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FPOREKORD

This s the final report on contract DOT-CG-52US54-A, a 4 month
program to demonstrate the feasibility of using instantly de-

ployable foams to provide flotation to small vessels which are
in imminent danger of sinking.

We would like <o thank the Coast Guard for the opportunity to
work on this interesting and worthwhile project. We would
particularly like to think Commander Bachtell and Mr. John Amy
for their help and interest in thi!s program. We gratefully
acknowledge the capable aasistance of Mr. YNorval Jonecs of
Monsanto Research Corporation in the execution of this program.
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1. INTRODUCTION

The feasibility of using so-called "instant foams" was in-
vestigated as an app:roach to providing emergency flotation for
damaged small vessels. These foams are made Trom a solution of
a high molecular weight polymer in a liqueflied gas. These
polymer solutions exist as highly viscous soiutions or swollen
gZels. They can be stored in pressure contalners for 1ong
periods of time and exist as gels as long as the container 1is
kept closed.

When the container is opened, the solution of polymer in
liquefied gas is exposed to atmospheric pressure and the solvent
evaporates to a gas. In evaporating, the gas forms bubbies in
the polymer solution and a foam 18 formed instantly.

This feasibility study had four principsl objectives, each
¢ which comprised a task to be completed.

Operation at =22°F (-30°C)
Adequate storage life (1B8-month target)

. Low flammability, to reduce the hazards from
fire for all components in the foam system.

Ganeration of foam under 15 feet of water.

The overall feasibllity of a foam flotation syctem was
den. .1strated.

Work on this program was initiated on 1% June, 197% and
exporimental Work on the projec-t was completed on 12 “eptember,

1975, except for long-term storage tests, which are scheduled
for completion on 16 March, 1977.




2. PROGRAM SUMMARY

This program demonstrated the overall feasibility of using
foams formed f{r~om solutions of polymers in liquefied gases for
the emergency ”lotation of small vessels. The precursor foam
solutions mus: be stored 1ln pressure containers capable
of holding 60 psig pressure at 75°F. As long as pressure is
maintained on the solution, no foaming results. When the solution
container valve 1s opened, foam forms immediately by solvent
evaporation.

1* wzs demonstrated that 1.5 to 2 1b/cu ft foams could be
deployed rapidly under a 15-foot head of water. There was no
detectable difference in the manner in which the foam formed under
water compared to its formation in air. However, foams generated
under water and left immersed at that depth for 24 hours absorbed
water and some buoyancy was lost. Water repellants were not
effective in preventing this water absorption. Filne-celled
foams absorbed less water than did large-cell foams, and there
was evidence that water absorption was by diffusion through
the foam cell walls.

The total loss of flotation after 24 hours of immersion at
15 't was 20% of the original buoyancy. Thus, 1.5 1lb/cu ft
small-cell foam that furnished 61 pounds of flotation per cu ft
initially, would st111 furnish 50 to 51 pounds of flotation
after 24 hours immersion.

Non-burning polystyrene foam formulations were developed
that contained methyl chloride and Freon 13Bl1 (bromotrifluoro-
methane) as the solvent/pneumatogen. This gas combinatlion was
not ignited by a propane torch flame. The polymer foam itself
was rendered non-burning by the addition of 2% by weight (of the
polymer) of a Monsanto Company proprietary flame retardant agent.

Operation of the foam system containing a mixed solvent/
pneumatogen (methyl chloride and Freon 13Bl§ was demonstrated
down to 1U4°F (-10°C). Foams in the 3 to 6 1lb/cu ft range were
made made at this temperature. It was not possible, however, to
generate these foams at 5°F (-15°C) because the solution become
so viscous that they could not be made to move out of the
cylinder. This work showed that the viscosity increase at lower

temperatures !s probably the controlling factor in limiting low-
temperature performance.

Short-term storage stability (20 days at 75°F and 120°F) was

demonstrated. Long-term storage stability tests (18 months) were
initiated.

—




3. TECHNICAL DISCUSSION

3.1 INSTANT FOAM SYSTEM

Monsanto Research Corporation (MRC) has developed a system
which produces a polymeric foam instantly on demand. In this
system, a polymer is dissolved in a liquefied gas, which acts as
both the solvent for the polymer and the pneumatogen (blowing
arent) for the foam. Normally, a secondary solvent 13 included in
the formulation to modify the foam propertles.

The instant foams were originally developed by MRC under
cont.ract with the U. S. Navy to provide a rapid and positive mneans
of inflating a PK-2 1life raft (U. S. Naval Weapons Laboratory,
contract N178-8823, N00178-67-C-C24€, and N0O0178-68~-C-0301).

A further objective of these programs were to provide a life raft
which would not lose 1its buoyancy after puncture by small arms fire.

These {oams were further developed during a contract with
the U, S. Army to provide a flectatlon system for individuals
wearing body armor (U. S. Army Natick lLaboratories, contract
DAAG17-69-C~-0107).

More ra2cently, work was done on these foams to provide the
Army with an energy absorbing foam for alr-dropped loads (U. 3.
Army contract DAAK03-74-C-0080).

The instant foam solutlons provide a baslcally simple
system of producing foams since they require nelther mixing of
two or more components nor a chemical reactlon at the time of
use, 18 1s necessary when polyurethane foams are made. Their
foaming capability depends on a change of state, namely, the
boiliny of the liquefied gas solvent when the pressure 1is lowered.
The expanding vapor produces the foam from the viscous polymer
solution,

These foam systems, depending as they do on a liquefied
Fas, must be kept under pressure (60-75 psi). As such, they
must be kept in closed pressure vessels. As long as the pressure
{s maintained, the solution does not foam. Exposing the solution
tc lower pressure, elther by opening a valve on the pressure
bottle or by rupturing elther the contalner or a scaling disc,
rauses the solvent to boll and a foam forms immediately. The
foam is fully formed as 1t leaves the pressurce tank and can be
handled at once. There 1s a pradual increase 1n strenpth and
stiffness of the foam during the first 10 to 15 minutes after
formation. This is due to solvent loss immediately aftor
formation.

B o]
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The speed of foam formation can be very rapid. For example,
if a cne-galion container {6 inch outside dlameter) of foan
solution has 1ts end blown off explosively, the entire contents
of the tank foams in 50 milliseconds. In contrast, if the same
size tank is emptied through a one inch ball valve, the time to
discharge the foam i1s 15 seconds. The rate of discharge and
foam formation is dependent on the geometry and size of the
opening through which the solution leaves its storage tank.

These foams are not tacky as formed and do not adhere to
their surroundings. This 1s an advantage in the present appli-
cation as removal of foam and clean up would be facilitated.

In the earliest work done on this system, 500 ml glass
pressurc bottles were used as the foam solution containers.
Normally, the foam composition is brought into solution or
homorenized by attaching the charged containers to a wheel and
tumbling them intermittently for at least 16 hours.

In work prior to the present program, the instant foam
system had been scaled up to 800-ml steel cylinders, one-gallon
cylinders, five-gallon tanks, and 108-gallon tanks. Polymer
foam i1s generated instarnly when these containers are opened,
either manufally or exp .osively. In earlier work, as well as
in this program, the performance of polystyrene and polyvinyl
acetate instant foams was extensively studied.

Prior to this program on small vessel flotation, polystyrene
had been established as the major polymer component of the
instant foam system. Dimethyl ether was used as the solvent/
pneumatogen in the earliest formulas. Later it was replaced
with methyl chloride. This liquefied gas is considerably
less flammable than dimethyl ether. The standard formulation

for polystyrene foam at the beginning of this program was as
follows:

Material Percent (by wt)
Polystyrene (Lustrex HH-101) 62.30
Glass miciroballoons 1.19

(Emerson Cummings 1G101)
Freon-11 3.97
Methyl chloride 27.78
Triton X-200 (Rohm and Haas) L.76
Total 100. 0C




The glass microballoons are used as a nucleating agent
te initiate the formation of foam bubbles so as to render
the cell size more uniform. Freon-ll serves as a secondary
solvent and assists in stabilizing the foam. Triton X-200
18 a surfactant that aids in nucledting and forming bubbles.
It also serves as a lubricant to help the foam solution to
flow smoothly from the container when discharged. Triton X-200
contains water, which may react with methyl chloride and
renerate hydrogen chloride which can be corrosive to the
metal cvlinders. In this study, Igepal C0-970, a surfactant
not contalning water, was used instead of Triton X-200

Polyvinyl acetate instant foam has also been studied.
A number of formulations using polyvinyl acetate have been
evaluated. High quality foam is produced with the following
composition:

Material Percent (by wt)
Vinac B=-7 54,68
Glass microballoons 0.83
Freon-11 13.72
Freon-12 23.91
Total 100.00

Here, Freon-1l1l and Freon-12 are used as both pneumatogen and
solvent. Vinac B-7 is a low molecular welght polyvinyl acetate
resin,

In tlie present program, both one~pint (ca. 500 ml) glass
pressure bottles and 800-ml stainless steel cylinders were
used as foam solution containers. The use of the steel
cylinders was mandatory when gases with vapor pressures
higher than that of methyl chloride (59 psip) were used. The
use of steel cylinders alsc permitted the use of valves and
pilpe fittings to permit the generation of foam under water.

3.2 EVALUATION OF POLYMERS

A preliminary but important evaluation was conducted on
polystyrene and polyvinyl acetate foam systems. TFoam solutions
were preparcd according to the two formulations listed under
sect.lon 3.1. Steel cylinders were used as containers and they
were installed in a 5%5-pgallon drum so that they could be
opened and discharpge foam under 18 inches of water (Figure 1).




- ml STEEL
/ CYLINDER

55 - GALLON /
TANK
"
] vuu\fu?)&mmus
% +—
;, IRON STAND
» ~

WATER

Figure 1. Set-up for Foam Discharge Under 18 Inches Water
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The eylinder was held in position by means of an iron
stand and the necessary clamps. The cylinder valve was
operated by a connecting rod that could be turned from outside
the 55-gallon tank. The polystyrene foam came out of the
cylinder smoothly when the discharge tank was placed under 18
inches of water. 1Its density was 1.7 1lb/cu ft. A sample of
. this polystyrene foam was cut off, and a welght was attached
5 to it by a cord. The foam and weight were placed in a large
f beaker of water and observed for its flotation characteeistics.
After one week, there was no apparent loss in the buoyancy of
the foam.

The polyvinyl acetate foam system was tested in a similar
manner. The rate of foam generation was much slower than with
polystyrene. The polyvinyl acetate foam density was 1.8 1lb/cu
ft. During the flotation test the cord attaching the welght
to the foam cut into the foam within one hour. The experiment
was vrepeated with similar results. Examination of the foam
arter water immersion revealed 1t had become quite goft and
weak boecause of water plasticizatlon. Becauze of this
atructural weakness after water immersion, polyvinyl acetate
iid not appear to be a promising candidate for small vessel
flotation. It was not lnvestigated further during this
program,

3.3 L.OW_TEMPERATURE OPERATION

The polystyrene instant foam system at the start of the
present program relied on either dimethyl ether or methyl
chloride as the primary solvent/pneumatogen for the polymer.
Secondary solvents were either Freon-1ll, Freon-12, or Freon-
21. The vapor pressures of these compounds are listed in
Table 1. At 32°F (0°C), their vapor pressures are reduced to
less than one-half of the value at 75°C (24°C). At =-22°F
(-30°C), their vapor pressure values are below atmospheric
pressure.  Since operation at ~-22°F was a ir0al of this progranm,
it was evident that liquefied i ases of higher vapor pressure
should be covaluated.

3.3.1 Evaluation of Hipgh Presgure Gases as Jolvent/Pneumatogens

Four high pressure gasern were selected ac poscible solvent/
pneumatopens rfor low temperature operation. These gases were
propvlene, propane, Genetron 115, and Freeon 13B1. Thelr vapor
pre: ures nt different temperatures are also listed in Table 1.
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Although the vapor pressures of all these materials at 75°F

are over 100 psia, only propylene, propane, and Freon 13Bl

were believed to have a sufficiently high vapor pressure at
-22°F (-30°C) to produce a foam. The vapor pressure of Genetron
115 at -22°F may be marginal but both Genetron 115 and

Freon 13B1 were believed to be useful in producing a non-
burning solvent/pneumatogen system.

To evaluate the solubility of pclystyrene in propylene
and propane, foam solutions were prepared using the formulation
fiven in section 3.1, but using these gases as direct replace-
ments for methyl chloride. At 75°F (24°C), liie foam solutions
were discharged ficom the containers. The polystyrene/propylene
foam had a very rough surface and high density (about 8 1b/cu ft).
The polystyrene/ propane foam composition did not generate
foam at all; only gas came out of the container. Evidently,
polystyrene does not dissolve readily in propane.

Evaluation work was then concentrated on polystyrene
dissolved in mixed scolvent/pneumatogen systems. One ( seous
component was methyl chloride. The other was a gas with a
higher vapor pressure. In these experiments, the vapor pressure
of the mixed solvents/pneumatogens was the only propelling
force used to push the solution from the cylinder. The formu-
lations tested are summarized in Table 2.

Formulations 1 and 2 contalning propylene were tested at
75°F and produced acceptable foams. Delivery rate was good
and the foam produced was of good quality.

However, when these foam solutions were discharged at
18°F (-8°C), only a very slow discharge of a small amount of
the foam occurred. Various proportions of methyl chloride/
propylene were then formulated and similar results were
obtained when these foam solutions were discharged at 18°F.
Polystyrene/methyl chloride/propane foam solutions (formulations
3 and 4) were also discharged at 18°F, but only negative results
were obtained. No useful foam was produced. Methyl chloride/
Freon 13B1 and methyl chloride/Genetron 115 (formulationz 5
throuph 8) were also evaluated at 18°F as solvent/ pneumatogens
for polystyrene. No useful foams were produced.

This wori showed that the mixed gases given in Table 2
can be used to produce foams at 75°F, but at lower tempcratures
(18°F) they do not have a sufficlently high pressure to force
the polymer solutlion from the storage cylinder,

R e o PPNV LAY T S SRNPR YN LYY Wy

At S A




—— L o [ .

i 05°L - - - gz og L6°€ oLy 6T°1 0€°29 8
W 68° €T - - - 68°€T L6°€ 9L°n 6T°T GE" 29 L
- 05°L - - 820 L6°€ 9Ly 611 cE°29 9
- 68°ET - - 68°€1 l6°¢ 9l°n 61°1 0E°238 S
M - - 05°L - 82" 02 L6°€ 9Ly 6T°1 0€°29 "
_ - - 69°€T - 68°€T L6 9L'm  6T°T 029 £ =
- - - 05°L g2 02 L6°€ 9L % 5T°1 0£°29 e
- - - 68°€1 68°€1 L6°€ 9L 6T°1 0€°29 1
“IE8t ~ ST 9uwdodg IUSTACOZd IPTJIOTUD 1T U0edd 0L6-0) suoorred ousdA3sArod “ON
uoaJg uoIIIUIP TAYI3N Tedasy cmnwwﬂ uoIjeInuIoy

(U03}3380dwoy §)
JaNIRIodua], MO] I8 PIIsa] UO3BLNWJAOg wWwog ¢ o91qeL

L M N AN

SN 22040

PRTI TR




3.3.2 Cooled Foam Solutlion Over-pressured by an

Inert Gas (Nitrogen)

The work described in Section 3.3.1 showed that the vapor
! pressure of the solvent pneumatogen alone was not sufficient
; to force foam solution from the cylinder. It appeared that
i the solutions would have to be overpressured with an inert
~on-condensible gas. Nitrogen was selected. Three pressure
[ bottles were prepared containing polystyrene dissolved in a
Lo mixture of Freon 11 and methyl chloride (Section 3.1). These
: cylinders were over-pressured to 100 psig with nitrogen. The
foam solution was cocled to -8°C. Upon opening ti.e cylinder
a valve the foam discharged slowly (up to 3 minutes). The foam
produced was of high density (cver 6 pounds/cu ft).

g Following thils experiment a polystyrene/methyl chloride/
: propylene foam solution (Formula 2, Table 2) was prepared in a
cylinder fitted with a valve at each end. (fipure 2). The
charged cylinder was cooled to -8°C. Prior to discharpge, a
nitrogen line was connected to the upper valve and the cyl-
inder pressurized to 100 psig. Uvon opening the lower valve
thare was an initial rapid discharge of foam. About 69.5% of
the material charged was pushed out of the container as foan.

Similar solution was prepared in another two-valwve
cylinder and ccoled to -15°F (-26°C). Nitrogen pressure in
this experiment was held to 40 psig. No foam was obtained
under these condltioris when the lower valve was opened.
However, there was a conslderahble discharge of gas from the
cylinder. This appeared to indicate the solution was too
viscous to flow through the discharge valve.

3.3.3 Specially Prepared Polystyrene/Methyl Chloride/
Freon 1381 Foam

Work reported in Section 3.3.1 Ilndilcated that. Freon 11, methyl
chlorfde, and Freon 13Bl when used in combination was a2 pr .«
solvent for polystyrene. However, the use of Freon 1331 was
attractive because 1t imparted non-burning properties on
methy! chloride (section 3.4.2). It appeared to be a way to
provide a non-burning, non-explosive solvent/pnecumatopen fon
the foam system. Because of the very low bollinpg temperature
of Preon 1381, namely -72°F (=58°C) and the consequent high
vapor pressure (190 psipg at 70°F) it also appeared likely that
It use would help low temperature operation Because cof
these constderations a procedurce was developed to permit the
use of Freon 13B1.

.
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NITROGEN AT 100 psi

/ FOAM SOLUTION CYLINDER

FUAM DELIVERY VALVE

Valving
Figure 2. Instant Foam Cylinder with Necessary
& for Over-pressuring with Nitrogen
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‘ Polystyre:.e foam solutions were prepared in which the Freon 11
P normally used was replaced with Freon 13Bl. These formulations
contained 25.4% methyl chlcride and 6.35% Freon 13Bl.

These solutions were prepzred in a stepwise manner first
addir.,g methyl chloride, dissolving the solids, and then adding
Freon 13Bl1. The polystyrene, glass microballonnez, Igepal CO-970,
and methyl chloride were charged into the cylinder first. The
charged cylinder was put on a rotating wheel sn that it was
. tumbled intermittently for at least 16 hours. To insure that

the polystyrene was well dissolved in the methyl chloride, the
charged cylinder was then put in a 120°F (49°C) room for 24
hours. The charged cylinder was then chilled in dry ice and
charged with Preon 13B1 and once more tumbled for 16 hours to
ensure good mixing,. No nitrogen over pressure was used in pre-
S paring these cylinders. The pressure exerted by the sclvent/
S pneumatogen was 75 psi at 75°F and 100 psi at 95°F,

B el e e i vt e
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This cylinder was cooled at -8°C and discharged. No
nitrogen over pressure was used in thils test. The foam delivered
represented 84.5% of the material charged to the cylinder. It
; had a density of 3 lb/cu ft.

No attempt was made to generate foam using this formulation
at lower temperatures since delivery was incomplete at 18°F (-8°C).
(See section 3.3.4).

R Y R B

3.3.4 Characteristics of "Instant" Type Foam Sclutions
At Low Temperatures

This work showed the feasibility of producing foam solu-
tions which produce useful foams (3 to 6 pounds per cu ft
density) at 0 to -8°C. However, to force these solutions from
the storage cylinder it 1s necessary to over pressure the
cylinder with 40 to 100 psig of a non-condensible gas such as
nitrogen. An exception to this 1s the foam formulation using 1
Freon 13B1, described in section 3.3.3. The meth’ 1 chloride/ 1
Freon 13Bl1 combination had sufficient pressure “o +4ischarge the
cylinder at low temperature.

i,

The work also showed that as the solutions are ¢ cled to
still lower temperatures the solution becomes 3¢ viscous that
i1t* does not flow readily from the cylinder and finally at
about -15°F (-26°C) flow stops and only gas 1ssues from the
cylinder.
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It appears likely that at intermediate temperatures (0°C
to -10°C or -15°C) the over pressuring gas forces the foam
solution to flow from the center of the foam solution forming
a cavity along the center line of the cylinder (Figure 3). An
increasing amount of the solution 18 left adhering to the foam
walls as the temperature decreases.

At still lower temperatures the solution is so viscous it
does not flow at all and only gas diasolved in/or occluded 4in
the solution escapes from the surface exposed by opening the
valves.

It thus appears that in a foam solution containing a high
percentage of polymer and high vapor pressure ~ises, viscosity
becomes the controlling property. As the temperature drops,
the viscosity becomes greater and eventually the flow of
solution from the tank stops. The use of a diaphragm or a
collapsible tube containing the foam solution with the nitrogen
over pressure acting on the back side of the diaphiragm or tube
appears to be one way to cause these very wiscous solutions to
flow from their containers. This principle 1s illustrated in
Figure 4. The use of a diaphragm or collapsible tube insures
a positive pressure on the foam solution and forces it to I'low
through the discharge outlet. However, the development of
such a system was beyond the scope of the present program and
it was not investigated. If the solution can be made to
leave the storage cylinder it 1s probable that it can be made
to foam at ambient pressures.

3.4 REDUCTION OF FLAMMABILITY

3.4.1 Burning Characteristics of Polystyrene Foam

Polystyrene 1is a flammable material. Foams made from it
when exposed to flame, first melt. Then, 1f tne melt is
heated to a sufficiontly high temperatiure, 1t burns with a
smoky flame.

To reduce the flammability of polystyrene foam, an effective
fire retardant must be added. Monsanto Company has developed
a very powerful proprietary fire retardant fov plastics. For
higher density polyurethane foam, 0.5 part of this retardant
per 100 parts of polymer is sufficient. However, the poly-
styrene foam 1s of lower density and two parts of this fire
retardant per 100 parts of polymer are required to render che
foam non-burning.

14
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*igure 4. Use of a Diaphragm to Insure Flow of
Very Viscous Foam Solution
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To determine the burning characteristles of the polystyrene
foam, samples containing 2% of the flame retardant were tested
using the ASTM D1692 test. In this test, a sample of foam
held in the horizontal position and supported by a metal
screen is ignited by a flame. After ignition, the flame 1is
removed and the sample¢ s observed for the extent and time of
burning. In the case cf the samples prepared during this
program, burning of the sample stopped when the source of
ignition was removed. These tests show that these foams are
non-burning in the absence of an outside source of ignition.

In addition to the ASTM burning test, 3 x 3 x 1 inch
samples of the foam were tested in an automatic combustion gas
analyuzer developed by Monsantc Research Corporation. The
samples were exposed to two test condlitions. 1In one, the
sample was exposed to both radiant heating and flame (F). In
the other, it was exposed to radiant heating only (NF).

Measurements were made of smoke obscuration (Dm) and
evaluation of gaseous combustion products (CO, CG,, NO_ and
hydrocarbor.s) and oxygen consumption by the samples under
flame and non-flame ignition conditions. The results were
similar to those obtained with commercial fire retardant
polystyrenes such as ARCO M-57A and M405B, BASF BF 55, Foster-
Grant FG 4486, and Monsanto Company Lustrex 300 FR.

The fire-retarded polystyrene produced essentially the
same combustion products as are generated by conventional
polystyrene. The reason for this is that with both flre-
retarded and conventional polystyrene, the bulk of the mate-
rial exposed to heat and flame from the outside source 1s
the same. The only difference is that the flre-retarded poly-
styrene generates more CO, more hydrocarbons, and a higher
smoke concentration due to 1ts less complete combustlon.

For samples exposed to flame, 1gnitlon was delayed
3.9 minutes. With the samples exposed to radlant heating,
ignition never occurred.

Table 3 presents the data from these tests. The
sifFnificance of the data and the rationale for the tests are
described in references 1 and 2. The original data, along
with plots of smoke and vapor generation for thesc tests,
are 1included in the Appendix.

17
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3.4.2 Flammability of Solvent/Pneumatogen

As mentioned earlier (section 3.1), methyl chloride was
used instead of dimethyl ether as the solvent for polystyrene
in order to lower the flammability level of the solvent/
pneumatogen system. However, methyl chloride 1s still a
combustible chemical. It was desirable to develop a non-
combustible gas mixture for use in the polystyrene foam system
for smail vessel flotation. The burning characteristics of
candidate solvent/pneumatogen gases are listed in Table 4.

The principal gases of interest as solvent/pneumatogens
for polystyrene foams arec methyl chloride, propylene, propane
and Freon 13B1 (bromotrifluoromethane). Because of their
po‘ential utility for low temperature operation, the flam-
mability of mixtures of these gases was determined

All tests were run with methyl chloride (a known solvent
for polystyrene) as one component of the mixture. The
composition of the gas mixtures covered the rangc of 80 to
40% by weight of methyl chloride with the remainder (20-60%)
being either propylene, propane, or Freon 13Bl.

The following test procedure was used tc determine the
combustibility of the gas mixtures. Methyl chloride was
weighed into a steel cylinder (~250 ml) and then the desired
amount of the second gas was added to the cylinder. The gas
mixture was allowed to mix well by tumbling it for 30 minutes.

The cylinder was then set upright in a hood and its
contents were released threupgh the slightly opened valve. The
escaping ras mixture was ipgnited with a flame from a propane
torch. Observations we.se made of whether the mixed pases
continued to burn after the propane torch was removed, ana
whether the gas mixture chanped its burning characteristics as
the discharge of pas continued. The i1ogsults of the burning
tests are summarized in Table 5.
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Table 5. Burning Characteristics of Gas Mixtures

Burning Characteristics of
Gas Mixture

Gas Mixture Initiel Continued
(Range of Composition) Flow __Flow
Methyl Chloride/Propylene non=burning burns

80/20% to 40/60%

Methyl Chloride/Propane non-burning burns
80/20% to 40/60%

Methyl Chloride/Freon 13B1 non=burning non-burning,
burning, 80/20%

The mixtures of methyl chloride with both propylene and
propane were initially non-burning but as flow continued the
mixture became flammable.

The 80% by weight methyl chloride, 20% Freon 13B1 mixture
was non=burning during the entire discharge of the supply
cylinder.

The results of the burning test along with the performance
of methyl chloride/Freon 13Bl during work on low temperature
foam generation (section 3.3.3) led to the selection of this
gas mixture as the solvent/pneumatogen system for the ‘inal

formulation which is being tested for long-term shelf stabiiity
(section 3.7.2).

3.4.3 Safety of Foam System in Filre Situation

The foam system in the undeployed state, with the solution
within the pressure tank, presents the same hazards as any
compressed gas stored in tanks exposed to heat and fire. As the
temperature of the tank rises, so does the internal pressure.

As long as the internal pressure remains below the bursting
pressure of the tank, the charge 13 isolated from the fire and
does not burn or decompose. The problem of safety for the tanks
and foam solution thus requires proper tank and pressure relief
valve design.

During discharge of foam in the presence of a fire, the
methyl chloride/ Freon 13B1 solvent/pncumatopgen will not burn
and may even act as a flame suppressant or extinguishing agent.
This was not demonstrated experimentally during the program
reported on, however.

2
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The foam itself can be made non-burning after deployment
by use of fire retardanta. Hrwever, in the presence of a fire
from other sources {fuel, wood, etc.), the foam will decompose
and even burn weaily. Under these conditions, the foam behaves
1ike most organic materials, giving off carbon dioxide, carbon
: monoxide, oxides of nitrogen, and other desradation products.

; These products of combustion can be toxic if breathed. This

: is particularly true 1f a person is exposed to them in a closed
3 5 space where high concentrations of these gaser can build up.
The hazards connected with exposure to the gases generated by
these foams is the samc as those associated with exposure to the
smoke and gases generated by any l'ire.

e e s e ——— o

3.5 FOAM GENERAT)ON UNDER 15 FERT OF WATER

f As described in Section 3.2, the polystyrene instaat

f foam system did work under 18 4in. of water. However, oue of
the objectives of this program was to determine the performance
of the instant foam system under 15 feet of water. For

these experiments, a test tank was built that provided the
necessary head of water.

! 3.5.1 Test Facility for Foam Generation Under
| 15 Peet of Water

Figure 5 shows the test facility. The test tank consisted
of an open-top 55-gallon drum along with its 1id, seal and
clamping ring. Two valves were attached to the 55-gallon
tank near the bottom. One valve was used for controlling

' water flow to the tank; the other was in the tank drain
line. Two U in. diameter windows of Plexiglas were installed
near the top of the tank for lighting and observing the
generation of foam inside the tank. The tank 1id was provided
with a 4 inch connection for the plastic stand pipe and a
pipe connection so that the foam solution cylinder could be
assembled to the tank. A plece of c¢ircular rigid metal grid
was attached to an extension of the foam connector pipe.
This grid was at about the 6 inch level in the tank and

served to prevent the foam from floating up and blocking the
stand pipe entrance.

The stand pipe was made of polyvinyl chloride pipe
(schedule B0 NSF) and was 4 in. in diameter and 15 ft. long. It
was threaded into a 4 in. pipe coupling welded to the tank 1id.
The pipe stood vertically and provided the necessary head to

22
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produce 6.5 psi of prassure. A 5-gallon surge tank was assembled
to the upper end of the stand pipe. Figure 6 shows the tank
assembly with a solution cylinder in place.

3.5.2 Test Procedure

Foam generation under 15 ft. of water was conducted in the
following manner. The tank was closed with the 1id clamped
tightly in place. Water was added until the tank was {illed.

At this point, the foam solution cylinder was assembled loosely
to its pipe connection on top of the tank. Water was added until
the stand pipe was filled to the 15 ft. level. As water rose in
the stand pipe, it also rose in the pipe connection for the
cylinder. When water began to come out of this connection, the
cylinder connection was drawn up tight. This insured that there
was water up to the cylinder valve. The interior of the test
tank was illuminated by a lamp placed close to one of the
windows. Opening the cylinder, valve generated the foam within

the tank. Filgure 7 shows the foam colled up inside against the
viewing port.

Four tests were carried out. Each time, the foam came out
of the cylinder smoothly. The water displaced by the foam was
collected in the 5-gallon surge tank on top of the plastic
pipe. The volume of water displaced intc the surge tank was
a measure of the volume of fouwm produced. Motion pictures

were taken during the last run. The results of these ‘ests
are summarized in Table 6.

3.6 WATER_ABSORPTION OF POLYSTYRENE FOAM
WHEN IMMERSED IN 15 FEET OF WATER

During the underwater foam generatior tests, it was
noticed that when the foam remained undeir 15 feet of water
overnight, it absorbed & considerable amcunt of water. It
was also observed that this water did not readily drain from
the foam. A 50 g sample of foam which had absorbed 209 g of

water, lost only 102 g of water after hanging suspended in
alr for one week.

However, there was no noticeable increase in the weight
of a fresh sample of foam floated on or just under the
surface. Water absorption appeared to be associated with
immersion under a considerable head of water.
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3.6.1 Evaluation of Waterproofing Agents

Waterproofing or water-repellent materials were first
evaluated for utility in reducing water a. -orfiion. Polystyrene
foam solutions were prepared with the addi..ion of various
waterproofing agents, namely, Dow Corning Silicone 200
fluid, zinc stearate, sodium silicate, Fisher Bath Wax,

Carnauba wax, and paraffin wax. Some of these materilals
(e.g., waxes) did not mix well with the foam solution. None

of these materials was effective in preventing water absorption
by polystyrene foam when immersed in water.

3.6.2 Effect of Cell Size

Two samples of polystyrene foam made during the program
were tested for open cell content. Both samples had over
80% open cells. Foams with closed cells were also made.
These foams had relatively large cells and heavy cell walls.
However, when these foams were soaked in water, water permeated
through the cell wall and remained within the cells when the
foams were taken out of the water. Dralnage was very slow
from these foams. Some of them still contained liquid water
approximately one month after being removed from the water.
Very fine-celled foam samples also absorbed a considerable
amount of water during immersion under a 15-foot head.

3.6.3 Quantitative Water Absorption Under 15 Feet of Water

Evidently, the polystyrene foam cell wall is easily
permeated by water, especlally when exposed to 15 feet of
water pressure (6.5 psi). However, these samples remained
floating throughout the tests. Thus, the water absorpiion
did not eliminate the buoyancy of polystyrene foam completely.
Two series of tests were run to determine the extent of the
water absorption by polystyrene foam kept under 15 feet of
water for different time intervals.

One test was run on foam gcnerated under 15 ft. of
water. This foam was small celled and had a density of
1.5 1b/cu ft. Immediately after the test, the foam mass was
removed from the test tank and cut into six, pieces of
approximately equal volume. Fach plece was weighed and the

pleces were then returned to the test tank under a 15-foot
head of water.

——— ——
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The second test was run on foams made in air. This
foam was made without nucleating materials and had very
large cells. Cell size ranged from 1/4 to 1 inch in effective
diameter. Examination of the cell walls indicated they were
intact; thus this was an apparently closed-cell foam. The
‘ membranes also appeared to be heavy. Six pleces of this
: 3 . foam were cut and weighed and then placed in the test tank
and tested under 15 feet of water.

. Sample pleces of each foam were removed from the tank
at intervals and weighed. The weights af'ter water immersion

_ were compared to the initial weights and the percent gain 1in
4 welght recorded.

Water
, Weight after immersion - Initial Weight -
; Tnitial Welght x 100 = Absorption (%)

The results of this test are summarized in Table 7.

Table 7. Water Absorption by Foam Immersed Under 15 Feet

! E of Water and Net Buoyancy
: ! Fine Cell Large Cell Foam
) i Generated under Water Generated in Alr
g ¢ Soaking Water Net Water Net
¥ Time Absorption Buoyancy Absorption Buoyancy
f-? (hours) (% Original Wt) (1b/cu ft) (% Origiral Wt) (1b/cu ft)
% C 0 60.5 0 60.5
? 2 300 56 500 53
4y uso0 54 1000 46
6 500 53 1000 46
8 600 52 1500 38
16 700 50 1500 38
24 700 50 1500 38

Assume the initial foam density = 1.5 1lb/cu ft and water
density = 62 lb/cu ft.

29
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The large-cell foam absorbed approximately twice as
much water as the fine-cell foam. Apparently, an equilibrium
was reached in about 8 hours and no more water was absorbed
during the remainder of the test. This assumption is borne
out of the fallowing calculatlon:

Assume 1 cu ft of foam with a density of 1.5 1b/cu ft.
1 cu . = 28317 cc
1-1/2 1b of polystyrene = 752 cc of dense polystyrene

Subtracting, there would be 27565 cc of gas space in
the foam.

After 8 hours water immersion the foam, which initially
weighed 1.5 1b, weighed 22.5 pounds. Therefore, 1t absorbed
21 pounds (953& cec) of water.

Assume a closed container that contains 27,565 cc of
gas under 1 atmosphere (14.7 psi) pressure. If water is
forced into this container under 6.5 psi (0.44 atm) pressure,
sufficient water will enter the container until the internal
pressure equals the external pressure forcing the water into
the container. This amount of water can be calculated as
follows:

pr V2
—— Y e
p2 Vi
where p; = 1 aum.
1.44 atm.

initial volume of gas
{27,565 cc)

v, = 21,265 = 19,113 cc

27,565 -19,113 = 8452 - theortetical amount of water
forced into the contalner

< U
- N
[ ] [ ]

Actually, 9534 cc of water were absorbed. The difference,
1082 cc, probably represents water trapped in broken cells,
in fissures and cracks of the foam and that which wets the
extensive foam surface. The data on which this calculation
{s bascd contains several assumptions. However, the calculations
appear to bear out that there is an equilibrium amount of
water the foam can absorb and that the large-cell foam used
in this experiment probably attained such equilibrium.

30
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The tests run on the small-cell foams were very encouraging.
Water pick-up was reduced by more than one-half of that of the
large cell foam and the loss in buoyancy was not prohibitively
o high. The foam had an initlal density of 1.5 1b/cu ft. This
i density of foam would provide approximately 61 pounds of
o buoyancy. After Zi hours the foam had increased in welght some
- 700%. It then has a density of 1.5 x 8 = 12 ib/cu ft. The

buoyancy after 24 hours 1is 62.4 - = 50.4 ib/cu ft. This repre-
sents a loss of approximately 20% of the original buoyancy.

These foams were completely immersed in water and all
surfaces of the f'oam were wetted. In an actual ship situation
the foam would probably be deployed in a compartment and wetting
of the foam surfaces might not be complete. If complete wetting
is assumed, 1t appears that 1t would be desirable to provide 20%
excess flotation capacity in the actual shipboard installation.
This would compensate for the water absorption that might occur

in 24 hours. A 15 foot depth may be conservative for a real
situation.

3.7 SHELF LIFE

Polystyrene foam solutionz in the past have been stored
over one year in our laboratory without noticeable change. For
this program, two experiments were conducted to determine the
shelf 1ife of the instant polystyrene fcam system. They are
discussed in the following sectlons.

3.7.1 Short Term Storage at Different Temperatures

Two identical samples were prepared in 500 ml glass pressure
bottles each containing the polystyrene foam-formulation de-
seribed in section 3.1. One bottle was stored at 120°F (h4g9°c)
room and the other was stored at 72°F (22°C). After 20 days of
storage, the contents in both bottles appeared the same, and
when opened, they discharged at the same rate. Each bottle was
completely emptied. The foam density was 1.0 to 1.3 lb/cu ft

for each foam. There was little or no difference 1n the appearance
of the two foams.

3.7.2 Long-Term Storage at 70-75°F (21-24°C)

Two 800-m1 stecl cylinders were charged, each with the
following formulation. This formulation was the one developed
during this program and was the result of the work on low
temperature operation and reduction of flammabllity.




wt_ (&)

? Lustrex HH101l 263
: - Glass microballoons (1G101) 5
: Igepal C0-970 17
; Methyl chloride 137
i Monsanto Cc. proprietary 5.3
, fire retardant
Freon 13Bl 34

i~
3

The charging procedure was the same as that described
section 3.3.3.

One charged cylinder 1s being stored in our laboratory for
18 months (17 September, 1975 through 16 March, 1977). The
other cylinder was discharged on 16 September, 1975. The fol-
lowing data were recorded on the discharge of this cylinder and
the properties of the resulting foam:

a. Time to discharge 1 second
b. Appearance of foam uniform small cell,
white-colored
c. Stability of foam no volume change after
discharge
d. Fcam density 0.8 1b/cu frt
e. Compressive strength
at yield 6.51 psi
at 30% compression 5.86 psi
at 60% compression 5.47 psi
f. Percent open cells 83.2
g. Number of cells/inch 30

The percent open cells appears to be abnormally high. It
may reflect the effect of the use c¢f the higher pressur: Freon
13B1 as a part of the solvent system,

The above data will serve as a basis of comparison for the
foam which will be generated after 18 months of storage.
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L, CONCLUSIONS

From this work, it can be concluded that polystyrene foam
which provides 60 to 6) 1lb/cu ft of flotation can be generated
ar a water depth of 15 feet. 1If the foam 1s left immersed in
water at that depth there is a 20% loss in flotation power in ZzU
hours. This loss of flotation comes from water being absorbed
into the foam. The exact mechanism of water absorption is not
known at this time. It may by water diffusion through intact
cell walls, breaking of ~ell walls by the water pressure, or
water entrance into already open cells. However, fine celled
foams are definitely more resistant to water pick up than are
large celled foams.

Non-burning solvent/pneumatogen systems for the foam
solution have been developed. These systems are based on
mixtures of methyl chloride and Freon 13B1.

A non-burning polystyrenc foam containing, only 2% by weight
of a flame retardant additive has been developed.

Operation at 14°F (-1€°C) 1s feasible. Operation at
temperatures as low as -22°F (-30°C) does not appear feasible
using a simple pressure tank. Failure to operate at low temp 2r-
atures appears to be due to the very high viscosity of the
polymer solution at low temperatures. The solution will not flow
out of the container undu: these conditions. If the delivery of
foam solution to the outside of the pressure container can be

solved, foam formation at temperatures lower than 14°F appears
possible.

Up to this time, storage stability does not appear to be a
problem with the foam systems developed.

It can be concluded from this work that providing flotation
to small vessels in distress using foams 1s a feasible concept
that should be developed further.

33




% " 5. RECOMMENDATIONS FOR FUTURE WORK

It is recommend~d that this work be continued with par-
ticular emphasis on the following areas:

« Reduction of the water absorption by the foam when immersed
under 15 feet of weter.

. Improvement of foam generation at low temperatures, and

. Development of prototype equipment to be installed and
demonstrated in a small vessel. s

Specific recommendations in these areas are as follows:

5.1 REDUCTION OF WATER ABSORPTION

Work should be done to reduce the amount of water absorption
of these foams when they are immersed in 15 feet of water. This
work should entall the following:

. Producing as fine-celled a foam as possible.
. Toughening of the foam cell wallgs.
. Reduction of open cell content to a minimum, and

. Determining the feasibility of enclosing the foam in
a water-impermeable film. This film could be a part
of the foam generating equipment and be deployed only
at use time.

5.2 LOW TEMPERATURE OPERATION
This work should concentrate on the following:

. Providing the foam solution tanks with a diaphram which
separates the propellant gas (nitrogen), which is
necessary at low temperatures, from the foam solution.:
The diaphragm would furnish a positive means of forcing
the highly viscous foam solution from the tank and
would prevent gas channeling through the solution.

. Determining the feasibility of using heaters and/or ¢
insulation to maintain the foam solution at more nearly .
normal temperatures !
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he3 DEVELOPMENT OF PXOTOTYPE LKQUIPMENT

The design and fabrication of an adequate foam system to

: be installed in a small vessel should be a part of a future

' program. This would include the design of the necessary tanks,
: mounting frames and brackets, the actuating means to deploy the
¢ foam, and the necessary plumbing and utilities to make the

/ system effective. After design 1s complete, prototype equipment
. . should be built for demonstration on an actual fishing vessel

! or other small ship.
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Lustrex HH101l 263
- Glass microballoons (1G1Cl) 5
Igepal C0-970 17
Methyl chloride 137 .
] Monsanto Ce. proprietary 5.3
4 fire retardant
5 Freon 13Bl 34

The charging procedure was the same as that described in
section 3.3.3.

One charged cylinder 1is being stored in our laboratory for
18 months (17 September, 1975 through 16 March, 1977). The
other cylinder was discharged on 16 September, 1975. The fol-
lowing data were recorded on the discharge of this cylinder and
the properties of the resulting foam:

a. Time to discharge 1 second
b. Appearance of foam uniform small cell, :
white-colored 3
c. Stability of foam no volume change after !
discharge
d. Foam density 0.8 1b/cu ft
e. Compressive strength
at yield 6.51 psi
at 30% compression 5.86 psi
at 60% compression 5.47 psi
f. Percent open cells 83.2
g. Number of cells/inch 30

The percent npen cells appears to be abnormally high. It
may reflect the effect of the use cf the higher pressur: Freon
13Bl1 as a part of the solvent systenm,

The above data will serve as a basis of comparison for the
foam which will be generated after 18 months of storage.
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h, CONCLUSIONS

From this work, it can be concluded that polystyrene foam
which provides 60 to 6) 1lb/cu ft of flotation can be generated
ar. a water depth of 15 feet. If the foam is left immersed in
; water at that depth there is a 20% loss in flotation power in 24
! hours. This loss of flotation comes from water being absorbed
ﬁ into the foam. The exact mechanism of water absorption is not
| known at this time. It may by water diffusion through intact
3 cell walls, breaking of cell walls by the water pressure, or
A water entrance into already open cells. However, fine celled
; foams are definitely more resistant to water pick up than are
i large celled foams.

Non-burning solvent/pneumatogen systems for the foam
solution have been developed. These systems are based on
mixtures of methyl chloride and Freon 13B1.

A non-burning polystyrenc foam containing only 2% by weight
of a flame retardant additive has been developed.

Operation at 14°F (-1C°C) is feasible. Operation at
temperatures as low as =22°F (-30°C) does not appear feasible
using a simple pressure tank. Fallure to operate at low temp 2r-
atures appears to be due to the very high viscosity of the
polymer solution at low temperatures. The solution will not flow
out of the contalner unde: these conditions. If the delivery of
foam solution to the outside of the pressure container can be

solved, foam formation at temperatures lower than 1U°F appears
possible.

Up to this time, storage stability does not appear to be a
problem with the foam systems developed.

It can be concluded from this work that providing flotation
to small vessels in distress using foams is a feasible concept
that should be developed further.
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; ? 5. RECOMMENDATIONS FOR FUTURE WORK

It is recommend~d that this work be continued with par-
ticular emphasis on the following areas:

. Reduction of the water absorption by the foam when immersed
under 15 feet of water.

. Improvement of foam generation at low temperatures, and

. Development of prototype equipment to be installed and
demonstrated in a small vessel.

Specific recommendations in these areas are as follows:

5.1 REDUCTION OF WATER ABSORPTION

¥Work should be done to reduce the amount of water absorption
of these foams when they are immersed in 15 feet of water. This
work should entail the following:

+ Producing as fine-celled a foam as possible.
. Toughening of the foam cell walls.
« Reduction of open cell content to a minimum, and

. Determining the feasibility of enclosing the foam in
a water-impermeable film. This film could be a part
of the tgan generating equipment and be deployed only
at use time.

5.2 LOW TEXPERATURE OPERATION
This work should concentrate on the following:

. Providing the foam solution tanks with a diaphram which
separates the propellant gas (nitrogen), which is
necessary at low temperatures, from the foam solution.:
The diaphragm would furnish a positive means of forecing
the highly viscous foam solution from the tank and
would prevent gas channeling through the solution.

. Determining the feasibility of using heaters and/or
insulation to maintain the foam solution at more nearly
normal temperatures

!
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9.3 DEVELOPMENT OF PROTOTYPE LQUIPMENT

The design and fabrication of an adequate foam system to
be installed in a small vessel should be a part of a future
program. This would include the design of the necessary tanks,

. mounting frames and brackets, the actuating means to deploy the
foam, and the necessary plumbing and utilities to make the
system effective. After design is complete, prototype equipment
should be bullt for demonstration on an actual fishing vessel
or other small ship.
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Flame Exposure Conditions
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Non-flame Exposure Conditions
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