,6 26.4 100#% 1457 10.20 14270 3.87
49,7 26,4 gg* 1522 10.26 15120 3.89
49,9 26,4 78 1489 9.07 16420 3.43
50.4 26,4 136 1541 9.50 16050 3.60
50.6 26. 4 78#% 1488 9.12 16310 3.45
50.8 26.4 125 1523 9.53 15980 3.61
51.2 26.4 81% 1589 9.07 17510 3.43
51.2 26.4 78 1436 9.17 15650 3.47
52.2 b, 0 - 1496 15.49 9640 3.52
52.6 - 26,4 61 1480 8.84 16740 3.35
52.9 26.4 119 - 1540 9,07 16960 3.43
53.2 26,4 73 1hll 9.32 15490 3.53
53.3 26.4 90 1487 9.07 16400 3.43
53.6 26,4 62% 1468 9.04 16220 3.42
53.8 26,4 101 1506 9.40 16040 3.56
54,3 26.4 85 1468 9.19 15970 3.48
54,5 4,0 - 1464 15.01 9740 3.41
54,8 26.4 111 1472 8.89 16550 3.36
55,6 26,4 78 1457 9.07 16060 3.43
55.8 26.4 7 5% 1453 9.09 15970 .44
56,0 26.4 109 1423 8.94 15920 3.38
56,1 26,4 65% 1443 8.99 16050 3.40
56,9 26.4 89 1440 8.99 16010 3.40
57.0 26,k Sh# 1374 9.04 15190 342
58.3 26. 4 77 1426 8.86 16080 3.35
60.0 26,4 - 1445 - - -

#Powder prepared in oven at 1200C,

had Powder prepared at 95°C,

All other experiments
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TABLE 3. Measured Detonation Parameters of Granular
Aluminum Powder-Oxygen Mixtures
Initial Conditions: Room Temperature
‘ Atmospheric Pressure
Exploding Silver Wire Ignitor
Flame Spin
Tube  Induction
Dia. Distance f 2
% Fuel (mm) (cm) (m/sec) (cm) (1/8ec) /dia,
49.3 26.4 143 1560 10.72 14550 k,06
50.3 26.4 110 1571 10.59 14830 4,01
50.7 26.4 - 1558 11.07 14060 4,19
51.1 26.4 104 1627 11.38 14300 4,31
52.3 26.4 151 1440 10.24 14060 3.88
53.5 26. 4 156 1610 10.90 14770 4.13
56,3 26.4 - 1449 10.92 13260 b1k
56.6 . 26.4 123 1579 - 10.82 14570 4.10
60.2 26.4 - 1533 10.31 14870 3.90
60.2 26. % - 1525 10.49 14500 3.98
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TABLE 4, Measured Detonation Pressures of Aluminum
Powder-Oxygen Mixtures

Initial Conditions: Atmospheric Pressure
Room Temperature

Flake Powder Granular Powder

4 Fuel pz(atm) ‘ 4 Fuel py (atm)
45,3 34.0 50.1 30.0
hs 4 32.0 51,6 30.1
46.6 30.5 53.9 31.3
47.0 32.3 54,1 29,8
48,6 30.3 54,3 30.6
48,9 32,6 55.2 33.6
50.8 32.2 56.8 30.1
51.0 30,8 5747 32.2
5.2 32.4 58.9 31.8
51.3 30.2 59.4 31.5
51.4 32.0 61.3 29.7
52.4 30.0
53.8 32.5
sh. 4 30.2
54,6 31.9
56.5 1.1
58.9 32.2




TABLE 5. Theoretical Flame Temperatures of Aluminum
' Powder-Oxygen Mixtures (Case A)
Py = 1 atm
T, = 298.16°K
Powder oxide content = 2%
T Mole Fractions After Combustion
N .

% Fuel °K o(g) 05 (g) Al(g) Alp(g)  A10(g) A10(g) Al,0,(g)
37.5 2462,5 . 009608 . 649327 .000077 - .012592 065731 262665
Lo.7 2525,.0 012627 .603756 .000152 - 017940 .094985 . 270540
43,6 +2575.0 .015408 « 559630 .000258 - 023440 .126315 « 274949
48.6 2643,8 019475 ,#7975’4» .000529 - «033207 .187664 « 279371
52,8 2693.8 .022316 ,408563 .000887 - .041906 « 249069 « 277259
58,0 2743,8 .024163 « 315600 .001522 - .051884 » 337311 «269521
63.4 2781.3 .023124 « 213449 002445 - «059417 ~A4U7627 «253938
67.6 2800.0 019631 .132596 003434 - .061327 « 552945 «230068
72.4 2790.6 .011117 . 045787 . 004783 - 051984 «707124 179205
75.9 2675.0 .001808  .003147 . 004958 - 022170 .875452 « 092466

40T



TABLE 6. Theoretical Flame Temperatures of Aluminum
Powder-Oxygen Mixtures (Case B)

P =1 atm
Tl = 298.160K ;
Powder Oxide Content = 2%

Mole Fractions After Combustion

T
2
£ Fuel  °K Olg) -~ Op(g)  Allg)  Alp(g) AlO(g) A1p0(g) A1202(s)
3696.9 .399932 .230364 .001536 - .003053 .000039 . 000002
3865.6 452703 .160644 ,007266 - .008014 .000218 .000005

L003.1 .462532 ,096745 ,025727 - .016949 ,000901 .000013
h123.4 ,395276 044992 ,096268 ,000002 ,034882 ,004266 . 000035
b149.2 ,304854 ,024378 ,179057 .000006 .045679 °.009397 .000054
4109.4 .174736 .009256 .298395 .000018 ,050256 .020138 .000076
3906.3 .040494 ,001088 ,.433252 ,000050 .036334 .049176 « 000093
3375.0 .000974 .000005 .450525 .000121 .008416 .173670 .000073
2831.3 .000004 - .295147 .000161 .000818 .487857 .000031
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TABLE.7. Theoretical Flame Temperature of Aluminum
Powder-Oxygen Mixtures (Case C)

P = 1l atm

Tl = 298,16°K

Powder oxide content = 2%

#*NASA calculations} Powder .oxide content = 0.0%

Mole Fractions After Combustion

OO AW OV

NI~ AC\NOVA
\au:crqxn\nxsoogug

o(g) 0, (g) Al(g) Alp(g) Al0(g) Al,0(g) A1202(s) A1505(1iq)
JA482114 .293614 .011591 - .021798 ,001554 ,000066 .189263
«500957 .225211 .028354 - «039707 .004785 «000151 «200836

JU94767 .,181291 ,049289 ,000001 .056532 ,.009621 « 000248 «208251
477533 .149912 .072409 ,000002 ,071368 ,015687 «000348 212742
429390 ,107133 .119768 .000004 .094114 ,029935 «000529 «219127
403065 .091527 .143453 ,000006 ,102671 ,037832 .000609 «220837
27667%  ,04293% ,25475% ,00002% ,12468% ,08123% « 00089% .21883*%
«196190 .000012 ,.334766 .000035 .124016 ,113968 + 000950 «230064
.157538 .000007 .364865 .000042 ,118208 ,130127 . 000948 .228265
.114605 .000004 ,399679 .000053 .107866 .151122 « 000917 225753

.022326 480717 .000098 .055967 .227299 «000594  ,212998
.006765 - 492452 ,000125 .032193 .265161 «000389 «202914
.022326 - .480717 .000098 .055967 .227299 .000594 «212998
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TABIE 8, Theoretical Detonation Properties of Aluminum
Powder-Oxygen Mixtures (Case A)

Py = 1l atm
Tl = 298616°K
Powder Oxide Content = 2%

| ©x10° uy P, T, 692x1§r_

% Fuel (gm/cc) (m/sec) (atm) °K (gm/cc)
375 2,09149 1393.7 19.5603 2919.5 3.89396
40,7 2,20412 1389,7 20,3226 2985.9 4,08143
43,6 2.31692 1384,1 21.3723 3043.8 4,.33093
48,6 2.54304 . 1371.1 22,8127 3127.7 4,72967
52.8 2,76986 1357.4 24, 5346 3193.8 5.19913
58,0 3.11139 1338.0 26,7792 3265,0 5.85890
63.4 3.56924 1314.6 29,5896 3328.1 6.72961
72.4 4,72632 1265.4 36,1042 3368.8 8.91809
75.9 5.,42925 1229, 4 38,6137 3246,9 10.13715
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TABIE 8 (Contd.)

Mole Fractions After Combustion

%4 Fuel o(g) 05 (g) Al(g) Al,(g) Al10(g) A1,0(g) A150,(g)
37.5 .015374 645217 .000199 - .022626 .087368 +229216
k0,7 .018395 599588 .000326 - .029158 +115418 0237117
43,6 « 021027 «556312 . 000484 - «035582 .144288 « 242307
52.8 « 027000 405918 001323 - .056686 «258171 « 250900
58.0 .028047 « 313336 .002106 - .067833 « 340591 « 248086
63.4 ,026233 211552 «003259 - .076491 L4l6122 «236343
72.4 .012252 045008 .006162 000001 . 066266 « 700460 .169851
75.9 « 002393 .003656 .007167 « 000001 «031473 .868938 .086371
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TABLE 9.

p; =1 atm
Powder oxide content = 2%

Theoretical Detonation Properties
Powder-Oxygen Mixtures (Case B)

of Aluminum

plxﬁr 0y Py T, pleor

% Fuel (gm/cc) - (m/sec) (atm) (°K) (gm/cc)
37.5 2,09149 1744,.8 30.2043 4613,3 3.90764
4o,7 2.,20412 1752,.6 32,1060 4826.6 h,12419
43,6 2.31692 1751.9 33.8055 4991.4 k,35077
48,6 2.54304 1732.3 36,3486 5166.9 4,79222
52,8 2.76986 1703.7 37.9426 5218,0 5,18285
58,0 3.11139 1658,2 40,7535 5180.9 5,87948
63.4 3.56924 1589.9 42,5520 4906.3 6.69203
67. 4,02992 1494,0 42,2320 4338,7 7+52509
72.4 © 4,72632 1346.3 40,4976 3599.5 8.86987
75.9 5.42925 1221.0 38,0528 3042,.1 10.12665
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TABLE 9 (Contd.)

Mole Fractions After Combustion

o(g) 0, (g) Al (g) Al, (g) Al0(g) Al,0(s) Al02(g) A1203(g)
37.5 .389426  ,267544  ,003792 - .008594 ~,000224 . ,000012 330408
L0.7 421327 ,183827  .012345 - .017985  .000854 .000029 « 363634
43,6 421352  ,126643 .030431 .000003 .030801 .002400 .000056 .388314
48.6 +363205 .066341 .089049 ,000022 .055217 .008577 .000124 L7466
52,8 .281152 ,036894 .159400 ,000071 .071165 .018189 .000190 432940
58,0 .161363  .014214  ,264489  ,000217 .079138 .039527 .000276 4140776
63.4 .042909 ,002051 .377027 .000570 ,060431 .092702 .000343 423967
67.6 .003103 .000056 .397562 .001070 .023058 .220273 .000290 « 354590
72,4 .000038 - .278882 .001299 .003334 .503674 .000135 .212637
75.9 - - 148349  ,000953 .000340  .761418 .000040  .088900
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TABLE 10. Theoretical Detonation Properties of Aluminum
Powder-Oxygen Mixtures (Case C) -

P = 1l atm

Ty = 298.16°K

Powder oxide content = 2%

p 1x10§ uy Py Ty & 2x105—
% Fuel gm/cc m/sec atm oK gm/cc

30.0 1.86675 1790.9 28,8294 L6774, 2 3.52845
33.9 1.97903 1779.5 30.0352 4793.9 3.73027
37.5 2.09149 1763.6 30.9366 4871.8 3.91865
40.7 2.20412 1746.3 32,1860 4930.8 bo15944
43,6 2.,31692 1728.9 33.1879 4972.3 Lh.37923
46,2 2.42989 1711.5 34,0175 5001.9 4, 58461
62.2 3.45451 1585.7 41,6466 5060.9 6.56947
63.4 3.56924 1574.5 42,0066 5045.5 6.72934
65.6 3.79922 1553.3 43,9311 5015.1 7.23069
69.3 4,26133 1513.1 46,2880 4893.0 8.04519
70.9 449346 1492,.5 k7,9448 4799.4 8.56290
72,4 k,72632 1469,.6 48,8599 4660.5 9.00438
73.7 k,95990 1440,.7 L9i1725 Lhs56,.3 9.43185
74.9 5.19421 1400.1 47.6384 4150.0 9.69272
75.9 5.42925 1341.5 45,6868 3746.1 10.11832

"1t



TABLE 10 (Contd.)

Mole Fractions After Combustion

% Fuel o(g) 05 (g) Al(g) Al, (g) Alo(g) Al,0(g) A1,0,(g) A1,04(11q)
30.0  .436298  .329748  .013335 .000001 .033365 .002960 .000170 .184123
33.9 Juh9204 265428 027449  ,000003  .054063  .007300 .000331 .196223
37.5 JULU103 .219593  .O4L4436  .000007 .073537  .013381 .000511 .204392
40,7 429626  ,184886 .062951 .000015 .090952  .020840 .000696 «210034
43,6 .410189  .157262  .082144  ,000025 .105954 .029312 .000875 .214238
46.2 .388078  .134566  .101561 .000039 .118650 .038566 . 001044 «217496
62,2 .179699  .030920 .266351 .000319 .154843  .139804 .001888 +226176
63.4 .159394  ,025456  ,282272 .000364 .152200 .152853 .001913 . 225547
65.6 .121500 .016612 .311985 .000475 .143812 ,180375 .001928 «223314
67.6 .087677  .010054 .339325 .000598 .130848 .209643 .001871 «219984
69.3 .058380  .005445  .363407 .000742 .113586 .24 342 .001743 «215156
70.9 .034380 ,002483  .383043 .000917 .092234 .277224 .001535 .208184
72.4 .016460  ,000842  .396547 ,001119 .067082 .318333 .001233 .198385
73.7 005468  ,000169 .399701 .001367 .040324 ,368129 .000845  ,183997
74,9 .000935 .000013 .385984 ,001675 .017136  .431104 . 000432 .162720
75.9 .000058 - .349165 .002132 .004288  .511297 .000141 .132919

¢1T
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TABIE 11. Theoretical Detonation Properties of
Hydrogen-Oxygen Mixtures
P = 1 atm
[ : 3
lelo uy P, T, 2X10

%4 Fuel gm/cc m/sec atm oK 6;m/cc
35.06 8.7806 1972.0 16.3514 3090.2 1.61271
40.12 8.1612 2085,1 16.9064 3239.1 1.49533
45.05 745565 2199.7 17.5781 3365.6 1.39780
50.00 6.9506 2322.7 18.0323 3472.3 1.28774
54,95 6.3434 2456,9 18.2510 3559.6 1.16715
60.00 5.7252 2609.0 18.6001 3631.9 1.05553
66,67 4,9083 2839.6 18.8805 3681.4 0.90522
69.97 4,5036 2967.5 18.8990 3675.9 0.82987
75.00 3.8872 3179.6 18.6758 3607.3 0.71422
80.00 3.2745 3406.3 18.1355 3439.5 0.60304

Mole Fractions After Combustion . ]

% Fuel o 0 H H, OH H,O
35.06 .027173 .523776 .004369 .007465 ,077281 @ .359909
40,12 ,038470 .433158 .008992 ,014179 .103071 .402131
k5,05 .048238 .345505 .015906 .024242 ,126314 439794
50,00 .054926 .261376 .025704 .039155 ..144961 473878
54,95 ,057003 .184083 ,038802 ,060987 .156325 ,502801
60.00 .053245 ,115780 ,055765 .094077 .157529 523604
66,67 .038421 .048665 .080916 .,163699 .136749 ,531550
69.97 .028241 .026997 .091352 ,213676 .116174 .523560
75,00 ,013179 .,007999 ,096823 ,316041 .075320 .U490638
80.00 ,003604 .001341 .080704 .452100 ,034888 ,427363
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TABLE 12, Measured Detonation Parameters Of
Hydrogen-Oxygen Mixtures

Initial Conditions: Room Temperature

Atmospheric Pressure
Exploding Silver Wire Ignited

Tube Dia. Wy b2
% Fuel (mm) (m/sec) "~ (atm)
40,0 26,4 2072 16.9
)4'0.0 26.4 - 17.6
42.8 26,4 2158 17.0
45,0 26. 4 2264 16.6
bs5,0 26.4 2264 16.1
hs,1 26.4 - 16.5
50.0 26,4 2363 15.4
50.0 264 - 16.4
2.4 26,4 2376 17.0
54.9 26.4 - 16.3
58.8 26.4 2533 17.0
&8. 26 .4 2564 17.9
60,0 26. 4 - 16.4
60.1 26,4 - 17.1
60.1 26.4 - 16.3
63.2 26.4 2687 17.0
66.8 26,k 2894 17.4
70.0 26.4 - 15.5
70.0 26.4 - 15.9
75.0 260)4‘ - 1608
79,0 . 26."" - - 19- 5




TABLE 13. Measured Flame Temperatures* of Granular
Aluminum Powder-Oxygen Mixtures

Initial Conditions: Room Temperature
L Atmospheric Pressure

Temp. ' Temp.

% Fuel - - (9K) % Fuel (°k
49.3 3560 58,8 3715
49-3 3605 62.9 3795
51,0 3660 66,2 3560
54,1 3780 - 70.0 3660

*From Fel Lines
TABLE 14, Measured Burning Velocities** Of Aluminum
MPowder-Oxygen Mixtures

Initial Conditions: Room Temperature
Atmospheric Pressure

118

Su o Su

% Fuel Powder (cm/sec) % Fuel Powder (em/sec)
b4i.7 flake 30.3 hé.s5 flake 21.0
43,1 flake 30,0 hé.5 flake 19.5
L43.3 flake 27.0 49,3 flake 19.8
43.3 flake 23.0 61.3 granular 26,4
Ls5,7 flake 30.1 62.9 granular 24,2
bs,7 flake 21.0 64,5 granular 17.2
46.5 flake 29.2 64,5 granular 24,5
46,5 flake 27.0 64,5 granular 29.0
L6,5 flake 24,5 71.4 granular 20.5

**Bunsen-burner Method



