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INTRODUCTION

It is often desirable to duplicate military obscurant smokes in-, the laboratory; producing them at known and uniform concentrations for
extended periods of time so that their properties may be studied under.. '• controlled conditions. In support of the toxicology program of the
U.S. Army Medical Research and Development Command, we describe an
extrusion-combustion generator for the production of phosphoric acid
aerosols from a red phosphorus-butyl rubber formulation (RPBR) such as
is deployed in an L8Al smoke grenade.

In field use, large quantities of the RPBR are deployed explosive-
ly over a wide area. For example, a single L8Al grenade contains about
400 g of RPBR. The phosphorus rapidly burns to form phosphorus
pentoxide which immediately reacts with water vapor in the air to formfine aerosol particles of phosphoric acids. In contrast, in laboratory
generation for small chambers, only extremely small quaatities of
phosphorus are needed. Only 0.16 g of phosphorus are consumed per
minute to produce an aerosol of concentration I g/m 3 in an air stream
flowing at 500 L/min. It is difficul.t and labor intensive at best to
accurately control the production of aerosols by batchwise burning of
small fragments. Each small fragment burns rapidly at first, then
subsides yielding aerosol concentrations that are far from uniform.
"Additionally, the direct combustion of fragments in a chamber is
usually not acceptable for toxicology studies, Long exposures, e.g.,
four hours or more, may be necessary and during this time significant
changes in the physical and chemical properties of the aerosols can
occur. Animal produced contaminants also affect the atmosphere so that
a freshly replenished atmosphere is generally required.

The generation system described here has been specifically
designed for long exposure toxicology studies in inhalation chamberswith aerosol concentrations ranging from ca. 0.25 to 5 g/m3, but can
also be used for other applications where a continuous supply of fresh-ly formed aerosol is desired at a known and uniform concentration. The
generator design is based on the property of RPBR, that when suitably
softened it can be extruded through a small orifice at high pressures.
The filament produced is ignited and burns in a flowing air stream
which carries the aerosol into the chamber for study. Uniform aerosol
production is managed by coutrolling the rate of extrusion (the rate at
which the filament emerges and burns) and by the air flow rate.

The RPER used in this work was an experimental batch containing
r romina)ly 5' butyl rubber and 95Z red phosphorus produced by the U.S.
Army Chemical Research and Development Center, Aberdeen Proving Ground,
MD. Composition details as well as a detailed discussion of the
chemistry of the smoke are contained in the report "Chemical andPhysical Characterization of Phosphorous Smokes" (1). As will be
discussed in detail later, -e found that hexane, when incorporated into
the material, softened it sufficiently so that it could be extruded at
high pressures. Typically, seven to eight percent hexane was used."With this addition of hydrocarbon softening agent, the material could
"be hydraulically extruded at a controlled and constant rate and



continuously burned to form the aerosol of phosphoric acid. Chemical
studies (I) have shown that the incorporation of hexane has little
effect on the properties of the aerosol. The hexane iB essentially
completely burned with only small traces being found in the exposure
atmosphere.

The generation and monitoring system described here has been used
"successfully in extended operation. Five generators have been supplied
to the Illinois Institute of Technology Research Institute for inhala-
tion toxicology studies and have been in use for approximately two
years. Additionally, ORNL/Gayle light scattering particle concentra-tion monitors, with read-out electronics to detect and alert the

operators should abnormally high or low aerosol concentrations develop,
have been supplied. Flame-out detectors to alert the operators should
the phosphorus flame fall during a.i exposure have also been developed
and supplied. Aerosol concentrations ranging from 0.2 to 3 mg/L have
been studied in chambers at air flow rates of 500 L/min.

DESIGN AND CONSTRUCTION OF GENERATOR SYSTEM

ah

The Red Phosphorus-Butyl Rubber aerosol generating system consists
of an extrusion device delivering a cylindrical filament of softened
RPBR into a burn chamber where the material is burned in a flowing air
stream forming the phosphoric acid aerosol. For control, the hydraulic
fluid is pumped with a precision high pressure metering pump. Appro-
priate monitoring and controlling systems have been incorporated.

-• A schematic diagram of the extrusion-combustion generator is shown
as Figure 1. Photographs of an assembled prototype are shown as
Figures 2-4. A cut-away drawing of the extrusion assembly is shown ae
Figutre 5. Detailed construction drawings of the varicus components of
the system are contained in the appendix as Figures Al to All. In
general, commercially available parts were used for the hydraulic
system. These are detailed in the list of 7irts includehd in the
appendix.

The extrusion cylinder (Figure 5) was fabricated from type 3041.
stainless steel and is 0.5-inches i.d., 1-inch o.d. and 8-inches long
It can contain a billet of RPBR of approximately 40 g. The piston is
fabricated of carbon steel machined to fit the cylinder. Early piston.
were constructed of 304L stainless steel. Their use was abandonel
because of the tendency of similar mpterials to gall and freeze
together. Although some galling has been observed with carbon stetl

.. , pistons, their perfomrance has been more satisfactory. The cylind•r
has been designed to Simply connect to the extrusion head so that taev- •.'
assembly can be easily broken down for cleaning and reloading.

tDetails of the extrusion head are shown in Figures 5 and Al. It
contains a 0.0938 inches dik veter orifice which defines the diameter of
the RPBR fila=ent. immediately after this orifice, the internal
diameter of the burn tip is expanded to 0.125 inches. The MPBR

f -.
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filament expands slightly after leaving the orifice. The 0.125 inches
provides for this expansion and is sufficiently large so that there is
an annulus where the RPBR can be enclosed in a slowly flowing stream of
nitrogen gas. This inert gas surrounds the filament until it exits
into the combustion region. With this sheath of nitrogen, combustion
cannot occur back into the extrusion channel and the uniformity of
combustion is improved. Without the nitrogen flow, the extruding
filament tends to burn into the burn tip and expands, plugging the tip.
This causes eratic extrusion and consequently eratic burns. The burn
tip is constructed of stainless steel. A ceramic tip was also tested.
It was hoped that, because of the lower heat conductivity of the
ceramic, lower extrusion-combustion rates could be maintained. The
benefits derived from the ceramic tip were slight and did not offset
the difficulty of fabrication.

The burn chamber is fabricated from a standard 2-inch glass pipe
tee (Figure AV). One leg of the tee fits over the extrusion head and
seals against the support plate. Air enters one leg and aerosol laden
air exits to the exposure chamber through the opposite leg. A one-inch
diameter leg has been blown into the tee directly opposite the burn
tip. This added leg serves as access for a nitrogen gas line and for
ignition of the RPBR. A two-inch leg for cleanout purposes has also
been added to the underside of the tee at right angles to the other
four legs. This leg is sealed during generation of the aerosol.

The RPBR is ignited by using a small electrically heated coil.
The coil is fabricated from Nichrome wire and is mounted in a protec-
tive quartz sheath. It is powered by a 9-V transformer. As the RPBR
"begins to emerge from the extruder the hot tip is pressed against it

*V until it ignites. It is then withdrawn for the rest of the run. The
burn chamber was designed to give assess for the lighting procedure via
the one-inch leg, but in practice, at [ITRI, it was found to be easier
to remove the inlet air line and manually insert the lighter through
that port of the burn chamber, replacing the inlet line after ignition.

The extrusion is powered by a commercial double action hydraulic
cylinder having a 2-inch diameter piston and a 10-inch stroke. Valving
is provided to drive the piston in either direction: forward for
extrusion and reverse for loading and disassembly. A two speed hand
operated pump provides quick piston movement during loading and unload-
ing. During aerosol generation, the hand pump is bypassed and the
hydraulic fluid is accurately metered into the hydraulic cylinder using
a high pressure metering pump. It is necessary to exclude air from the
hydraulic system so that the extrusion of the RPBR filament is directly
"related to the fluid pumping rate without lag due to air compressibil-
ity. The geometry of the extrusion cylinder is such that the flow of
one mL of hydraulic fluid causes 2 cm of RPBR filament to extrude.

A pressure gauge and pressure relief valve are also included in
the system. Although the extrusion of the RPBR normally proceeds at
modest and nearly constant pressures, occasionally pressure excursions
caused by plugging of the extrusion orifice due to Inhomogenieties in
the softened RPBR (hard spots) do occur. The pressure relief valve
bypasses the hydraulic flow and prevents system damaging pressure

12
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excursions. The hand pump assembly contains a reservoir for hydraulic
fluid. In development work, a second reservoir shown in Figure 1 was
used. This was not included in later models.

The generator is connected to an exposure chamber with flexible
¾• hose. At IITRI, plastic hose performed satisfactorily. The hose shown

in Figure 4 was flexible stainless steel tubing used to minimize the
addition of organic impurities to the atmosphere. It was used prima-
rily for development and chemical sampling to determime the chemical

'C composition of the exposure atmosphere (1).

The aerosol produced from burning phosphorus is a concentrated
aqueous solution of phosphoric acids. The aerosol is extremely irri-
tating and corrosive, and when produced in the quantities necessary for
inhalation toxicology experiments, can not be disposed of safely by
venting into typical house exhaust systems. We have found that glass
fiber coalescing filters such as were used to remove spent petroleum
based aerosols (2) were also very satisfactory for cleanup of these

P phosphoric acid aerosols. A seven filter unit obtained from Balston
Filter Products, Inc., using DX grade filters removed over 99% of the
aerosol exiting from our test chamber. The unit operated at 500 L/min

V with a pressure drop of 50 cm of water even when saturated with
aerosol. No deterioration of the filter occured after long contact
with the acid. The housing of the filter unit was stainless steel and
did not appreciably corrode. The unit was equipped with a continuous
drain to remove the acid collected and required no maintenance in
normal use.

MONITORING AND CONTROL

Flame-out of the extruding RPBR may occur particularly at very low
extrusion rates (corresponding to concentrations below 0.25 g/m 3 at
air flow rates of 500 L/min). Evidently the RPBR is cooled below its
combustion temperature by the incoming air stream. When flame-out
occurs, aerosol production ceases, the concentration in the chamber
rapidly drops, and a particular exposure cycle is jeopardized. If
flame-out can be detected early enough, the RPBR can be quickly
reignited so that only a minor change in concentration occurs and the
exposure run is not appreciable compromised. Light scattering
concentration monitors in the chamber will, of course, detect this
concentration excursion, but the transport time from combustion point
to monitor position is approximately one minute. During this time
approximately one-half of the chamber volume is filled with aerosol-
free air. A unit was developed to instantly detect such flame-outs and
to alert the exposure chamber operator when they occur. The unit
consists of a phototransistor and a remote amplifier/relay with audible
and visual alarms. The phototransistor is attached to the outside of
the glass pipe burn chamber and monitors the intense radiation from the
flame. The amplifier/alarm chassis is connected to the phototransistor
by a length of small two-conductor cable. A circuit diagram of the
device is ahown as Figure 6. A 2N5780 phototransistor was used. As the

13
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flame goes out, the phototransistor causes a negative signal to feed
"the negative input of the differential amplifier (Analog Devices AD

) .524) which increases the voltage output to drive a 2N3904 current
amplifier. The current amplifier activates a solid state relay
(Teledyne 641-1) which actuates the audible alarm (Mallory Sonalert
SCI1ONP) and lamp. A switch is provided to silence the audible alarm
if only the visible alarm is desired. The alarm trip point is set by a
potentiometer on the positive input of the diffential amplifier. The
circuit is designed to provide, via this trip point adjustment, compen-
sation for a number of variables including ambient light levels and
variations in photosensor mounting. The unit also incorporates a
potentiometer adjustment for positive feedback around the amplifier to
provide switching hysteresis. This feature is useful in preventing
rapid on-off switching at the set point should the flame flicker but
not extinguish.

"An adaptation of the ORNL/Gayle light scattering aerosol concen-
tration monitor that was used to monitor military petroleum-based
aerosols was used to monitor the RPBR combustion aerosols. Detailed
circuitry and operating instructions have been published earlier (2)
and will not be repeated here. Briefly, the system consists of a small
sensing device composed of a light emitting diode integrally mounted
beside, but optically isolated from, a phototransistor. Near infrared
light from the photodiode is scattered from nearby aerosol particles
and detected by the phototransistor. In practice the device has proved
reliable and almost linear in response for a wide variety of concen-

* trated aerosols. It should be stressed that the sensor must be
calibrated for each aerosol type. For this work, calibrations are made
by comparing the response of the sensor to gravimetric pad samples.
The monitor's electronic chassis is equipped to amplify and filter the
signal from the photosensor to drive a chart recorder or other data
handling device. Additionally, they are equipped with high and low
signal alarms to alert the operator should the signal fall outside a
preset average concentration.

PREPARATION AND HANDLING OF RPBR

. -' The red phosphorus-butyl rubber formulation used in these experi-
ments was nominally 95% red phosphorus and 5% butyl rubber. Batches of
this material were prepared at U.S. Army Chemical Research and
Development Center, Aberdeen Proving Ground, MD. As received, it
consisted of i/4-inch diameter pellets, but also contained many fines.
As received the material is somewhat soft, but cannot be extruded. We
have found that hydrocarbon vapors such as hexane are absorbed by the
material, and after incorporation of seven to eight percent of hexane
into the RPBR, it becomes extrudable at modest pressures. The particu-
lar hexane concentration needed to insure extrudability was determined
"empirically. In early work on the development of the extrusion
process, a batch of RPBR was used that extruded well with the incorpo-
ration of only 4% hexane. Later, a much larger batch, sufficient for
the duration of an extended toxicology investigation, was obtained and

15



completely failed to extrude at 4% hexane content. This later batch
required at least seven percent hexane for extrudability. Chemical
analyses of the smokes (1) have shown that the hexane is almost
completely burned during aerosol generation and do not appreciably
alter the composition of the smoke.

To help insure chemical homogeniety for toxicology experiments,
each can (containing approximately 2.5 kg of RPBR) was thoroughly mixed
before softening and processing for extrusion. Direct softening of the
material as received did not yield an extrudable product. Often, hard
spots were present that would not extrude even at pressures above 2500
psi. Burns were very erratic. Thus, it was necessary to homogenize
the material before softening. The RPBR was mulled with hexane solvent
in an open metal beaker with a mechanical mixer. Finger-like stirring
blades efficiently blended the material. Raw RPBR was added to the
beaker in small increments and wetted with hexane until the entire can
was being blended. Approximately 750 mL of hexane was used per can to
form a blendable paste like mixture. It was mulled for 15 minutes and
then transferred to a stainless steel pan where the hexane was allowed
to completely evaporate. During the drying process the RP13R was

* chopped by hand into small pieces for use in subsequent steps in the
process. After chopping, most of the hexane had evaporated. The
coarse powder was transferred to a vacuum desicator and all of the
hexane removed by vacuum evaporation. By carefully following the
weights of the material through the process, we found that greater than
99.9% of the hexane was removed. This homogenized powder was returned
to its original can for storage until final processing.

The homogenized RPBR was softened as required by exposure to
Shexane vapors. Sixty-gram portions were weighed into tared open
bottles and placed in a vacuum desicator over excess hexane. To hasten
the absorption of hexane, the desicator was evacuated to remove air.
In this process, the hexane boiled, helping to expel the air. The
desicator was then sealed and allowed to stand until the required
amount of hexane had been incorporated into the RPBR. In the particu-
lar configuration used here, it was found that, with 12 bottles, 7 to 8
percent hexane would be absorbed in 24 hours. The amount of hexane
incorporated was determined by weight change. Those bottles falling
outside these limits were rejected and reprocessed later.

The softened RPBR was transferred to 3/4-inch stainless steel pipe
nipples with end caps for storage and shipment. These nipples (Fig.
A8) were 4.5-inches long, and were reamed to an internal diameter of
0.81-inch. Additionally, the end faces of the nipples were machined
:smooth to seal against Teflon inserts in the pipe caps. Typically,
about 40 g of softened RPBR was loaded and compressed into each nipple.
We have found that the sealed nipples will contain the RPBR for at
least 3 months without losing hexane or hardening.

16



OPERATION OF GENERATOR

Setting up the generator for use is a relatively simple procedure
that can be performed by an experienced operator in a few minutes time.
It does require a number of discrete steps which are described here.

Screw the extrusion cylinder (Figs. 5 and A3) into the extrusion
head (Figs. 5 and Al) and place it in the restraint assembly (Figs. 5
and A4), rotating the extrusion cylinder so as to position the
1/16-inch nitrogen inlet tube so that it will be away from the phospho-
rus flame. Then secure the restraint using two 1/4-inch bolts. Attach
the nitrogen line to the nitrogen inlet tube and adjust the flow to
approximately 100 mL/min.

Shortly before a run is to begin, the softened RPBR must be trans-
ferred to the extrusion cylinder. Remove the caps from the storage
nipple and thread it to the loading adapter (Fig. A9). (The nipples
are loaded at high pressures; one end is flush with RPBR, the other is
void. Connect the flush end to the adapter.) Insert the loading
piston (Fig. AI0) in the rear of the extrusion cylinder. Using the
hydraulic hand pump, slowly extrude the billet into the extrusion

,, cylinder. Remove the loading adapter and nipple and remove enough (ca.
,:, .5 cm) of the RPBR from the rear of the extrusion cylinder to permit

the insertion of the extrusion piston into the cylinder. This should be
done carefully so as not to damage these closely fitting parts. Care
must be taken to align the extrusion cylinder and extrusion piston to
prevent binding or galling during the run. This is best done by press-
ing (hand pump) the piston slightly into the cylinder while aligning
the piston by hand, and then removirg the pressure. Repeat this
process two or three times. When the piston is ca. 1 cm into the
cylinder it will support itself in alignment. Now continue to slowly
pressurize the system by hand to drive the extrusion piston forward.
Observe the pressure guage. Pressures below 1,000 psi (occasionally to

¾ 1,500 psi) should be sufficient to drive the piston forward until the
extruding filament emerges from the burn tip. As the RPBR emerges from
the burn tip, the pressure drops to about 300 psi. Unless you are
ready to start the burn, the pressure should again be dropped by
rotating the four way valve at the front of the hand pump. This again

'A., corrects any misalignment in the extrusion cylinder and also stops the
extrusion. This completes the initial set-up, and controlled extrusion
and combustion can begin. Usually there results some excess RPBR
filament which should be removed from the burn tip to prevent a high
concentration flare-up on ignition.

,4. -At the start of the run, the hand pump is isolated using the
bypass shutoff valve at the metering pump. Previous calibration of the
pump permits approximate vernier setting to control tht. pump rate. The

% igniter should be turned on to permit a sufficient warmip period. As
soon as the extrusion starts, touch the lighter to the extruding fila-
ment to ignite. (The hand pump may be used to bring up the extrusion

-~ pressure and avoid the delay of pressuring with the metering pump.
Open the bypass valve slightly, pressurize the system by hand, and
quickly close the bypass valve with the metering pump running.) The

1 17



igniter may be mounted in the one-inch access port of the burn chamber
or may be inserted through the air inlet port. Allow the burn to
continue for several minutes to permit aerosol equilibration in the
chamber, and make adjustment to the metering pump to achieve the proper
concentration as determined from the light scattering monitora. After
adjusting to the proper rate, little or no adjustment will be required
on future runs when generating at the same concentration and under the

* same conditions.

Usually, little operator attention is required after the run
begins, particularly if flame-out detector and monitor alarms are set.
With few exceptions, the concentration of the aerosol developed by the
"generator remains constant, deviating from the average by less than
10%, over the duration of the run (Fig. 7). Very occasionally, in
spite of the pretreatment, there are occassional hard spots, and
plugging occurs at the extrusion orifice. The hydraulic pressure rises
and the rate of extrusion may become low enough for the flame to extin-
guish. More usually, a larger than normal concentration excursion in
the chamber is seen before the plug clears. At air flow rates of 500

=• L/min, concentrations of phosphoric acid aerosol in the chamber from
ca. 0.25 to 5 g/m 3 can be obtained, depending on the metering pump
flow rate. At or below the lower limit, very little RPBR is being
extruded (ca. 30 mg/min) and the flame tends to extinquish. At the
upper limit, the RPBR extrudes faster than the flame will consume it.
Unburned material accumulates in the bottom of the burn chamber,
eventually igniting in an uncontrolled manner.

After a run is completed the system should be disassembled for
cleaning. If the softened RPBR is permitted to dry in the system it is
more difficult to clean. Withdrawal of the piston requires consider-
able force and must be done hydraulically. A coupling (Fig. All) is
provided to attach the piston to the hydraulic system. First back the
hydraulic piston away from the extrusion piston and thread the adapter
to the hydraulic piston. Advance the hydraulic piston aligning the
hole in the adapter with that in the extrusion piston. Insert the pin
through the holes and, using the hand pump in reverse drive, withdraw

"r'2 the extrusion piston. Disconnect the nitrogen line, remove the two
bolts from the extrusion head restraint and withdraw the extrusion
cylinder and head. Remove the extrusion head from the cylinder and,
using a small spatula, remove retidual RPBR from the components. A
stick from a cotton swab may he used to clean the RPBR from the orifice
without scratching the surface. The burn tip should be removed from
the extrusion head and cleaned. Soaking the components in hot soapy
water facilitate,) the easy removal of the film of RPBR from the
surfaces. Scr,;bbing with a brush usually is sufficient.

Parttriularly difficult spots may be removed with acetone. After
cleaning, the piston and cylinder should be tested for free clearance.

I'.,. This 1,s an important point because nicks or inperfections can cause
* free'.ng of the two components. We have found it advantageous to

lightly coat the piston head with a thin film of light weight oil for
this test. For protection of the mating surfaces of the piston and
cyliader and to lubricate and facilitate extrusion a light coating of
one percent solution of butyl rubber dissolved in hexane is used. The

18
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-• •surfaces of the cylinder and piston are wetted with this solution and
the hexane is permitted to evaporate, leaving a thin film of butyl
rubber on the surfaces. This effectively prevents contact and helps to

* prevent freezing of the piston in the cylinder.
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APPENDIX

This appendix contains a list of components and a collection of
detailed engineering drawings showing the construction and assembly of
the components of the RPBR extrusion-combustion generator.

List of Components for Hydraulic System

Quantity Mfg. and Cat. # Description

1 Eldex* mdl.A 60 S Metering pump

1 Enerpac** mdl GP-1OS Pressure gauge (0-10,000 psi)

1 Enerpac madl.# RD-910 Hydraulic cylinder, double act-
ing, solid plunger design, 9 ton

capacity, 10 1/4 inch stroke.

2 Enerpac mdl.# AD-173 Retainer nut (for Rd-910
cylinder)

1 Enerpac mdl.# P-84 Hydraulic Hand Pump, 0-10,000
psi automatic 2 speed with a 4
way control valve.

I Euerpac mdl.# V-152 Relief valve, adjustable
pressure control, range 300 to
10,000 psi.

1 Enerpac adl.# GA-2 Gauge adapter, Gauge port-1/2
in. NPT male end 3/8 in. Nfl,
&eale end 3/1 in. NPr

1 Enerpac cdl.# V-6 Valve, hydraulic, manual shut-
off, 3/8 in. fenale NPT.

*Eldex Laboratories Inc., 3551 iHaven Ave., Menlo Park, UA 94025

**Enerpack, Butler Wisconsin, 53007, Divisiou of Applied Power Inc.
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'I

2-inch Covers extrusion head)

2-inch (Air inlet)

!-inch (nitrogen and
lighter access)

2-inch (aerosol
outlet to exposure
chamber)

2-inch (cleanout)

SUFigure A7. Glass Pipe Burn Chamber
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