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PREFACE

This is the Final Report on Contract No. DA 18-108-AMI-.18(A), M.R.I.
Project 2685-C, titled "Investigation of the Flashing of Aerosols." It covers
the period 18 March 1963 through 17 April 1964. All information presented in
the monthly letter reports and the project quarterly reports is contained in
this report.

The purpose of this project was to obtain information on aerosol
flaLrmability as a function of (a) fuel concentration, vapor pressure and particle
size, (b) source of ignition, and (c) composition of the environmental gas.
Additives which will tend to suppress either the ignition or the combustion of
the aerosol were evaluated.

This one-year project was sponsored by the U. S. Army Chemical
Research and Development Laboratories, Director of Weapons Systems, Physico-
chemical Research Division, Colloid Branch. Mr. Joseph Pistritto was the
Project Officer and Mr. Jerome GoldensonjDeputy Project Officer. Work on this
program was accomplished by Mr. Alan R. Pittavay, the principal investigator,
Mr. Harry Pollock, Mr. Frank Brink, Mr. Fred Be rgman, Mr. Roger Schrecder,
Mr. Richard Fetter, and Mr. Kenneth Doll under the supervision of Dr. John W.
Barger, Assistant Director, Chemistry Division.

Approved for:

MIDWEST RESEARCH INSTITUTE

F. V. Morrisa, Director
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This program is concerned with determining flammability of aerosol
systems. A complete review of the agent flashing problem is presented together
with an analysis of the problem as a whole. A constant pressure combustion
chamber and a shock tube were constructed to study aerosol flammability. Studies
were conducted with QL-air aerosols, detonation product gas-air mixtures, and
the three component detonation product gas-QL-air system. The data show that
the system flanmability is dictated by the detonation product gas-air flarmia-
bility and is not significantly affected by the aerosol phase.

Moderate strength shock waves will ignite the system but hot metal
and Slowing carbon particles will not, under the conditions tested. The QL
aerosol-air mixture is casily ignited by fla~me but not by spark. QL acrosol-
air mixtures burn with difficulty due to inhibition of the combustion by the
products of combustion.

The data support the hypothesis, that the combustion of the detonation
product gas is the primary aerosol flashing ignition source. It also supports
the contention that the aerosol burns (in the general case) only in the presence
of the combusting product gas mixture.

Recommendations are made to continue the study using other aerosol
materials and to investigate direct aerosol combustion and ignition inhibition.

This report is complete in ituelf and encompasses all information
included in any prior letter or quarterly report.
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I. INTRODUCTION

This program is related to the phenomenon known as "flashing" which
occurs during the explosive dissemination of combustible liquids. An analysis
of the flashing phenomenon is given below. The purpose of this project is to
provide additional fundamental information on aerosol combustion. The informa-
tion can then be applied to specific flashing problems.

A large, electrically ignited, "combustion chamber" was used to
determine the interrelationships between aerosol-fuel-particle size, concentra-
tion, vapor pressure, and environmental gas composition on aerosol flammability.
A shock tube was used to evaluate the shock strength required to ignite mixtures
found to be flammable in the combustion chamber.

This report reviews the current status of the project and covers its
development since the start of the program.

II. ANALYSIS OF THE PROBLEM

An analysis of aerosol flashing inhibition during explosive dissemi-
nation must be divided into two parts: (a) the ignition-source paramaters,
and (b) the suppression of aerosol combustion. These factors are interrelated,
since the characteristics of the ignition may dictate the most favorable method
for inhibition of the aerosol.

A. Potential Aerosol Ignition Sources

In the explosive dissemination of agents there are a number of
possible ignition sources. All but one are related either to the explosive
used or to the annunition shell casing. These are in probable order of decreas-
ing importance:

1. Ignition by combustion of the detonation products,

2. Ignition by contact with the hot detonation products,

3. Ignition by shock waves generated by:

a. The burster charge,
b. The explosion of an adjacent shell, or
c. Shell fragments.

2-



r 4. Ignition by electrical static discharge to relieve Static poten-
tial developed when droplets move through the atmosphere, and|A

5. Ignition from hot shell fragments.

These are discussed below, at greater length, and in the same order.

1. Ignition by detonation product combustion: The burster charges
used in chemical shell ammunition are usually Tetryol or Composition B. Tctryol
is composed of 35 per cent TNT and 65 per cent tetryl; Composition B of 55 per

cent RDX, 40 per cent TNT, and wax.

a. Detonation products of explosives: Explosives can be
classified in terms of their oxygen balance, i.e., the degree to which the

detonation products are completely oxidized at the completion of the detona-
tion process. TNT has a high negative oxygen balance. Under favorable condi-
tions for a secondary explosion of the products of detonation of TNT with air,
an explosion producing a heat of explosion of 2,500 Xeal per gram of the orig-
inal TNT might result. Hence, this secondary explosion could release nearly
three times as much energy as the original primory explogion.-/ Secondary
explosiona of this type are well known. Tetryl also has a negative oxygen
balance while that of RDX is slightly positive. The compositions of these
three primary explosives, together with Tetryol and Composition B, are given
in Table I in mole per cent.

TABLE I

COMPOSITION OF EXPLOSIVES IN MOLE PER CENT

Explosive Carbon Hydrogen Nitrogen Oxygen

RDX 16.20 2.70 37.80 43.20
Tetryl 29.28 1.74 24.36 44.64
TNT 36.96 2.20 18.48 42.24
Tetryol 31.97 1.90 22.30 43.80
Composition B 23.70 2.38 28.20 40.70

Tetryol and Composition B also have a negative oxygen balance,
and Tetryol is more negative than Composition B.

I
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The density to which an explosive containing TNT is compressed
ties a profound influence on the detonation products. This faotor can be even

Smore important than the oxygen balance in determining the combustibility of
the products. Table II shows the wide variation obtainable.

TABLE II

VARIATION IN DTONATION PRODLETS OF TNT
AT THRlEE LOADING DENSITIES

Loading Density, g/cc
Moles/1kg 0.6 1.0 1.6

CO 22.0 16.8 9.4
Co2  1.5 3.5 6.8

125.1 2.5 0.8
Io20 1.5 2.6 3.4
t2 5.7 5.5 5.0
CH4  1., 1.9 2.2
N113  0.2 0.8 .
IEN 6.0 1.4 2.0
C 3.0 7.1 10.4

Table II indicates that, as the loading density increases, the
CO2 and C concentrations increase while the CO concentration decreases. Other
factors being equal, incressing the loading density should reduce the ignit-
ibility of the decomposition products and thus reduce necondary burning.

Tetryl and RDX exhibit similar changes in detonation products
as a function of loading density.

In summary, all ekplosives with a negative oxygen balance pro-
duce very combustible detonation products. The combustibility, ignitibility,
and composition of these products are strongly dependent on the loading density
of the explosive charge. Table III illustrates further the magnitude of these
phenomena by comparing TNT, tetryl, and RDX at a single loading density. Even
though these materials differ significantly in oxygen balance, each produces
large quantities of combustibles.

-4-
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DfMMATION PRODUCTS OF MMWOVES AT A
t WADING DEN¶SITY OF 1.6 d/CC

Moles/kg TNT Tetryl HDX

Co 9.4 10.6 8.0
C02  6.6 6.6 5.5
H2  0.6 0.5 1.3

R2 Y.4 2.2 8.0
N2  5.0 7.0 12.1

NH3  1.1 0.9 2.8
IEN 2.0 2.9 -
CH4  2.2 1.6
C 10.4 2.7 -

The empirical assumption that improving the oxygen balance

should reduce cdetonation product combustibility is only partly true. The
loading density will determine the oxygen equilibrium bctwcen CO and CO2 and
will control the quantity of free carbon formed. Thus an oxygen-rich explo-
sive at low loading density could produce as much combustible CO as an oxygen-
poor explosive at a high loading density. On this basis, the tendency for
secondary combustion of the detonation products would be the same.

There are two additional factors which influence the tendency
for the detonation products to burn in a given system: the detonation temper-
atures produced and the brisance of the explosive. An increase in either in-
creases the potential for ignition. Therefore, while it may be possible to

lover the quantity of combustible products by changing the explosive oxygen
balance, this may not eliminate the tendency of the products to burn if the
detonation temperature or brisance are simultaneously increased.

In summary, the kind of explosive and the conditions under
which it is detonated determine the tendency for the detonation products to
burn with air after the explosion.

b. Sunuary of significant experimental data: In a recent

series of firings at Dugway Proving Ground during 1951 - 1961, attempts were

made to correlate aerosol flashing to the time duration of the flash (as

measured by IR sensors and photographically), the burster-to-agent weight
ratio, and type of burster charge. Standardized bursters were apparently used

in most instances.
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In the mjority of insta s, wimn Ttrl brters wer usd,
the flash t~ie varied from 0.002 to 0.007 sec. A second grouping of. flsh.
times occurred in the interval of 0.02 to 0.04 sec. The percentage of agent

recovered did not correlate with the flash times in any manner, i.e., large
recoveries were observed at flash times of 0.•5 sec. and small recoveries at
flash times of 0.002 sec. and vice versa. In a comparison test of Composition
B and Tetryol, the flash times for Composition B varied from 0.6 to 0.06 sec.
Compared to the Tetryol burster, the longer flash times did correlate with
lower agent recovery, i.e., approximately 60 per cent for Tetryol and 10 per
cent for Composition B.

In another series of tests, using a water-filled 115-mm. rocket
with a Tetryol burster, the flash duration was 0.602 to 0.005 sec., indicating
that the flash observed in the majority of instances with a Tbtryol burster
was primarily due to the burster alone.

A further observation on the results of the tests is that in-
creasing the agent-to-burater weight ratio decreased the amount of agent lost.

Be2fore a dio;cussion of the above data in relation to the btrster
as the primary ignition source for aerosol flashing can be undertaken, several
other bits of information are needed. First, there is a relationship between
agent loss and case strength. These data have appeared in a number of Army
Chemical Center, Stanford, and Aerojet General reports. Second, agent loss
can be minimized if the burster is surrounded by agent or if oxygen is ex-
cluded from the shell. These data appear both in Aorojet and Stanford reports.
Third, high humidity inhibits combustion of the aerosol. Fourth, carbon tetra-
chloride around the burster tends to prevent flashing whereas brominated com-
pounds are not as effective. This datum is from Acrojet General reports.

c. New interpretation and correlation of data: The explosion
of burster charge explosives produces large quantities of combustible gases.
The component of these gases, present in largest amount, is CO. When mixed
with atmospheric oxygen, these gases forn a highly combustible mixture which
can be ignited with almost no added energy for activation. During the initial
expansion of these gases and their mixture with air, they progress through a
fuel/oxidant range from rich to lean. Unfortunately, CO is capable of forming
explosive mixtures with air almost up to 100 per cent CO concentration,_/ so
that this gas is capable of combustion with air throughout the expansion of
the detonation products until the CO concentration is less than about 12
per cent.

-6-
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I.
byi n sued o the ~: d i~ sel: of agmnttat aersolflash-i ing is caused by the secondary burning of the burster explosive detonation

products with air, then all of the above data fall neatly into place.

The flash duration observed when water was used as a filler is
Sapproximately the same as that observed when using an agent (both tests used
* a Tetryol burster). This fact indicates that the combustion of the agent

occurs during the combustion of the detonation products, and that the aerosol
cloud does not burn except when surrounded by the detonation product flame
gases. Undoubtedly there are exceptions to this, but the normal loss of agent
when Tetryol bursters are used occurs from this source. The Tetryol burster
secondary combustion may produce aerosol combustion which is just below the
critical value for ignition of total combustion of the aerosol-air cloud.
This would tend to explain the wide variation in results experienced with
Tetryol bursters.

The phenomenon observed when Composition B bursters are used
presents a paradox. Composition B has a significantly lower negative oxymen
balance then Tetryol. This should produce a smaller quantity of combustible
detOhationl products and daueease agent loss. Since agent loss was increased
with Compoeition B bursters, this suggests that one of two other phenomena
may have been involved. The Composition B burster may have had a materially
different loading density, thus changing the carbon monoxide to solid carbon
ratio in favor of creating a more combustible mixture. On the other hand,
this unusual behavior may signify that the chemical agent reacts with the
oxygen in the detonation products and that agent destruction would be reduced
by lowering the quantity of oxygen in the explosive.

The increased agent lost when the case strength (thickness) is
increased is caused by the slightly longer time given to the detonation prod-
ucts before adiabatic expansion into the atmosphere. This slight delay allows
the gases to come to better chemical equilibrium with the resultant production
of additional CO. The greater CO concentration tends to produce a more severe
secondary combustion with greater loss of agent.

If the burster is surrounded by agent, and/or oxygen is
excluded from the shell, the expanding cloud of detonation products is pre-
vented from mixing with oxygen until such titre that the cloud expands to below
either its self-ignition temperature or beyond its flammability limit. This
physical configuration could also produce the phenomenon of direct inhibition
of the CO-air flame by hydrocarbons of the CW agent system. This inhibition
can be either chemical or physical since both forms are known. The increased

-7-



loss of agent noted when the shell end closures are weaker than the shell casing
is a related phenomenon. A weak end closure tends to cause eparation of a por-
tion of the detonation gases from the agent, allowing the gases to jet into the
atmosphere from the case end in a mnnner most favorable for Ignition of the gas-
air cloud. Increasing the agent-to-burster weight ratio accompliehee the same
thing as insuring that the agent surrounds the burster charge, i.e., it makes it
easier to insure that combustion of the detonation gases is prevented.

As hAs been noted in the Aerojet reports, high atmospheric humid-
ity tends to prevent aerosol flashing. Water vapor causes a rapid reduction in
the upper flanmbility limit of CO with air,5/ thus tending to prevent secondary
combustion of the detonation products. These same reports noted that CC1 4 as
a better suppressing agent than bromine compounds. This conclusion is surpris-
ing since hydrocarbon combustion usually is inhibited much more by bromine than
by chlorine. However, carbon monoxide-air combustion, as we have been discuss-
ing here, is inhibited more by chlorine than by bromine compounds, and CO is
almost unique in this respect. For example, 1.16 per cent of C3.4 will render
CO nonflanmmable in air4_/ but it requires G.2 per cent methyl bromide./ to
accomplish the same task. Compare these data to that of a methane-air system;
in this case it requircs 13 per cent CC1 4 but only 4.7 per cent methyl bromide
to prevent combuction.5/

d. Summary: There is a large body of evidence to indicate the
burning of the burster detonation products as the chief culprit in aerosol
flashing. The indications are that the combustion of the detonation products
of the burster charge serves either to ignite the aerosol-air cloud, or to
pyrolyze the agent during the combustion of the detonation products with air.
This flashing can be prevented or minimized by

(1) Reducing the flammability of the detonation product
gases,

(2) Changing the physical configuration of the agent and
burster and/or the weight ratio, and

(3) Incorporating suitable inhibitors into the system.

This last factor is of major importance, and the reader is reminded that pre-
vious data show that the type of inhibitor used is of major importance.

2. Igaition by contact with detonation products: The ignition of
high boiling-point hydrocarbon aerosols exhibits some interesting phenomena.
There are a number of references to this but two bearing directly on the
problem will serve to illustrate the point. Armour found that aerosols of
moderately large particle sizes could not be ignited by spark energies up to

-8-



786 ouls orexpoding wire energies up to 468 Joules. The aerosols were

readily ignitedby a 1-1/2 in. gas flawe a Nichrome wire shorted across 110 v., l

t ~or a platinum or iron wire heated above 1016"C. Pistritto in an earlier inves-

A

i ~tigation found essentially the same phenomena. The obvious trap of not allow-
in sufficient gap between the spark or exploding wire electrodes can be 6hledre

out as Pistritto mentions this phenomenon in his report.

The data in the precediao para6raph imply a free radical mechanie m
of aerosol ignition and combustion. Pyrolysis of the oimulants usedt by

sparks and exploding wires, did not produce sufficient quantities of molecular
fragments to initiate the reaction. Flames produce the required chain carriers
and initiators directly; therefore, a much lower rate of energy input, com-

paratively, is required for ignition. Hot wires produce pyrolysis products
which can be significantly different from those of sparks and exploding wires.
They can also be catalytic surfaces for reaction initiation; iron can be the
equivalent of platinum in this regard.-/

Initially thc explosive detonation products are rich in free rad-
icals. There are considerable quantities of NO and OH radicals as well as
I1 and 0 atoms. These are rapidly destroyed, within a few hundred micro-
seconds of the detonation. Some of these, particularly OH, are remarkably
long-lived, requiring several milliseconds for complete recombination when the
concentration is large. These radicals therefore have the potential of ini-
tiating aerosol-air combustion.

A second process can also occur. The detonation product gases
initially are at a temperature of 2000*C to 3000*C. As these reacting gases
move out through the chemical agent, direct reaction with the agent as well
as pyrolysis of the agent can occur. Gas at this temperature can also cause
autoignition of air-aerosol mixtures.

5. Shock wave ignition of aerosols: Shock waves are a potent
source of thermal energy. The compressive force exerted is easily capable
of causing pyrolysis of fuels and generation of free radicals.

There is no doubt that shock waves have the potential of causing
ignition in a combustible system, and they are the proven cause of the phe-
nomenon known as gun flash. When the propellent gases of a small arms or
artillery weapon issue into the atmosphere, a standing shock 'wave is set up
at the muzzle. This shock wave marks the line of demarcation between subsonic

and supersonic flow. The gas in passing through this shock is strongly heated
and compressed as kinetic energy is converted to heat. These gases expand,
cool, and form an explosive mixture with the atmosphere, which is then ignited
by hot gas and/or free radicals at the shock front. When this shock wave is
destroyed, either by a nozzle or a bar-type suppressor, ignition is prevented
and no flash occurs.

-9-



a. Shock waves from burster explosion: The most potent shocks

available as ignition sources are those produced by the burster explosion.
There are two shocks formed, the detonation shook and the "preasure wave"
shock. Unfortunately, there is little information available at this instant

to determine the relationship between the chemical agent filler and the move-

ment of the detonation shock wave. If the agent moves an appreciable distance
riding the surface of this wave, then there may be sufficient time to form an
ignitible aerosol mixture. This does not seem to be too probable. The shock

wave formed by the detonation has to be the agent responsible for the shell
case rupture, and this action places it ahead of the agent filling at the
moment of aerosol generation.

A different sequence of action occurs with the second shock
wave. The detonation product gas molecules are initially receding from each

other at sonic velocity, but are traveling at supersonic velocity with respect
to the surrounding atmosphere and chemical agent. As these gases expand, they
will overtake the surrounding agent filler, thus causing a shock wave to pen-

etrate through the expanding agent after some mixture with air has occurred.
This slhck wave then could trigger aerosol flashing. The second shock, called
a pressure wave, contains more net energy than the detonation wave.

The pressure-wave shock could also be the source of secondary

ignition of the detonation products witlh air. The initial supersonic movement
of the detonation product gases with respect to air does not allow penetration

of the air across the shock front. The air essentially piles up, is heated

by compression, and rides the surface of the wave. At about 20 to 50 times
the original explosive diameter, the pressure in the product gases falls to one
atmosphere and this shock front "breaks away" through the compressed air front
causing additional heating in the initial product gas-air mixture, resulting

in ignition. At properly chosen camera angles, high-speed photographs of the
shell burst (2 in. diameter burster) would show the expanding dark cloud (carbon
particles) until its diameter was about 8 ft. At that point "break away" would

occur and ignition could be observed at the air-gas interface, propagating
through the remainder of the cloud.

There is a reservoir of untapped information available on the
reaction of liquids under the influence of explosively generated shock waves,

in the field of explosive forming of metals. An examination of these data
should provide much fruitful information regarding the validity of the above
hypothesis.

- 10 -



b. Shock wave from shell fragEnts. The initial burwtar
explosion can produce sahll 2ragmnts moving at vol~oitles in excess f 4
2,000 ft/'/ec. The supersonic velocity of these M~iGilas croatesa ashock
wave shich is equivalent to the bow wa ve oT a otall arms bullet. .These

chocks are energetically of low order and there are no known recorded examples
of such a shock causing ignition of combustible gases, even under the most
favorable circumstances. For example, a 0.30 caliber bullet fired through a
balloon filled with hydrogen and oxygen will not cause Ignition.

c. Shock waves from adjacent shell bursts: As noted in sec-
tion (a) above, the burster charge creates a strong shock wave. If two or
more charges are explodad simultaneously, as in a mine field, the shock wave
created by an adjacent charge moving through the aerosol cloud could cause
ignition. In addition, the line of intersection of two colliding shock waves
would produce even more favorable conditions for ignition of an aerosol.

4. Ignition by static discharge: Dust and liquid droplets can
acquire a high voltage charge by virtue of their movement in an air stream.
Potential differences of 100,000 v. are possible. It is conceivable that a
static discharge in an aerosol cloud could produce ignition. Ignition by
static discharges in dust clouds is a wvll recognized hazard in many industries.
However, it has been shown experimentally that aerosols of high-boiling liquids
are difficult to ignite by spark discharges. Ignition by a static discharge is
therefore considered possible but not probable.

5. Ignition by hot-shell fragments: FAnctioning of a chemical
projectile or mine results in considerable mechanical work on the shell case.
The detonation wave exerts force causing rupture and fragmentation. Much of
this work then appears as heat in the shell fragments. After case rupture,
these fragmnts are given considerable velocity and ahock waves are formed
as they move through the atmosphere.

It is difficult to see how those fragments could impart their latent
heat to the aerosol cloud. The shock front and boundary layer tends to prevent
gaseous material from reaching the surface. Some liquid and solid particles
with sufficient mass might have enough inertia to penetrate the front, but these
would then be trapped inside the boundary layer surrounding the fragment.

Actually, the shock wave created by the fragment velocity is prob-

ably a much more potential ignition source than the heat from the fragnt
itself. Temperatures in this shock front could be much higher than the frag-
ment temperature.



B. Aerosol Combustion Phenomena

There are two types of combustion involved in the burning of aerosols,

(1) the diffusive burning of large drops, and (2) "premixed vapor" type burning
of small drops.

3Burgoyne and co-workers have identified the small droplet size as
being below 10 microns and the large droplet size as above 40 microns, with
a mixture of the two types of burning occurred for intermediate particle sizes.

Work by Armour Research on higher boiling liquids than those used by Burgoyne
indicated that the upper limit drop size tended to increase to between 50 and
100 microns. These data also suggest that the lower limit drop size was sim-
ilarly suppressed.

The initiation of the diffusive burning of larger drops occuro in
either a fuel-rich or a fuel-lean mixture. The droplet is surrounded by a
vapor cloud and ignition occurs at the vapor-air mixture strength which is
Just able to support combustion. After ignition the subsequent combustion
occurs in all mixtures within the flamability limits. For large drops, dif-
fusion and not chemical kinetics is the rote-controlling process. Therefore,
the burning of suc(h drupu produces merely a dlffusiun flatou of vapor and air.

The burning of umall drops can occur at any fuel/oxidant ratio from
fuel-rich to lean since the combustion is primarily that of a premixed vapor
in air. The burning rate proceus is controlled by chemical kinetics, and the
flammability limits will be essentially the flammability limits of the pure

vapor-air system.

C. Sumary

The aerosol flashing problem can be analyzed as one or more of the
following combustion systems:

1. Combustion of the air-aerosol mixture but only during combustion
of the detonation products with air.

2. Pyrolysis of the aerosol during combustion of the detonation
products with air.

3. Combustion reaction of the aerosol with the detonation product
gases.
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4. Pyrolysis of the aerosol while in contact with the detonation

I product gases.

5. Combustion of the aerosol with air alone.

The ignition sources for these systems are shock waves, spontaneous
ignition of either the detonation products or the aerosol, combustion of the
detonation products, or contact with hot metal fragments. These ignition
sources can be broken down as possibly acting in a sequential form rather than
independently. Thus for number one above, a shock wave could ignite the deto-

nation products which in turn ignites the aerosol, etc. The present evidence,
subject to experimental verif'ication, indicates strongly that the detonation
product gases are intimately involved in the problem and that elimination of
their combustion would greatly reduce or eliminate aerosol flashing.

There is no doubt that in some cases the agent aerosol does combust
with air. When this occurs, the aerosol combustion can be simplified to two
characteristic types, a diffusion flame with air surrounding each fuel droplet
and/or a vapor phase "premixed flawe" type system, both of which can vary from
fuel-rich to fuel-lean.

Inhibition of combustion must take into consideration the peculiari-
ties of the system and particularly the mode of ignition. Ideally, the inhib-
itor should act to suppress the ignition of the detonation products (for case
1 above), but be capable of incorporation into the chemical agent for disper-
sion. Suppression of detonation product ignition would also reduce the expo-
sure of the chemical agent to thermal decomposition processes.

Selection of an inhibitor also must be based on the fact that three
different combustion systems are involved, i.e., detonation products with air,

an agent diffusion flame, a rich and/or lean agent premixed flame, and various
mixtures of all three.

III. METHOD OF APPROACH

Our analysis of the problem led to the establishment of an initial
working concept of flashing. This concept stated that aerosol ignition is a
two-step phenomenon in which the detonation pressure (shock) wave ignites a
detonation product gas-air mixture. The combustion of the product gases either

ignites the agent aerosol or pyrolyzes the agent. The aerosol may or may not
continue to burn after the combustion of the detonation products, depending upon

circumstances at the time of ignition. This concept implies that aerosol flash-
ing can be eliminated by (a) reducing concentration or changing the composition
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Sof the detonation product gases, (b) inhibiting the ignition and combustion

of the detonation products, and (c) inhibiting the ignition and combustion of
the aerosol. A successful attack on any one of these three items will break
the chain of events which leads to aerosol flashing.

I

A. Influence of Detonation Product Combustion

1. Evaluation of pertinence: The working model stated that the
ignition cycle could be broken by reducing the quantity or changing the com-

position of the detonation products.

We decided to evaluate the influence of the detonation products by

performing the following experiment. A "synthetic" product gas composed of

free carbon, carbon monoxide, carbon dioxide, hydrogen, water vapor, etc.,
would be charged into a large volume "combustion chamber", with air. A diesel
fuel injector would squirt a known volume of fuel into the chamber, creating an
aerosol. A spark igniter will initiate the combustion of the product gas-air
mixture. The aerosol Is not ignitible with a low energy spark, but the prod-
uct gases are. By varying the product gas compornitinn, aerosol particle size,

and three concentration fnctors of product gases, air and aerosol, the follow-
ing information can be obtained.

a. The ability of the detonation products to ignite the aerosol.

b. The ratio of product gas-air mixture to aerosol-air mixture
required for ignition.

c. Energy release required to obtain ignition and/or sustained

combustion of the aerosol.

d. The flammability limits of the combustible mixture.

e. Relative ability of various product gas compositions to cause

aerosol ignition.

f. Effect of aerosol particle size on degree of total combustion.

Aerosol particle size was to be varied by changing the diesel fuel
injector operating conditions.

2. Influence of solid detonation products: The solids produced by
detonation of an explosive are primarily carbon, although in some instances
nondetonated explosive particles also exist. To evaluate the effect of the
detonation product gases on aerosol ignition can require inclusion of dis-
persed carbon particles in the synthetic gas mixtures used.
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Incandescent solid carbon may itself be an ignition source. It can
be conveniently studied experimentally as follows:

The combustion chamber to be used in the experiments of Section I`1, W

A-l, was to be fitted with an electrically heated "puff box." High quality
carbon black is placed in this box, heated, and discharged as a solid aerosol
by a puff of inert gas. The effect on the aerosol ignition can be observed
as noted above. The experimental conditions to be varied would be the same
as in part one above.

13. Shock Wave Ignition

It has been postulated that the initial factor in the ignition
sequence is the shock (pressure) wave produced by detonation of the burster.
This shock can ignite either a product gas-air mixture or the aerosol-air mix-
ture directly. It is believed that a literature search and analysis will pro-
vide knowledge about the relative time history of the shock wave-agent-product
gas cloud which will allow better interpretation of the significance of the
shock as an ignition source.

The conditions required to achieve ignition by a shock wave can be
experimentally determined in a shock tube. Three series of experiments were
to be performed. The first set involves creating shocks of varying magnitude
in a series of synthetic product gas-air mixtures. The second set is the same
as the first except that an air aerosol and an inert gas aerosol will be used.
The third set will employ a series of three-component product gas-air-aerosol
mixtures.

The following information can be obtained in this type experiment:

1. Ability of shocks to cause ignition of detonation product gases
and aerosols.

2. Shock energy required to achieve ignition.

3. Relative ease of igniting a product gas-air mixture and an air
aerosol.

4. Influence of product gas-sir mixture on ignition ease of an air
aerosol.

5. Flammability limits of the two combustible mixtures separately
and of the combined three component mixture.
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6. Ability of a shock wave to cause direct pyrolysis of an inert
gas aerosol.

7. Differences in ability to achieve sustained aerosol combustion
as a function of shock energy and the presence of detonation product combus-
tion.

8. Influence of detonation product gas composition on ease of
ignition by a shook wave and ability to ignite an aerosol.

C. Miscellaneous Ignition Sources

Hot metal fragments and static discharges are two other possible
ignition sources.

Hot metal fragments are not believed to be capable of causing aerosol
ignition for two reasons: (a) they probably are not able to contact the cloud
directly due to the shock wave surrounding them, and (b) they are probably be-
yond the cloud at the time an aerosol i capable of being ignited. Initially
the agent is in direct contact with the fragments at the time of case rupture.
Small jets of liquid are expelled through the initial fissures. However, this
is so early in the sequence of events that even a flame from ignition of these
jets would be extinguished by the aerodynamic effects of particulate miovement
which occurs shortly thereafter.

Some correlation exists between the material of the burster tube
and occurrence of flashing, but this is not believed to be the same hot frag-
ment ignition problem. The effect of burster tube construction material is
probably related to (a) degree of explosive confinement, and/or (b) catalytic
effects on the composition of the detonation product gases.

The problem can be studied experimentally by using the "puff box"
technique of Section I1I, A-2, substituting various powdered metals for the
carbon.

The ability of hot metal fragments to ignite an aerosol by the shock
wave created by their high velocity can be determined by comparing shock data
from experiments in Section III, B, to calculated shock energies for the frag-
ments.

Ignition by a static discharge will be given further consideration
but it is not believed that this is a cause of flashing. If the aerosol were
generated by ejecting the liquid from a container via a nozzle, then it would
be a probable cause. Aerosols generated by this technique can build up a
charge between the cloud and the generator which can cause a "lightning flash"
and aerosol ignition.
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D.* Uae of &agnt Com~bustion Inhibitors ~ ~ apocit

From the agent standpoint, there is only one logical approach to
the inhibition of aerosol flashing, the addition of a combustion inhibitor
to the system. The combustion of an aerosol is of two types, diffusion or
premixed, depending on the aerosol particle size. The actual combustion is
between the vapor and air, never between the liquid and air.

The experimental approach should be:

1. Basic questions to be answered: A body of knowledge is needed n
on the inhibition of aerosol flashing which can be applied to the variety of
problems that occur in different asmunition systems. Specifically, knowledge
is required to answer the following questions:

a. What Is the beat inhibitor to be added to the CW agent to
prevent combustion of a CW agent-air aerosol under the conditions of (1) large
droplet diffusion flamc, and (2) small droplet vapor-type .flas,, at all fuel- -

air ratios?

b. What is the best inhibitor to be added to the CW agent to
prevent ignition of a CW agent-sir aerosol when the droplets arc (1) large,
and (2) snall, at all fuel-air ratios?

c. What is the best inhibitor which can be added to a CW
agent to prevent (1) ignition, and/or (2) combustion of the detonation prod-
ucts of the explosive?

d. What effect does the presence of explosive detonation prod-
ucts have on the aerosol combustion when the products (1) do, or (2) do not
burn?

2. Basic experiments to be prformed: The questions require that
the following be determined:

a. The ignitibility of the CW agent in air, of the detonation
products in air, and of the CW agent-detonation product-air mixture as a function
of the fuel-air ratio and the type of inhibitor used.

b. The combustibility (or flammability) of CW agent in air, of
the detonation product in air, and of the CW agent-detonation product-air mix-
ture, as a function of the fuel-air ratio and the type of inhibitor used.
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E. Buimmary of Research Program

In summary, the following research program was planned.

1. Phase I: The factors involved in aerosol flashing are:

Particle size

Aerosol concentration

Vapor pressure

Temperature

Pressure

Flammability limits

Source of ignition

Each of' these represents an experimental variable which could be

investigated independently of the others. The problem is further complicatcd
by the fact that the "source of ignition" repre3ents a number of possible

modes. This further multiplies the total number of variables to be studied,

for each of the other six may be a dependent variable of the ignition source.

The ignition sources to be studied should be representative of the

true situation as it exists in the field. One aim ws to determine how the

ignition source influences the flashing problem. A secondary benefit of this

approach would be "fall out" information which would determine the most prob-

able ignition source in explosive dissemination.

a. Variables to be studied: It vs planned that in the re-
search to be conducted we would investigate the following variables:

(1) The ability of four ignition sources to ignite aero-

sols, the four sources being (a) ignition by combustion of the detonation
product gases, (b) ignition by shock wves with and without the presence of

detonation product gases, (c) ignition by hot metal fragments, and (d) igni.

tion by hot solid carbon particles.
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L (2) Aerosol particle size vas to be varied. The influence

of this factor on each of the four ignition sources was to e etuIiem for nominal

5-micron and 100-micron size droplets. Theie sizes are representative of the

two types of combustion which occur in aerosols.

(3) The effect of aerosol vapor pressure was to be studied
on one or more liquids. Complete data, with variable particle size, all four
ignition sources, and complete flammbility limit data (as influenced by a and
b above) were to be obtained on one liquid. Sufficient data were to be taken
on the others to determine the influence of vapor pressure on these factors.

(4) The influence of temperature and pressure wore to be

confined to room temperature and atmospheric pressure. All equipment was to be
designed so that other temperatures and pressures could be studied at a later
time, if necessary.

(5) Flammability limit data were to be determined as a
function of aerosol particle size, ignition sources, vapor pressure or liquid,
aerosol-air mixture ratio, and aerosol-air-detonation product Eas (three-
component) mixture ratio. Construction of complete flammability limit curves
would provide absolute information on the influence of aerosol concentration
on ignrition and combustion.

b. Experimental investigation: The experimental investigation
of these variables was to be accomplished as follows. Two pieces of equipment
would be used, one a special combustion chamber, and the second a shock tube.
The special combustion chamber was to be a closed system with an expanding gas
bag so that the pressure on the system remains constant. Aerosols would be
generated with diesel fuel injectors.

Section III describes in detail both the type of experiments
to be performed and the information which was to be obtained.

2. Phase 1I: Phase II is concerned with the use of additives to
inhibit or prevent the flashing of aerosols. A series of additives were to be
evaluated using a special material to represent the aerosol. This material
would be similar to CW agents which are involved in the aerosol flashing
problem.

Commiercially available materials were to be evaluated along with
some agents previously observed to have had an effect on aerosols.

The best additives were to be evaluated using both the combustion
chamber and the shock tube. The flammbility limit curves in which the air-
aerosol-product gas mixture ratios are evaluated were to be re-evaluated using
these additives to determine their effects.
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IV. MATERIALS AND EQUIP1NT

A. Establishment of the Detonation Product Gas Mixture
I

Current devices used to disseminate liquid aerosols extlosively are
the 155-mm. and 8-in. artillery shells and the 115-sm. M55 rocket. Drawings
of these devices were obtained from CRDL. Examination of these dravings diu-
closed that composition B-4 is used as a burster in all three. Composition
B-4 consists of 60 per cent RJX and 40 per cent TNT, to which 0.5 per cent
calcium silicate hae been added. This material is vacuum cast to a loading
density of about t.7,2 g/cc. The explosive in the 155-nm. and 8-in. shell
would be classified as under heavy confinement, according to Picatiany Arsenal.
The explosive in the M55 rocket is much more lightly confined but it is dif-
ficult to assign a "deo ree of confinement" value to the liquid filling Of this
shell. Melvin A. Cooko gives a complete calculation of the detonation prod-
ucts produced by Composition B at a loading density of 1.58 g/cc. A partial
calculation for a loading density of 1.72 g/cc shows that the total moles of
gas produced are the same at the higher density. This is ih contrast to the
usual case where an increase in loading density results in a decrease in the
total moles of gas and an increase in the free carbon content. This different
effect noted with Composition B may be caused by the better oxygen balance of
this explosive.

The calculated composition at 1.50 g/ce is gOven below.

Per Cent
Moles/kg by Volum.

CO 8.0 25.55
C02 5.9 18.85
H2 0.01 0.032

H120 0.1 0.32
N2 10.6 33.85
N13 0.2 0.64
C H4  0.6 1.92
CI!1011 5.0 15.97
C120 2  0.9 2.87
HEN 0
C 0

TOTAL 31.3
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Taking into account the facts that calculated values are subject to
error because of lack of exact information regarding the correct equation of
state, and Composition B is more fuel-rich than Composition B-4, it is believed
that, for the pLarpose of this project, the above composition will serve ade-
quately as a simulated detonation product gas mixture.

iB. Candidate Aerosol Materials

1. General Consideration

While the intention of the project was to obtain some basic informa-
tion on the phenomenon of aerosol flashing, it was desirable that the material
acrosolized have characteristics of interest to CRDL. These general character-
istics are (a) a high boiling point, (b) an intermediate spontaneous ignition
temperature, and (c) a high flash point. A boiling point temperature on the
order of 250*C, a spontaneous ignition temperature in the 300"C range, and a
flash point of 175eC were selected as meeting typical requirements.

It was quickly realized that the scarcity of flash point and sponta-
neous ignition temperature data in these ranges would require a method of pre-
dicting values for compounds not listed in the literature. A literature search
for existing data was made (covering the last 23 years) to provide the infor-

mation for suuh predictions.

Data wore obtained on four classes of compounds: pure aliphatic
hydrocarbons, oxygenated hydrocarbons, nliphatic amines, and aromatic com-
-pounds.

The study made by Swartz and Orchin7/ shows that the spontaneous
ignition temperature value is very dependent on the surface-to-volume ratio
of the equipment used to measure it. The equipmen. used by CRDL is believed
to be similar to that used by Frank and Blackhami/ whereas most of the liter-
ature values were obtained in modifications of Bureau of Mines apparatus. By
use of the information obtained by Swartz and Orchin, the value of 3000C in
CRDL apparatus was graphically found to be equivalent to 262C in Bureau-of-
Mines-type apparatus.

From the work of Zabetakis et al.,2/ it was found possible to pre-
dict the structure of an aliphatic hydrocarbon which would have the proper
boiling point and spontaneous ignition temperature. By this method, for a
spontaneous ignition temperature of 262eC, the average carbon chain length
would have to be about 5.2 to 5.4 carbon atoms. For the correct boiling
point, the hydrocarbon would have to contain about 14 carbon atoms .

- 21 -



The following typo compounds fulfill these requirements:

CU13  CH3

CH 3-C H-1 ,-CF4-C-C'13 2,2,5,S-tetraethylhexane

C3C 2 6CH -C-CH3
I

YH3  c13 CH 3
C0H3- -CH2 -C-C H2 -6-C0H 3  2,2,6,6-tetramsthyl-4-methyl-4-ethylheptane

H3 ý112 ~1

CH3 CH3 C03 C113
C3-•CC--6- -CR 2 -(h-CH3  2,2,3,3,4,4,6-heptamethylhoptane

C13 6113 011

Unfortunately none of these compounds, or anything like them, can be obtained
cuuxL-rcially as pure materials.

The work of 1abotakis et al. clearly illustrates the two types of

ignition phenomena associated with hydrocarbons. When spontaneous ignition
temperature is plotted vs. average carbon chain length, a moified Z-shaped
curve is obtained which shows that the short chains have ignition temperature
above 4000 C and the long chains below 250*C. The straight, vertical portion
of the Z falls within the 250* to 4000 range.

Frank and 3llackham point out that additives do not change the sponta-
neous ignition temperature of hydrocarbon-, which ignite by the high-temperature

mechanism. The work of Zabotakis indicates that this fact would apply to
hydrocarbons whose spontaneous ignition temperature was greater than 3000 to

400 C.

The literature data on the spontaneous ignition temperature (SIT)
of oxygenated aliphatics, amines, etc., were insufficient to set up generalized
rules regarding their behavior. In general, the successive substitution of OH
groups on an aliphatic hydrocarbon molecule raises the SIT. The substitution

of a ketone or aldehyde group lowers the SIT. The SIT values of amines are
unusually high compared to corresponding hydrocarbons.

Flash point data are more readily available than SIT information.

In a broad sense, flash points give a straight-line relationship with higher
range boiling points for any given class of compounds. A study was made of
aliphatic hydrocarbons, aliphatic alcohols and glycols, aliphatic amines,
and alkanol amines. These data are given in Figs. 1 and 2.

- 22 -



IL

II

t 'H

-7- *-



~71

I L,

........ t...7-1 I

F''7

7f I~

i1-i i-I



rrfltr�- -"r r

- �1 � I ..&4 h c �..�4±4LFzbt'�'
a- t. 11:2131 i'LL$i..174�Ft 

It �L.r'�

-t I 
.�r

�rt '� ¾w.flrl 
- *.iU...� I . -

iLi'� '-A I I � ]-I
Ii I 

,.

-. r

I 
- I j

a
�'±g. 2 'r 4riaZion at Plash Point with Ea±24n� �41alt

-4-. 
9± A24pbattc aM AL�ano3. M$aq� o

� I 3- 
' 3 . - I

1 

I

I 
Ak .1

A '.1

�1 

I ' I
t
'.j -I*1

I 
-� r . I

It' 03
I I *1

�.-I �
ik. ,,� 1(3 - f ;I.AjI

t�AL� 

I

I � 
.. .,

I I i

-h

ii I

' I r � �''�

3)3', 
.�.I j...4. .......4L�.. 

1- " 't'a�.ipbRticam±aeu H

I I lu . -l C (� 1E)mzni�ea I

I, I A

3-4

IL j __ �t I � (EO4)g�pamJaiws I
I�1 1, �- 'r r 1

I ��-I 14 rr I- I _ _ I *

I-. i� C '' I
'iTT:; Ii:

I I

J�3'tj-'�

II -�t V 1

Xi (�)� i I I



The curves indicate that in an aliphatic hydrocarbon the flash point
is dependent on the boiling point. In general, it makes little difference
whether or not part of the molecule is cyclic. The primary effect of an OH

g;roup is to raise the boiling point. Other than this, there is little effect,

although the alcohol flash points tend to run slightly higher at a given boil-

ing point. A large part of the scatter on both curves is believed to be due
to the many sources of information used and the indiscriminate plotting of

both open cup and closed cup data together, depending on vhich was available.

It is obvious that the proper combination of boiling point, flash

point, and spontaneous ignition temperature cannot be obtained with any one of

these series of compounds. It is obvious that a proper combination of boiling

point and flash point alone cannot be obtained with these series of compounds.

In summary, it has been possible to find compounds which individually

have the correct boiling point, or flash point, or spontaneous ignition tempera-

ture. There are some compounds which have both the proper flash point and boil-

ing point, such as Sl3ecerin. The only compounds which are ealauilated to have

both the correct boiling point and spontaneous ignition temperature are not
available. The search for compounds which might have the desired spontaneous

ignitiun ecmpcraturu was severely hampered by lack of published dats

A search of chemical warfare agents disclosed that compound QL comes

close to the desired properties and is of low toxicity. This compound was pro-

posed as a test naterial and was accepted. The spontaneous ignition temperature

of Q" is high. Other naterials to be evaluated will have to be selected with

the thought of achieving a close match in spontaneous ignition temperature.

2. Use of QL aerosols: It was originally planned that the bulk of
the experimental work would be accomplished with glycerin as a test material.

Glycerin was selected as being representative of a number of properties which

seemed desirable to investigate. Subsequent to initiation of the contract it

was mutually agreed that the range of properties should be changed. This

caused the initiation or a search for a suitable material, which is described

above. As a resiult of the search, the CRDL compound that is coded QL, was

selected as a suitable compromise for the factors to be studied. The use of

QL has caused some unplanned-for problems and these are discussed below.

While QL is of low toxicity, it has a toxic potential. It reacts

with oxygen and water. It is inccnpatible with rubber and plastics except

Teflon. It can deccompose in storage with an increase in container pressure.

The toxicity and potential toxicity of QL require that due care must be

exercised because of the potential hazard.
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The reactivity of QL with water and oxygen requires that it be pro-
tected from the atmosphere at all times. This means that all equipment into
which it is introduced must be dried and flushed if it is to remain pure for

any length of time. Opening a system which contains it must be done under dry
nitrogen, and then the container must be resealed under dry nitrogen. All

equipment must be designed and built with this factor in mind.

The incompatibility of QL with rubber and plastics has caused a
number of problems. All equipment must be designed to use Teflon gaskets and
seals. This seems rather insignificant until it is realized that Teflon is a
very poor substitute for an elastomer. Consequently, it is difficult to ob-
tain a dynamic seal with it. Static seals are almost impossible with "0"
rings because of Teflon's extreme cold flow tendency. However, in a number
of instances we have been forced into using Teflon "0" rings for static seals.

QL is not compatible with Silastie either, but we had to use RTV
Silastic for gaskets between the end plates and plastic wall of the combustion
chamber. It was originally designed and built for rubber "0" rings. A sub-
stitution of Teflon "0" rinro did not work at all and a seal was niot obtain-

abln. Neithe~r could we obtain n neal with a flat Teflon gasket. The plastic
surface wan just uneven enough and the strength of threads in the chamber wall
wan Juust weak enough, so that we could not bring enough pressure to bear to
achieve a seal with Teflon sheet. Consequently, we constructed a mold and
made two RTV Silastic gaskets. So far these are working out well.

The injection pump we were to use to create aerosols was designed
by the manufacturer to use rubber "0" rings. We have substituted Teflon.
Just obtaining correct sizes for substitution has been a problem because
there seems to be a lack of correspondence in "0" ring sizes between these
materials. Two of these "0" rings are very critical and both are dynamic
seals. One is on the piston assembly and the other is in the check valve
assembly. In fact, this latter "0" ring is the check valve. Some difficulty
has already been experienced in proper pump operation.

All seals in the shock tube have been designed for use with Teflon.

The tendency of QL to decompose in storage with an increase in con-
tainer pressure has resulted in one accident to date. Ampoules containing
400 ml. of QL were received from CRDL. The first one opened was observed to
be under a positive pressure and had a pungent, penetrating smell. On the
assumption that this was normal, the ampoule was connected on to the aerosol
generation system. A nitrogen bleed was started to purge the pump overnight.
The following morning Mr. Pollock examined the setdp, and arrived just in time
to be thoroughly sprayed by QL leaking past the plastic connection of the ampoule
on the system. Later reconstruction of the events led to the conclusion that
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gia pressure inside the expoule had forced the ampouole out of the conneation
and sprayed the material. It was bad luck that Mr. Pollock arrived just at
that moment. All 400 ml. were sprayed out all over the room and equipment.

Thorough decontamination of the room and equipment followed. Mr. Pollock

suffered no apparent lasting ill effects from the exposure.

The accident convinced us that this must not be normal QL behavior
and that the material had decomposed in storage. Because of our experience
with this sample, we decided to vacuum distill the next ampoule and assay its
purity.

Two documents, CRDL Technical Memorandum No. 14-15 titled, "Gas
Chromatography of BZ, VX, QL, and GB," and Food Machinery and Chemical Corpor-
ation Final Report on Contract DA-Il-032-ENG-7295, dated August 1961, were
consulted to determine previous experience in this area.

To accomplish the distillation, we used a vacuum jacketed glass col-
umn 1 in. I.D. x 4 ft. long, packed with glass helices. A Corad constant ratio
distilling head gave us a reflux ratio of about one to one. The system VMs
opcratcd at 1 ms. mercury prcseurc with a continuouo nitrogen crcep through
the column, head, and receiver. To assay the sample, we used a Micro-Tek,

Model CC-25000 progranmend temperature gas chromatograph.

Knowing that QL is compatible with Apiezon grease, the distillation
system was assembled from standard fittings and stopcocks, using Apiezon N
grease for vacuum sealing. This was an error, because QL vapor and liquid are
such excellunt solvents for Apiezon grease. Any future distillation should be
conducted in apparatus with Teflon fittings.

We were surprised when we opened the second ampoule in preparation

for filling the distillation flask. There appeared to be no pressure in the
ampoule, and it uus comparatively free of strong odor. We took a sample of
this for chromatographic analysis, and proceeded with the distillation. The
distilled material was separated into three fractions, 75 ml. in the first
fraction which was discarded, 275 ml. in the second which was retained, and 50

ml. left in the pot.

Problems were encountered in nuking quantitative assays of QL. Gas
chromatograph columns prepared by the method in the cited references do not
produce a column with a known amount of stationary phase. Consequentlyj the

column time constants and curve area relationship for previously reported col-
umns cannot be used. lacking a known sample of any material or constituent
to calibrate our column, a request for a "known" was made to CRDL. The distil-

lation procedure should produce some reasonably purified material and we elected
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to use this as a qualitative reference standard. We have since received a pure

sample of TR which will be a significant aid in calibrating our columns and

correlating with the published data.

The chromatograph of the original material and of each of the three

fractions indicated that the distillation increased the height of the QL peak

but that all of the samples were very similar. The distillation primarily Ie -

duced the percentage of high boiling impurities.

In view of the marked difference between these first two ampoules

(i.e., internal pressure and odor), and lack of a major improvement in purity

of the second ampoule on distillation, we have decided not to distill. future

ampoules unless they exhibit strong odor or pressure. None of the ampoules

opened subsequently have shown signs of deterioration.

We have noted that there are several physiological effects on per-

sonnel using QL. Exposure to the vapor can bring on stomach upset and difficulty

in breathing (described as a "tightness in the lungs"). Skin dermatitis has
been noted In the form of an itchy red rash which covers large aeuas of the body.

The deimaetitis condition can occur from vnpor exposure alone. The intestinal

and lung dioturbance clears up in a low ifourt; the dermatitis in a few days,
following cxpouurc.

C. Combustion Chamber Design and Fabrication

A combustion chamber to evaluate a number of the parameters involved
in aerosol flashing was designed and fabricated. The general specifications

for tte apparatus were as follows:

1. It must allow the creation of any desired combustible coMponent

mixture composition in a threc-component system.

2. It must allow the combustion to be studied under constant pressure

conditions.

3. It must be a totally closed system to permit recovery of combus-

tion products as desired.

To achieve these specifications the concept of a long cylindrical

chamber, separated from a collapsed, flexible bag by a rupture diaphragm was

adopted.
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The combustion chamber can be divided into a number of subassemblies
which are discussed individually below.

1. Main chamber: Photographs of the equipment are presented in Figs.
3 and 4. The main chamber consists of a 36-in. long by nominal 5-1/2-in. I.D.,
clear plastic cylinder, set vertically in a stand. The system volume is 13.9
liters. On a metal plate at the bottom (not shown) is mounted a diesel fuel
injector for dispersing the liquid phase material. The bottom plate also has
a provision for spray washing the interior, evacuating, and draining. A metal
collar at the top of the cylinder contains a perforated plate, igniter access,
connections for a gas expansion bag, and a spray nozzle for bag washing.

The perforated plate is a support for the rupture diaphragm and con-
sists of 1/G4-in. holes on 1/4-in. staggered centers. The plate's open area
is GO per cent. Testing of several diaphragm materials (including several types
of aluminum foil) led to the selection of Saran wrap as the most deuirable. It
is cheap, readily available, and unifonr in characteriutics. When supported by
the perforated plate, it will withstand a pressure differential greater than
20 psi. When uncupportcd as a 5-1/2-in. diameter diaphragm, it breakcs at less
than I psi pressure difforential..

When the chamber is evacuated for filling with the combustible i-dx-
ture, the perforated plate supports the rupture diaphragm, seals the sytitom
from the atmosphere, and prevents a combustible mixture from entering the ex-
pansion bag. When the ridxture is ignited, the increased pressure in the chamber
pushes the diaphragm away from the plate. Since it is unsupported across the
5-1/2-in. diameter of the tube, it ruptures at a very low pressure. Due to the
large open area of the support plate, the expanding gas experiences no signifl-
cant impediment to its flow into the bag.

The bag is decigned to contain all of the volume increase caused by
burning of the combustibles. It is constructed of polyvinyl sheet, heat-sealed
to form an air-tight bag. Provision has been made to flush the bag with nitro-
Gen gas.

Because of the nature of the materials to be studied, it was desirable
to eliminate all rubber "0" rings and gaskets in the system. Gaskets between

the Plexiglas tube and aluminum attachments were cast from Silastic RTV Silicone
Rubber.

A spark igniter has been fabricated. The circuit is basically that
of a capacitor bank fired on command by a 5C22 hydrogen thyratron tube. Pointed,
1/8-in, diameter tungsten rods are used as spark electrodes. The output is
variable up to 160 joules maximum.
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2. Aerosol injection syrtem: The aerosol injection system must be
protected from tho atmosphere since QL reacts with both ox),en and water. In
addition, it is necessary that means be provided to determine how much liquid
is aerosolized in each experimental run. Further, the pump is a positive dis-
placement type and requires a head of at least 15 psia to fill the pump cham-
ber on each stroke. All of these features are incorporated in the assembly
shown in Fig. 5.

The QL is received in scaled ampoules containing about 400 ml. ui'
material. Such an empoule is shown at the top in Fig. 5. This is joined by
a Teflon sleeve to the balance of the filling system. The filling system con-
sLats of two parts, a storage area and a burette. The storage area is sep-
arated from the burette by two stopcocks. Essentially, the entire assembly is
just a standard burette filling system with provision for replenishing the
atmosphere above the stored liquid with dry nitrogen gas rather than having
it open to the atmosphere. The lower Teflon stopcock selectively opens the
storage ares to fill the burette, or connects the burette to the pump. At the
tep of the burette are ULree stopcocks. The one en the right opens the system
to a nitrogen cylinder to bleed nitrogen gas into the system. The one directly
above the burette (almaoot hidden i- Fig. 5) openr the systum to the atmosphere
through a tiny hole about 1/2 mm. diameter. This allows a continuous nitrogen
flush in the system and breaks the "pump vacuum" so that the aerosol injector
pump chamber will fill. The third stopcock (the one on the left in Fig. 5)
allows nitrogen gas to pass into the storage bulb so that the burette will
fill. A close examination of Fig. 5 will disclose a breather tube which ex-
tends from the storage area inlet nitrogen lineup into the sWorage ampoule.
This permits the nitrogen gas to pass directly into the opun volume above the
liquid. More importantly, this breather tube allows excess pressure that con

build up in the storage area to be vented to the atmosphere.

The filling system is connected to the pump via a glass-to-stainless-
steel ball and socket joint as shown. The stainless-steel socket terminates
in a special pump adapter which can be seen in Fig. 4. A Teflon "0" ring be-
tween the adapter and pump seals this inlet line.

The quantity of liquid delivered can be controlled by the piston dis-
placement in the pump, i .e., by the length of stroke of the pump handle. By
using various sizes of drill rod stock as blocks between the pump housing and
the handle, the quantity of liquid delivered at any pressure can be controlled
to within .0.005 ml. In the volume of the test equipment, the flammability
range was predicted to bu between . to 4 ml. of material, so this accuracy of
delivery was quite adequate. However, a check was inserted in the system to
insure that the "dead-reckoned" quantity was actually delivered. This is the
reason for the burette.
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The system was "activated" by opening the QL ampoule under a nitrogen

blanket in a sealed plastic bag and assembling it to the storage part of the

system which was also contained in the bag. The oven-dried glass parts were

flushed with nitrogen for a day prior to introducing the QL ampoule. With the

ampoule attached, the filling system was attached to the pump. By flowing

nitrogen through the burette, the pump and injector nozzle are thoroughly flushed

before admitting QL into the burette.

3. Detonation product gas: The CO, CO2 , Hp, N2 and C114 components

of the detonation product gas mixture were supplied as a mixed gas by Matheson
but they could not add in the components to form the complete mix. To enable

us to work with the original gas mixture as planned, we have made up a simple

system to form the complete mix in the chamber.

A stock solution of the liquid components was prepared in proportions

equivalent to those found in the detonation product gas mixture. An arrangement
was made whereby a hypodermic syringe is attached to the stock solution bottle

which enables us to withdraw known measured qunntities. A similar adapter for
the hypodermic syringe is attached to a "flasher" chamber. The "flasher" chnmbcr
is merely a glass bottle set on a hoL plate. The stopper contains the hypodermic
Lyi'ngu adapte• anid hak a gab euLraicu aEid uAIL line. Thu euztcaucu littu !;; "•-o•

the cylinder containing IWtu fivu-component gas mix. The exit line lends to the
combustion chember. The liquid solution is injected into the warmed chamber
where the M4atheson gas mixture evaporates it, and carries it into the combus-

tion chamber. Mixing is accomplished in the combustion chamber. Of course,

the amount of solution injected is in proportion to the quantity of five-
component Matheson gas which is being used. The liquid components will remain

in the vapor phase at room temperature. All lines in this portion of the system
are stainless steel. A flow schematic of this system is included in rig. 6.

A "flasher" chamber can be seen between the Wet Test W-&ter and the gas cylinders
on the table in Fig. 4. Itmrdiatcly behind the hypodermic syringe sticking above

the flasher in Fig. 5 is the bottle containing the liquid stock solution.

4. Ignition system: The igniter is basically a capacitor bank fired

on cossaand by a 5C22 hydrogen thyratron tube. Pointed, 1/0-in, diameter ttung-

sten rods are used as spark electrodes. A circuit diagram of this unit is pre-

sented in Fig. 7. The output is variable up to 175 joules maximum. The system

is shown at the lower center of Fig. 4.

It turns out that the output is not really as variable as was orig-

inally planned. The system is designed to vary the output by varying the voltage

at constant capacitance, since the output in joules is equal to 1/2 CV2 where C

is the capacitance and V is the voltage. However, it is desirable to keep the

spark gap constant at about 0.1 in. If the ignition system output is varied as
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a function of voltage, the spark gap has to be continuously readjusted in
order to get a current flow in the system because the Maximo voltage available
(5,000 v.) is the voltage required to break down on a 0.1 in. spark gap. Since
two of mfd capacitors are used to obtain the maximum output, we elected to per-
form the studies using one capacitor at 5,000 v. at 0.1 in. electrode spacing
in all tests. This gives us about 83 joules ignition energy which is more
than adequate.

5. Gas sampling system: It had been planned to sample the gas
after combustion to determine the propoxtion of aerosol consumed. It was
originally planned that the system would be washed with a water spray to col-
lect a glycerine aerosol. With the change to QL, we elected to attempt gas
sampling rather than trying to wash the system. Consequently, based on the
assumed sensitivity of gas chromatography to QL, we decided to take a 200-ml.
gas sample. If all of the QL in a 200-el. sample is dissolved into 10 ml. of
benzene, the chromatograph should be abl:ý to detect 1 per cent of the quantity
of QL required to form what we believe might be equivalent to the fuel loan
limit mixture.

The nample btulb rs.k is shown nt the left of the combustion chamber
stand in Fig. 3. The sample bulbs are 200 ml. flasks with ,topcock attached.

The long shank on the bulb goes through a bushing in the chamber wall as shown
as the left center in Fig. 4. A sample bulb in position is shown in both Figs.
3 and 4. The wood frame around the bulb is to protect it and keep it from
being accidentally broken. Thu bulbs are evacuated before use.

Since we changed to a gas sampling procedure, it was necessary to
know the total volume of gas after the combustion reaction in order to be able
to calculate the quantity of unconsumed 0T.. Any increase in volume is captured
by the plastic bag. Therefore, if the quantity of gas in the bag were measured
after an experiment, the total gas volume could be obtained. Measurement 0o'

this gas volume is the purpose of the two water jugs and the Wet Test Meter
shown in Figs. 3 and 4. The flow diagram is given in Fig. 6. Basically it
works as follows: Tne introduction of the combustion gas directly into the
meter is undesirable because of its corrosive ald possible toxic nature.
Therefore, it is separated from the meter by the two Jugs. The elevated jug
ij filled witn water and the lower jug of Fig. 4 is filled with air. When a
syphon is started between the two jugs, gas is pulled (pumped) out of the
chamber to replace the lost volume. As the water level rises in the lower
jug, clean air is forced through the Wet Test M.eter. Since there is a one-
to-one correspondence between the chamber combustion gas and the clean air
measured by the Wet Test Meter via the water displaced, we have a very simple,
clean, self-pumping, gas measuring system.
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D. Shock Tube Design and Fabrication

Calculations were made to determine the operating parameters of a
shock tube which will achieve the temperature pulses predicted to ignite the
aerosol-product gas mixtures. The physical design of the tube is based on
these calculations.

The analysis described herein is applicable to conventional shock
tubes which provide high temperature regions behind reflected shock waves at
the closed end of the "receiver" section. The reflected expansion wave from
the closed end of the "driver" section is returned to the "receiver" end and
terminates the high temperature operation after a predictable time interval.

Figurc 8 illustrates a travel time diagram of the shock tube oper-
ating characteristics.

The incident shock wave A, traveling along the tube at WA, is gen-
erated when the diaphragm is ruptured. The bursting of the diaphragm also
generates a centered expansion wave which moves to the left into the high
pre•sure driver gun. Thu "cuniaet uurfauue" is the interface between the
driver gas and the recciver gas and moves at a velocity equal to U2 . The
shock wave B reflected from the closed end of the receiver generates a high-
pressure, high-teomperature region. The interaction of the reflected shock
wave B with the contact surface will, in general, produce reflected shock
waves which will subject the test section gases to a series of temperature
steps. Since this is considered to be undesirable, it was decided to return
the reflected expansion wave head at a point in time and space coincident with
or below the coincidence point m formed by the intersection of the reflected
shock B and the contact surface. This requirement therefore specifics a min-
imum length LR (receiver section) for a given Ld length (driver section).
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The intensities of the properties in the various regions can be
quite simply determined from the shock wave and expansion wave relationshipsps

and the thermodynamic properties of the gases involved. The following is a
listing of significant shock tube relationships derived for a receiver gas

with an assumed specific heat ratio (k) of 1.35:

P2 2kM2XA,-(k-l) 7.72M2____ (1

P1  k*l 6.72 (1)
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T2 TPl) L~k-lM2+2] K X [215. 72]()

T, (1ý+I)MA6. 72M42 2

02 2~

("A0Al (4)

m1 2 e+ (W1  u U2 MBC2 ) (5)

XB -_ kA,-('-. 7 I2 13 2

ki7 .72,1

(k+1)'x G.72M

C5 G- (7)

U2  2 2 -12 -2.
C2 k2 A 0.8s .- A- (9)
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S.r0 kdl U __l F -1_.92 (For Helium Driver
to (U2  ke

S. . .. . . 0.33 at Atmos. Temp.) (10)
L] d -(k 1) (kd 1.66)

Kw

tu 2
31 (For Nitrogen Driver (Ii)

t - O at Atmos. Temp.)
trl (ka = 1.40)

- 0. 06 42 ~ 5.02 (F r iei D v r Go ) 12

2 0.16 A (For nitrogun Driver Gao) (13)

"T2e derivation of operating time ((tR) as a function of the tube

lengths LR and Ld resulted in the following equation:

C3 = K -K (14)

where+C5 _ U2

KI t C (15)

( 1 MxB-
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The calculated values for the significant variables are given in
graphical form in Figs. 9 through 12.

Figure 9 presents significant shock tube pressure ratios and tempera-
ture ratios versus the incident shock wave Mach number (M..) as derived from
Eqs. (1) through (13). Initial driver pressure (P3) to develop a specified
tust chamber tempcrature pulse magnitude (T.), as well as test chamber pressure
magnitude (Ps) can be determined from this chart.

Figures 10 and 11 present the functions K1 and K2, for helium and nitro-
gen gas drivers for use in Eq. (14) and dofine operating times as a function of
driver l.utigth (Ld) and receiver length (La).

Figure 12 presents minimum (LR/Ld) ratios for nitrogen and helium
gas drivers as a function of MxA. These values have been derived from the
following relationship which specifies the (LR/Ld) value which will achieve
intersection of the reflected expansion wave leading edge with the contact
surface-reflected shock wave coincidence:

2MxA MxB (__ _(?

. \c/ +tfi +

The design of the shock tube facility was based on these calcula-
tions. Much 4.25 was selected as the upper shock level for consideration
inasmuch as this will heat the aerosol mixture to about 00OC. This was
predicted to be more than sufficient to achieve ignition.
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SThe choci tube was fabricated from nominal 4.3-in. stainless-steel

tubing of 0.083-in. wall. The maximum over-all internal length is 20 ft., which
can be distributed between the driver and receiver sections as desired. Sec-
tions are held together by bolt flanges. Marman clamps were originally used to
join some of the sections but these were removed because of our inability to
achieve vacuum tight joints with them.

Photographs of the facility are given in Figs. 13 through 15.
Figure 13 shows the complete facility, the slave end of the tube being close
to the viewer, and the driver end back into the picture. In this view, the
main instrumentation is to the right foreground. The aerosol generation equip-
ment, consisting of the pump system and QL storage system, are also shown. The
cylinders containing the gases for forming the detonation product gas-air
mixture arc shown in the left foreground. The small glass cylinder, shown on
the table at the end of the tube, is the evaporator used to vaporize the liquid
components of the detonation product gas to form a complete mixture in the shock
tube. At che far end of the tube are the cylinders and plumbing for filling
the driver section. Running along the tuba is a copper pipe exhaust manifold
used to evacuate the systcm. The vacuum pump exhaust is carried by pipe and
discharged outside the building.

The data pickups for the shock tube work are two pressure transducers
and a photocell unit. The pressure transducers are used to measure shock veloc-
ity and establish time relationships. The photocell provides us information
on the combustion occurring in the system.

The pressure transducers are of the quartz piezoelectric type, Model
601 A, made by Kistler Instrument Corporation. They are used with Kistler
Model 566 electrostatic charge amplifiers. The signals from the charge ampli-
fiers are fed to a Model 7270R Berkeley Time Interval Meter which will give a
direct digital readout of the time interval between passage of the shock wave
past the two transducers. The signal from the transducer nearest the receiver
end of the tube can also be fed to a type RM 45A Etktronix Oscilloscope through
an electronic switch. This permits direct observation of the pressure-time
history behind the reflected shock. The oscilloscope display is photographed
with a Hewlett-Packard Model 196A Polaroid oscilloscope camera. The photocell
unit is an IP28 photomultiplier in a cathode-follower circuit. The photo cell
is mounted on the receiver end of the tube and observes down the central axis
of the tube. This permits observation of light output within the shock tube
(ignition and/or combustion events). This signal is also fed to the occil-,
loocope through an electronic switch. The electronic switch will be used to
sample the input signal from two signal sources and display them on a single-
beam oscilloscope on a couon time base. Alternatively, a dual beam scope
can be used, eliminating the need for the switch.

-45-



Fig. 13 -Over-All View of 4-in. I.D. Shock Tube
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The instrumentation can be seen in Fig. 14. The photomultiplier

tube housing can be seen on the end of the shock tube at the extreme left. The

KKistler charge amplifiers (only one shown) are mnountod on a table Just to the
7. right of the injector pump. The next instrument is part of the low voltage

photocell power supply, The rack mounted instruments are as follows. Starting

at the top is the photocell high voltage power supply, the time internal meter,

the single beam scope, a time delay generator, and another regulated power
supply. At the right of the rack is a Tektronix dual beam oscilloscope.

The aerosol in the receiver section will change with time as parti-
cles coagulate and settle out. Therefore, it is desirable that the aerosol

age, at the time of shock wave passage through it, be a controlled condition.

To achieve this, one must be able to rupture on comnmand the diaphragm separ-

ating the driver and receiver sections. Several methods of doing this have

been used by others. Diaphragms which break at a predetermined pressure are

frequently used but in this size and pressure range they cost $20 each. Sparks

are used to burn holes in the diaphragm, but this might ignite the flammiable

mixtures. Mechanical plungers are also used to perforate the diaphragm but

those can be expensive and utilize a large part of the cross-section area
which interferes with the gas flow. Squibs can be used but their cost is

$O.GO to $1.25 each and squibs create a spark problem. Our solution was to

use a Crosnman air rifle to shoot a lead pellet at the stressed diaphragm.

This reduced the equipment cost to $21, and coot to rupture a diaphragm to a

fraction of a cent.

The installation of the CO2 gun can be seen in the photograph of the

driver end of the shock tube, Fig. 15. The driver section pressurization gas
is also fed to the gun. Diaphragms are cut from standard brass shim stock.

Used diaphragms can be seen hanging on the wall in the photograph.

V. EXPERIMeHTAL DATA

A. Particle Size Determination

An important part of the program is the establishment of a known

aerosol particle size. Studies by Burgoynela•O/ and co-workers have shown that

when a liquid aerosol particle size is below about 10p, a combustion wave in

such a mixture behaves like one in a premixed vapor-air system. Above about

40p, the particles were observed to burn individually in their own air envelope.

Burgoyne and co-workers have also shown that the flammability limit is particle

size-dependent. With small particles the lower limit approaches the lower
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limit of the vapor-air mixture. With large particles (above 401) the lower
limit is about 18 mag. fuel/liter. This corresponds to distances between par-
ticles of about 31 times the droplet diameter which is slightly larger than the
radius of the theoretical air sphere required for particle combustion.

A study by Kamo and Werlell/ has shown similar results for high-
boiling-point fuels. There is some indication that the particle size which
produces the lvest flammability limit is on the order of 100p at a fuel con-
centration on the order of 18 mg/liter. These data tend to show that with these
high-boiling fuels, flame could be transmitted over larger distances between
particles. This conclusion is hard to justify in view of the data of Burgoyne.
The scatter in the data is fairly wide (which is understandable in view of
the difficulty in working with aerosols) and the true position of the curves
may be closer to the results of Burgoyne, or vice versa.

To eliminate ambiguity in determining in which of the two regimes
we were operating, we selected two particle sizes as desirable for study,
those below an arithmetic mean diameter of 511 and those above i00u. To gen-
erate these particle sizes in both the combustion chamber and the shock tube,
we proposed to use a diesel fuel injector nozzle. Two Pouch nozzles were
purchased: a No. ADN 1582 and a No. ADN 15S3. Material is supplied to these
nozzles with a Bacharach Nozzle Tester, Model YFL. This is a hand-operated
positive displacement pump which will supply to the nozzle 0.95 ml. of liquid
per stroke at a maximum pressure of 5,000 psig.

The particle size of the aerosol can be adjusted by varying the size
of the nozzle and the operating pressure. A No. AKB-355-SP Bosch Nozzle
Holder is used to adjust the pressure. This holder contains an adjustable
check valve which prevents opening of the nozzle until a preselected pressure
has been obtained. This insures that all flow through the nozzle occurs at
the desired pressure. The pump also has a check valve which permits the entire
flow system to be pumped to the set pressure of the nozzle. Once the system
is at the desired pressure, the next stroke of the pump delivers fluid through
the nozzle.

Particle-size studies were initiated in the combustion chamber using
a water-glycerin mixture which has the same viscosity as QL. The study was
initiated with water-glycerin to avoid a loss in time pending receipt of OL.
The studies were made using the method of K. R. May 1 2 / which consists of meas-
uring the diameter of holes caused by droplets in a magnesium oxide coated slide.
Slides were placed coated side toward the injector nozzle at eight different
levels in the chamber. In addition, two slides were placed "edge on," one at

the top and one at the bottom of the chamber.
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As a first step, pressures of 2,000, 3,000 and 4,000 pasig were
evaluated with the AMI 1582 nozzle, which is the larger of the two. The

arithmetic mean particle diameter decreased regularly as the pressure in-
creased, as shown in Table IV. Since the smaller nozzle should produce
smaller particles, an attempt was made to leap ahead by evaluating the
particle size produced by the 1583 nozzle (smaller of the two) at 5,000
psig. In addition, to get larger particles, the 1562 nozzle was operated
at 500 psig and the resulting particle size determined. The results of
these experiments are shown in Table IV.

TABLE IV

PARTICLE SIZES AS A FUNCTION OF PUM' PRESSURE

Arithmetic Mean

Nozzle Pressure Particle Diameter
(psig) NozzleW

500 15S2 'V 356
2,000 1502 2Z.0
3,000 15S2 20.7
4,000 15S2 12.8
5,000 15S3 16.8

The particle size for the 1582 nozzle at 500 psig is shown as
approximate because several of the slides were so heavily coated that they
could not be read. However, the average of the six slides counted indicates
that the size iu greater than that desired.

The data on the 1583 nozzle at 5,000 psig confound our prediction.
The particle size observed is larger than that obtained from the larger nozzle
at a lower pressure.

At this point QL became available and the particle size studies were

continued with this material.

The initial trial runs at 4,000 psig injector pressure disclosed that
we were not getting any particles to the top of the chamber, in contrast to our
experience with the glycerine-water mixture. It also disclosed that we appar-
ently had a wider spread in the particle sizes than we had been experiencing
with the glycerine-water. This meant that we had two new problems: (1) a
change in the size distribution, and (2) a change in the distribution of par-
ticles within the chamber. The arithmetic mean particle size appeared to be
about the same as with the glycerine-water mixture.
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Originally, it was the intent of the project to characterize the
aerosol produced by a known technique, which was to be within acceptable cite
limits. At this point, our problem reversed itself and becam one of finding
a technique to produce an acceptable aerosol. The problem was attacked in three
ways: first, we secured the advice of senior WI staff members through a formal
briefing followed by an intensive discussion period; second, we contacted in-
jector manufacturers and others for recommendations; and third, we instituted
a much more rigorous technique for appraising the aerosols being produced.

The MRI senior staff presentation resulted in the recommendation that
the nozzles and pump be evaluated with diesel fuel Lo determine if the problem
was associated with soine unusual feature of QL's liquid properties. It was also
recohended that the nozzle spray angle be changed and that the combustion cham-
ber spray distribution pattern be examined. However, the over-all view was that
the approach being taken wa" sound and that the project uhopld continue on its
present course of action.

The American Bo,•ch Arms Corporation was contacted to obtain recom-
mendations on a nozzle which would produce smaller particlut;. After several
cii-scussiuns it was recommended that we try either an ADN 8SbMI4/4462 modifiiud
to an annular area of O.23 mm. ur an ADD1 15SDM5/4463 mouified to an annular
area of 0.16 mmz. Both of these were ordered. These nozzles fit the original
nozzle holder and are operated with the injector pump.

American Bosch Arms further stated that the reproducibility of our
sprays would be improved if we used a wrvchanical pump system rather than our
manual injection technique. They also utated that some improvement in particle
size could be gained by going to pressures higher than 5,000 psig, our present
limit.

The BSD24 nozzle was evaluated first because the included angle of
the spray with this nozzle is only 8 degrees. It was believed that this would
improve the throw of the spray und assist in obtaining a uniform aerosol in
the chamber.

A particle size analysis and a spray distribution study was made on
this nozzle with 5,000 psig pressure on the injected liquid. Uaing QL it was
found that 50 per cent of all spray particles were below 10A in diameter and
80 per cent were below 20L. The spray pattern in the chamber was good. The
aerosol generated remains airborne; the walls of the chamber remain dry.

Pending receipt of the 8SD24 nozzle, an evaluation was made of the
particle size produced in QL and diesel fuel sprays under similar conditions.
It was found that the diesel fuel spray particle size was indeed smaller but
that the particle size and particle size distribution in both sprays was
similar.
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It was decided that the spray produced by the 8SD24 nozzle was close
enough to the desired small particle size to initiate the aerosol flammability
study in the combustion chamber.

B. Combustion Chamber Studies

Our approach to this problem dictated the establishment of flam-
mability limits of the detonation product gao-air mixture, QL-air mixture, and
the detonation product gas-QL-air three component system. It was hypothesized
that much could bc learned from the behavior of the three component system
interaction. In addition, the ability of various types of ignition sources to
ignite the system were also to be evaluated.

1. Detonation product gao-air flammabilLty: To check the validity
of the data to be determined, we ran initial. experiments with methane-air mix-
tures for comparison of our upper and lower limit data with literature values.

Coward and Jones in Bureau of Miner Bulletin No. 503 report that the

methane-air upper and lower limits in similar equipment are 5.75 and 13.5 per
cent muthane, respectively. Our data in the combustion chamber show that the
lower limit is between 5 and G per cent and the upper limit between 13 and 1i5.5
per cent. Mixing was accomplinhed by allowing the air to "Jet" into the par-
tially evacuated chamber containing only methane, and then waiting 30 min. for
additional diffusive mixing. The data show good agreement for this type of
measurement, especially considering the lack of assurance of absolute mixing.

Measurements were then made on the synthetic detonation product gas.
The detonation product gas was formed from both tank gas and vaporized liquids,
as described earlier. The upper flammability limit of this mixture was found
to be between 52.5 and 55 per cent of the gas by volume with air. The lower
limit is between 22.5 and 25 per cent gas by volume with air. The interval
between the two percentages does not represent the limit of our ability to
measure the accuracy of the limit mixtures. They are only the last points
in successive determinations of halving the difference between mixtures which
"fired" and mixtures which "did not fire." We believed that determinations
to within 2.5 per cent were sufficient for our purposes at that time.

It is possible to calculate flammability limits of multicomponcnt
systems if the limits of each component are known. The method is given in

Bureau of Mines Bulletin 503, which is also the most extensive single source
of flammability data. As a further check on the accuracy of our data, we made
a calculation of the limits of this gas mixture. The calculated lower limit
was 22 per cent and the upper limit 55 per cent, which is excellent agreement
with our experimental values.
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Later in the program, after we had had started the evaluation of QL

aerosols, we experienced a permanent shift in the lower limit of this mixture.

In our investigation of this shift, we examined each and every possible con-

tributing factor. None of the factors associated with possible changes in gas
composition, mixing, or mode and manner of ignition were found to have changed.
Changing gas cylinders or the liquid ingredients did not make the slightest
difference in shifting the limit back to the original value. At present, we
suspect contamination of the chamber surface so the most likely cause.

2. QL aerosol-sir mixture flammability: Approximately 1.56 ml. of
QL will form, a atoichlometric mixture (carbon oxidized to CO2 ) with the volume
of air contained in the combustion chamber if there are no other fuel gases
present. This is equivalent to 0.106 gm/liter. It would be expected that the
lower flammability limit would be on the order of 0.060 gm/liter and the upper
limit about 0.180 gm/liter. At the small aerosol particle size (if the QL were
vaporized) these values would correspond to 0.475 per cent and 1.72 per cent by
volume respectively, at standard conditions.

QL asrosol-air mixtures wore formod in the chamber using the injector
system. The quantity of QL injected was varied by changing the number of pump
strokes and/or limiting puimp utUroke travul. The ,pump normally delivered 0.95
ml/otrokc.

In our first experiments we found, as predicted, thiat the spark Igni-
tion system being used in the combustion chamber weuld not ignite any QOL-air
mixture generated by the injector niozzle-aorosol generation system.

We proposed to ignite this mixture by introducing a flame into the
system. Our first effort consisted of placing a thoroughly premixed 10 per cent
methane in air mixture in a plastic bag balloon, which just filled the end bf the
chamber. This mixture was ignited by the spark igniter. We did not obtain any
aerosol ignitions using this technique. We suspected that most of the "ignition"
energy was going into disintegration of the plastic envelope. Rather than pur-
sue this approach by adjusting the oxygen content of methane-sir mixture to in-
crease the strength of the ignition, we elected to try using an open flame.

A com•ercial "home workshop style" propane-air torch, utilizing bot-
tled propane, was modified so that its aspirating air supply was provided inde-
pendent of the burner environment. This was done so that the torch would con-
tinue to burn even in a closed system.

QL aerosol-air mixtures were created in the chamber using the injector
system. The initial experiments were conducted by closing the chamber with a
diaphragm consisting of single thickness of Saran wrap, injecting the QL into
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the air filled chamber, and then inserting the burning torch into the system

r through the diaphragm. The torch wae adjusted to give a 3 in. long flame with
the multi-orifice tip. The system was judged flamable if a flame front prop.

agated from the torch down to the chamber bottom.

The aerosol concentration was varied in small increments from 0.026

gm/liter to 0.26 gm/liter. No mixture tested met the present criteria for flam-
mability. There was no doubt that the QL was combustible. Ignitions were ob-
served in almost all instances, particularly in the range of concentration whore

this material was predicted to be flammable. What we did observe was that ap-

parently the combustion products strongly inhibited the flame propagation. The
flame front usually propagated about 2 to 8 in., accompanied by the production
of copious quantities of dense smoke. Whenever this cloud reached a given den-

sity (visual observation) the flame wail suppressed. It was frequently noted
that this cloud of products extinguished the ignition torch, even though this

was a premixed flame with an independent air supply. The color of the ignition
torch in the presence of the aerosol and combustion products cloud changed from

the characteristic blue to brilliant white-orange, with a slight green tinge.

Other expxeriments were tried as follows. We attempted to evaluate flammsability
by injecting the QL aerosol into the chamber in the presence of the burning

torch. The results were essentially the Same with this exception. AU low 81~d
m.edium concentraoions, i.o., about 0.07 gm/liter and below, the spraying jet
from the injector was ignited. This itmnediately flashed over the outer spray
jet "surface", down to the injector orifice, before the aerosol cloud could

expand laterally to the wall. This again is indicative of the combustibility
of QL.

We conducted another experiment in which we evaluated the combusti-

bility of QL as a free jet in the air. We took the generation system outdoors,

and tried lighting thu aerosol jet from the injector with a propane torch Q.,; it
expanded into free air. In this instance, the Jet burned at all points down-

stream from a given point of ignition, but the flame front did not propagate

back toward the injector past the point of ignition.

In another test we observed that Q1 will burn quietly and completely

in an open "pan fire", although it is difficult to ignite due to the low vapor

pressure.

Realizing that requiring downward propagation as a test of flam-

mability is a very severe criterion,we attempted to make some measurements with
upward propagation of the flame front. A sheet metal chamber was constructed,

similar in size and shape to the Plexiglas chamber. The new chamber had a port

in the side to allow insertior of the torch and a thick glass top for observa-

tion of combustion. The results were essentially the same as those observed in

the other chamber. Tests were made both (a) with the torch present during in-

jection and (b) inserted after aerosol injection.
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3. Three comaonent flammability data: Having measured the detonation
product gas flammability, determined the aerosol particle size and injector
spray characteristics, we undertook the three component QL.detonation-product
gas-air flammability study.

To determine the flammability limits of the three component mixtures,
it is necessary that one component be held constant while the other two are
varied. We elected to hold the quantity of QL constant in a given determine-
tion and vary the detonation product ga!;-air mixture to determine limits. The
procedure was as follows: Taking one pump stroke of QU (0.95 ml.) as an initial
constant quantity of aerosol, we injected ';his into a gas mixture and activated
the spark igniter. The result was rated either "fire" or "no fire" depending
on whether or not flanm front propagated to the bottom of the chamber. Knowing
the flammability limtits o! tte detonation product-air mixtures alone, we could
then judge in which direction to change the relative concentration of these two
gases to obtain a result opposite to the first one, I.e., if we had a "fire"
we next attempted to get a "no fire" mixture. The establishment of a "bracket"
defined that the limit being sought was somewhere between these two values. By
stubsequently halving th,," diffrerence between any two dissimilar results (i''.
no fire), the position of the limit could be successively approaeh,:d. Aft.:
determining the limit for one QL concentr-tion, we then changed to another and

repented the determination of limits by chwiging the gas mixture. Thus, 1il
possible values and interrelationships of the three variables in the system ore
systematically examined.

The upper and lower flammability limits of the system can be examined
in an identical manner. One only has to realize that as you move continuously
in one airrution along a constant concentration line of one component, the sys-
tem will change from nonflammable to flammable and back to nonflammable.

The raw data thus consist of a series of gas mixtures containing a
liquid-phase concentration of an aerosol. To present these data, we have elected
to convert all values to mole per cent. This corrects the gas volumes for day-
to-day variations in pressure and temperature and at the same time places all
three components on a comparable footing.

The flammability data obtained are plotted in Fig. 16. Figure 1G is
a plot of the detonation product gas and QL concentration only. The air con-
centration is equal to 100 minus the sum of these two components. In the normal
case, it would be expected that if two flammable components in a system competed
equally for the oxygen, the limits would correspond to an area defined by
straight lines drawn between the respective limits of the components with air
alone. In other words, it should be an additive property of the system. This
is the principle which allows multicomponent system limits to be calculated, as
we did for the detonation product gas mixture. Expected limits are shown as
dashed lines on Fig. 16.
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The observed limits do not correspond to the expected limits. This
is one of the most important facts derived from this entire project to date.
The lines drawn indicate that the aystem flammability is virtul%..y independent
of the aerosol concentration. In fact, part of the apparent decrease in flare-
mability at high aerobol concentrations is only due to the fact that the mole
percentages have to add up to 100. The real ratio of the gas phase components
remained essentially the same.

The position of the curves reflects the change in the detonation
product gas-air mixture flammability referred to earlier. The QL is a solvent
for the Plexiglas chamber wall and the wall becomes very sticky. We suspect
that combustion produc Lo of the QL have become imbedded in the chamber surface
and that this has changed the limits. A good soap and water scrubbing improves
but does not eliminate the situation. This has certainly affected the quanti-
tative value of the data but we do not believe that it should change the quali-
tative result, which at this sLage of the program is the most important.

Observation of the combustion reveals that the flame propagation
velocity of the mixture is greatly reduced in the presence of the aerosol. The
flame propagates at a roi-,hly estimated one-third normal velocity compared to
detonation product-air mixtures alone. The color changes from the normal blue
to orange. The flame front changed from planar to cellular. Iargc quantities
of characteristic Lmoke were formed, althoughi not as much aG observed when
burning the QL-air aerosol alone.

C. Shock Tube Studies

Construction and installation of the shock tube facility presented
the usual rash of small problems inherent in the establishment of such a system.
A number of leaks in weld joints had to be isolated and corrected. Some of the
flange joints required refacing after welding to correct warpage. All in all,
the problems were minor.

The diaphragm rupturing C02 gun has only been partially satisfactory.
The principle is sound and the system as installed works well up to 200 psi
pressure in the driver. Above this pressure, the unmodified gun vents the
driver section pressurizing gas back through the mechanism. The pellet firing
mechanism utilizes gas at high pressure; approximately 1,200 psi. However it
discharges this gas through a restricted orifice with the orifice and firing
mechanism metering the quantity of gas used to propel the pellet. Above 200
psi in the gun barrel, the pressure differential across the propelling gas is
too low to impart enough energy to the pellet to rupture the diaphragm.
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Limitations in time prevented our being able to do little more that
undertakes a set of preliminary experiments. The results are interesting and
important.

Our initial observations were made without waiting for complete instru-
mentation. However, we observed that under the conditions we were operating that
we were obtaining shock induced incandescence in air alone as well as light out-
put from the detonation product gas-air mixture. We were not able to determine
by eye if what we were observing in the gas mixture was combustion or shock

incandescence.

Mounting the photocell disclosed that the gas mixture light output was
much greater in amplitude and much longer in duration than shock incandescence in
air. The oscilloscope trace of the photocell output disclosed the characteristic
sharp rise and long tail-off characteristic of a combustion reaction in such a
system.

The next questions we were interested in were (1) is the combuction
initiated by the incident or reflected shock, and (2) what is the true shock
veluoity? The Kistler pressure transducers were supposed to answer these ques-
tions as well as to determine the ignition time delay.

Installation of the transducers and their respective amplifiers dis-
closed that one amplifier was inoperative. This was returned to the manufacturer

for repair. Our interim capability was reduced to one transducer which climin-
ated our ability to measure shock velocity directly. Calculated values from
the gas pressure ratios are given in the data below.

We found that, according to prediction, the combustion ignition was
occurring behind the reflected shock. Figure 9 is used to determine the temper-
ature of the gas mixture when ignition occurs. Varying the shock strength to
determine the fire-no-fire condition will indicate the temperature at which
autoignition occurs in the system.

We were able to obtain data on both the detonation product gas-air
system and on the three component system before the end of the program. We
selected a mixture in the middle of the flanmable range for this work, namely
40 per cent product gas and 60 per cent air. We found that reflected shocks of
Mach 3 and S.8 but not Mach 2 would ignite this mixture. We took this same gas
mixture and dispersed about 0.75 gm. of QL per liter in it and found that this
mixture would ignite at Mach 2.5 but not at Mach 2. Data are available on only
those shock strengths specifically named.
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The eq•ipment has been shown to perform for tne task intended. It
Aas proven that moderate shook strengths can cause ignition in this type com-
bustible system.

D. Hot Particle Ignition

An investigation was made of the ability of hot particles to cause
ignition in the three-component aerosol mixture. All tests were made in the
combustion chamber using a mixture composed of 40 per cent by volume detonation
product gases and 60 per cent air, in which the QL concentration was 0.065
gn/liter.

The method of injecting the hot particles was very simple. We made
up a "puffer" out of high pressure pipe, a rupture diaphragm assembly, a sole-
noid valve, and a small high pressure gas cylinder. The original concept was
to charge the gas cylinder to a known pressure and isolate it with the solenoid

valve. Downstream of this valve was a 6-in. section of 1/4-in. schedule 80
pilx, closed at the exit end with the rupture diaphragm a-;Lumbly. The zample
to be injccted was plac!d in the sootion of piTw and heated with a propane
torch. An insulated and shielded chromel 1V-alimil theremcouple was welded into
the system so that direct measuremwnt of temperature in the powder bed could
be obtained.

The 325 psi rupture diaphragm was supposed to allow pressurization
of the powder bed after heating and rapid injection of the material into the
chamber upon catastrophic failure of the diaphragm. In practice we could not
differentiate between operation with and without the diaphragm; so we dispersed
with it, injecting the powder through a 1/B-in. diameter orifice at the end of

the pipe. This orifice was closed with a cork during hooting to prevent oxida-
tion of the powder sample.

Tbhce materials were studied: aluminum, iron and charcoal. A sunmary
of the tests is given in Table V. The maximum metal powder temperature studied
was limited by the metal powder melting point.

As stated in the table, no condition studied was able to cause igni-
tion. It should be noted that the carbon injected burned in the gas mixture

without setting off an ignition.
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E. Combufstion Inhibition Studies

The study of combustion inhibition did not progress very far during
this program. We were able to evaluate C014 and found that less than I per

cent by volume in the gas phase would suppress ignition and combustiou of the

three-component aerosol mixture. CC1 4 was selected because of its known spec-

ificity for carbon monoxide combustion suppression. We had planned to contrast

its effect with CH3 Br as an added indication of whcther or not CO combustion

was the dominant feature of this system.

VI. DISCUSSION AND CONCLUSIONS

A. Experimental Results

This program has made a major advance in the over-all problem of
achieving a solution to the agent flashing problem. We initially proposed that

the presence of the detonation product grc.cu were ol' major importance to the
problem and we have proven our contention. We huvcQ hown that considcration

of the flatmLability of an agent acrosol in nir is too limited a viewpoint and

that it ignores what is pi )bably the wnin culprit, i.e., combustion of the

detonation product gases with air.

Reviewing Our originally proposed model of the system, we find that

the new data support the initial hypothesis that the ignition source for the

aerosol is the combustion of the detonation product gas mixture. We have not

as yet proven the further step that, in general, aerosol combustion occurs only

during the detonation product gai combustion but our observations also support

this concept.

The data on Fig. 16 offers dramatic evidence that a low vapor pres-

sure material in aerosol form does not play a major part in system flamuability.

The liquid phase is an unsuccessful competitor for the oxygen in the air. The

QL aerosol is not significantly involved with the transfer of the flame front

through the system.

The shock tube studies have shown that a shock wave of moderate

strength is capable of igniting the system. A BRL reportl-13/ has shown that

Mach shocks of sufficient magnitude to cause ignition exist for long periods

following detonation. The shock tube is capable of delivering much additional

information of value to the program. For example, it should be possible to

obtain precise ignition temperatures of any combustible system. The effect of

changing any of the system factors can be evaluated comparatively quickly.
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This would enable one to determine the value of changing the detonation product
gas composition. By examining the time duration of combustion with and without
the aerosol phase, we should be able to lQarn more about whether the aerosol
contributes materially to the combustion. Mass balances before and after com-
bustion can be obtained to determine the extent of aerosol participation. The
shock wave should be considered as a temperature pulse, capable of initiating
many important phenomena.

The hot particle studies have indicated that under the conditions of
the test this is not an important ignition source. The fact that the carbon
combuated without igniting the mixture is indicative of the resistance of the
system to this type ignition.

The difficulty observed in burning QI-air aerosols is also indicative
of the fact that aerosol combustion may only occur (in the general case) in the
presence of the detonation product gas combustion. Large droplet diffusion

flame type combustion would be particularly suppressed when the combustion
products are combustion inhibitors.

11. Use of QL

The use of QL on this program introduced a number of complicating
factors, the most important of which are the materials compatability problem
and lack of standardized technique for its analysis. Lack of a proven analyt-
ical technique caused us to abandon attempts to analyze for undecomposed mate-
rial in our combustion study. However, despite the difficulties and the problems
and delays it created, we believe that its selection was a wise choice because
of the added meaningfulness it gave to the data. It was worth the cost.

C. Aerosol Generation

Production of high concentrations of nondispersed aerosols Is a tough
problem. Our attempt was based on the use of diesel fuel injectors and we
achieved a good degree of success. To our knowledge, this was the first time
that concentrations high enough to give upper limit flammability data have ever
been obtained. In that respect we have sct a new milestone.

There are still many opportunities for improvement. Higher pressures
should be studied. The system should le converted from manual to a mechanized
operation for greater reproducibility. Further efforts should be made to
characterize the system. Attention should also be directed toward other aerosol
generating systems. Use of Astrosonics, Inc.,accoustical nozzles should be con-

sidered.
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VII. RECO)O1NDATIONS

The present type of study should be continued so that the effect of
changing the physical properties Of the acrosolized material, i.e., flash point,
vapor pressure, etc., can be determined. It is predicted for example, that with
high vapor pressure materials the flammability of the fuel components of the
system will become additive, other factors being equal.

Aerosol materials which can be easily analytically analyzed for
should be studied to determine the degree 0of aerosol participation in the com-
bustiun events. Thought should be given to using materials or agents which
are involved in the flashing problem, to verify the conclusions obtained to
date.

Since one approach to flashing inhibition is to prevent the aerosol
phase deterioration, regardless of what happens in the balance of the system,
aerosol combustion and ignition suppressants should be studied with the view of
incorporating them into the liquid phase.

The attempt to identify possible ignition sources and rate them ac-
cording to their probability should be extended. The shock tube will enable
determination of the ignition tempcrature required as factors in the system

are systematically varied. Thus changes in the detonation product gas mixture
can be evaluated to determine the effect thiu variable has on case of ignition.
Similar effects can be studied varying acrosol phase vapor pressurc, molecular
structure, additives, etc.

The aerosol generation system should be re-examined with the aim of
improving its performance. Operation, automation and increased pressure are
recommended. Consideration should be given to a continuous flow system so that
mixtures can be stabilized before ignition. Either the diesel fuel injector or
the Astrosonics acoustic nozzles could be used in such a system. The Astrosonic
nozzles should be examined to determine if they offer better performance than
the diesel injectors.

Finally, a problem beyond the scope of this study is that of improving
techniques for characterizing aerosols. This is an old problem and a continuing
effort should be exerted until routine methods for the quick, accurate and easy
characterization of aerosols are determined.
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SYMBOL LIST

P1  - Receiver pressure

P2 = Pressure behind incident shock

P3  = Driver pressure

P4= P2 = Pressure behind contact surface

P 5 = Pressure behind reflected shock

C1 = Velocity sound in receiver gas

C2  = Velocity sound in receiver gas behind incident shock

WA = Velocity of incident shock

WB- Vulocity of refleci.-d shock

TI1 = Receiver temperature

T2 = Temperature behind incident shock

T3 = Temperature of driver gas

T4 = Temperature of driver gas during expansion

T5 = Temperature behind reflected shock

U = Velocity of gas

to = Time expansion wave hits head end of driver

tfi , Time at which expansion wave head, reflected from end of driver, is

coincident with tail of expansion wave
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