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he objective of this program was the development of a
long l ife water based surfactant foam capable of being gen-
erated at a 1000/1 expansion using a 5% concentrate . Half of
the generated foam was to last for 24 hours at which time the
foamed mass should be capable of conforming to the surface of
an intruded object. In addi tion , foamed masses were to be
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20 (continued)

capable of being built to a 10 foot height wi thin a 30 foot
diameter spread distance.

In this study a long life foam formulation was developed
largely on the basis of a comprehensive screening program.
The developed formulation consisted of polyethyleneimine ,
glycerin, sorbitol , l ithi um chloride and MSA salt water foam
agent.

The developed recipe yielded foams which meet the design
goals for life , expansion and concentrati on usage. As foams
aged they dried to a closed cell but delicate structure. This
loss of fluidity prevented the foam from conforming to an
i ntruding object. Large scale field tests showed that aged
foams were vulnerable to wind gusts and that spread distances
of over 50 feet would be required to achieve foam hei ghts of
10 feet.
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INTRODUCTION AND SUMMARY

The objective of this program was the development of
a sunfactant foam formulat ion which would allow the generation

• of foam to meet the following specifications:

Expansion Ratio - 1000/1
Usage Concentration - 5%
Collapse Rate — 50% wIth i n 24 hours

Add itional specified foam qualities included the capability of
bu ilding to a 10 ft height within a 30 ft diameter spread and
a 24 hr intrusion quality such that the foamed mass would con—
form to the surface of an inserted large ob ject. L

Numerous labora tory reportings of long life bubble
and foams have been published. However , few of these efforts

• have provi ded guidelines for the development of a long life foam
• formulat ion. Thus, at the beginning of this program there were

no predeterm ined avenues to be followed in evolving a system
to meet the speci fic requirements .

Earl ier work by MSAR 1 has evolved a formulation con-
sist ing of po lyethyleneimlne , glycerin and MSA salt water foam
agent wh ich could yield foam masses at expansions of 200 to
300:1 possessing collapse rates of 0.1 in./hr In the absence of
environmental effects . This earl y study had evaluated other

• formulations but none could ap proa ch this particular combination
• In yielding long life foam masses. In this work foam life was

the critical property ; expansion , concentrate additions , fluidity ,
etc. , were not a significan t concern . In the absence of other

• gu idelines and the short duration of the program , it was decided
to continue the development of earlier formulations in lieu of
searc hing for new candidate systems . This would include the
noted formulat ion above , plus other formulations abandoned in
the referenced study which showed promise of meeting a 2-4 in./hr
collapse rate.

An extensive screen ing of candidate systems was carried
ou t Investigating all possible mechanisms of controlling collapse
of the foam as well as the drainage rate which controls fluidity .

‘“The Developmen t of a Long Lived High Expansion Foam for En-
tra pping Air Bearing Noble Gas. ” Douglas Un ited Nuclear Project
#7221 , Feb. 1971.
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The basic variab ility in the formulas were water soluble poly-
meri c materials. It became quite clear that polyeth ylene lmine-
gl ycerin combinations were superior to all others in terms of
foam collapse. Other additives did provide add itional incre-
mental Improvements.

Formulations were evolved which in the absence of en-
vironmental effects would meet the expansion , usage and collapse
rate requirements. The maintenance of fluidit y over 24 hours
was not met nor was the he ight-diameter relation achieved. When
the influences of sun , wi nd , etc. , were added it became quite
clear that survivab ility of the foam mass was in reality a few
hours . The influence of evaporative water loss to the at-
mosphere was shown to be a major factor in foam life , one not
heretofore given serious consideration In the evolution of foam
technology .

Although signif icant increases in foam life and drain-
age were ma de over those obtainable with the currently available
commercial high expansion foam concentrates , the object ives of
the program were not met. Ne ither fluidity nor stability could
be ma intained for more than a few hours under the conditions
experienced in field use.

6
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EXPERIMENTAL PROGRAM

The prior work by MSAR 1 ha d evolved an anionic sur-
factant foam concentrate which yielded a long life foam employing

• as the stabilizing agent a polyethy leneimine-glycerin mixture .
In the course of that work a number of other wa ter soluble poly-
meri c materials had shown potent ial of stabilizing foam masses.
These included polyvinyl pyrrol idone, polyvinyl alcohol , and

• certain of the ac id polymers , carboxylic vinyls , po lyacrylics ,
an d ma leic anhydride -polyvinyl ether copolymers . The initial
effort was directed at reviewing these systems to select base
line formula tions for further modification and development.

Screen ing Studies

The ma jor difficulty in developing long life qualities
in foam is the absence of chemical guidelines. What compounds ,
alone or in concert , impart significant stability to foams has
largely been the outcome of trial and error. The lack of a
pre d ictive type approa ch therefore requires a screening program
in which the performan ce of various chemical ingredients or
groupings can be ident ified.

Screenin g of various foam agent formulations was con-
ducted using the systems shown in Figure 1 and 2.

Figure 1 shows a typical laboratory high expansion foam
setu p. A prepared formulation diluted with water is placed in
a pressur ized pot and fed to a small blower operated generator.
The blown foam is collected and retained in a 50 gallon drum for
subsequent study . This apparatus was found to be too time con-
sum ing for the preliminary screening studies needed in this pro-
gram. A simpler system shown in Figure 2 was selected for initial
screening. The system consisted of a standard Erlenmey er flask
w ith a fine tip pipet te serving as a downplpe. A standard flow
of air (250 cc/mm ) was metered to the downp ipe and portions of
the generated foam were co llected on flat fishes and stored in
a fully exposed condition. This latter system was found accept-
able for discerning large differences in foam behavior. Promising
foam systems were subsequen tly evaluated further using the system
of Figure 1.

Select i on of a Foam i n g A gen t

High expans ion  foam can be generated from a w ide var ie ty
of sur face active chemicals. There are now a number of commercial
form ulations on the market for the production of high expansion
foam. They offer a wide range of capabilities mostly associated

7
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wi th  co l l apse  and drainage ra tes .  Al though these items are im-
portant in this program it was also necessary that the foaming
agent selecte d be compatible with the potential additives and
mod ifiers . Past work had shown that PEt posed the greatest
d i ffi culty i n foam i ng.

A number of surfactant mater ials -- anion ic, cationic ,
non ion ic -- were compatible with the proposed additives including

• PEI , but none had good life or drainage. These advantages were
available in commerc ial preparations. Tests showed that salt
water com patible agents marketed by MSA , Kidde and Laurentian

• Concentrates were compa tible and ~rovided goo d l i fe and dra i nage
p-er S e .  Since all were essentially equivalent , MSA sal t water
concentrate was selected as the foaming agent on the basis of
availability .

Evalua tion of PEI /Glycerin , MSA Foaming Agent

Due to the success with PEI- glycerin systems in prior
studies wor k was initiated on this type of formulation while more
pre l iminary scree ning studies we re going on with the other candi-
date pol ymer additives. The first studies looked at redu ction of
the PEt -gl ycerin concentration below the 20-30% by volume used
to ach ieve the 0.1 in. per hour collapse rate. Shortly after• beg inning this work we were notified that the long chain PEI
polym e r (molecular weight 500 ,000 to l ,000 ,000)that had been
used was no longer available. Substi tution of a shorter chain
pol ymer (molecular weight 30,000 to 50,000) cause d a decrease in
the effect of PEI on foam l ife . As will be seen , however , it
was still superio r to other polymer systems. Studies using
PEI.Pl45*, glycerin and MSA salt water foam agent showed the
pro per ratio of PEt to glycerin was about a 1: 1 volume ratio
w ith a foam agent concentration of about 1.5 to 2.0% measured
i n the fina l water solut i on.

The colla p se ra te of the b est form ula ti on w as abou t
3 to 4 inches per hour versus a design goal of about 2 inches
per hour. In add ition , the pre pared foamed mass dried out
rap idly leaving an extremely delicate but closed cell structure.

Drainage rates were found to be no better than com-
merc ially available foam agents and intrusion of the foamed
mass caused accelerated collapse. A t this point it was apparent
that the basic formulation was falling short of the design goals
given the restrictions on expansion and  percent foam addition.

Modifica tions would be required to achieve the goals
either through additives or chang es in the polymer chemistry .

*Corcat 1 45, Cardova Chem i cal Co. , Sacramento , CA

10
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The ma nufacture of PEI can be approx imated  by the f o l l o w i n g
equat ion:

,CH3 ,CH2CH2CH2 + RN —
~~ H2NCH2CH 2N\ I further

‘CH3 CH2 condensation
H

The polymer wh ich  forms c onta ins  a number of a v a i l a b l e  pr imary
an d secondary amine groups. An investigation was made of
chang ing the polymer by adding acidic compounds into these re-
ative groupings. The acid types examined are present ed in
Table 1. They were added to a 25% PEt soluti on in concen-
tra tions sufficient to raise the pH to between 7.5 to 8.0. This
effort was not successful since the acid additions either pre-
cipitated the polymer or rendered it incompatible with the foam
agent.

TABLE 1. LISTING OF ACID TYPES ADDED TO PEt

Citric aci~ 
- Fi sher Sc i ent i fi c Co.

Tann i c ac id —

Laury l acid ..
Succinic acid - 

U

Stear i c ac i d - I’

Sulfur ic acid -

Oleic acid —

Ev aluation of Other Polymer Systems

In parallel wi th the PEI studies , screen ing evaluations
were made of other water soluble polymer systems . These in-
cl uded acrylics , male ic anhydride -vinyl ether copolymers , car-

• boxylic vinyls , polyvinyl pyrr olidone , me thy l cellu l ose an d
polyvinyl al cohol. A list of the polymer tradenames is given
in Table 2. Although some such as the maleic anhydrides and

• the pyrollidones gave improvements over commercial foam agents ,
• none even u p to 10% by volume in the concentrate were able to

approach the life being exhibited by the PEI system. As a re-
sult , the continuing investigation concentrated on the PEI
system. These p ol ymers an d other mater i als were tested as
additives to the PEI system.

11
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TABLE 2. L ISTING OF SCRE ENED WATER SOLUBLE POLYMERS

Acry sol A-i  Rohm and Haas
Rho plex A— 34 Rohm and Haas

Hycar 1471 B. F. Goodrich

Cyanomer P26 Amer ican Cyanamid Co.

Acr yloid AlOl Rohm and Haas
Methyl Cellulose Fisher Scientific Co.
A irco l26— L (PVA) Airco
Gantrez AN 3953 General Aniline & Film (gaf)
Gantrez AN3 152 General An iline & Film (gaf)
Pol yem 550 Spencer Chemical Co.
Acrysol ASE 60 Rohm and Haas
PVP—K 90 General Aniline & Film (gaf)

Screenin g of Additives to the PEt-G lycerin — Foam Agent Concentrate

The in itial evaluation of basic modifiers to a com-
merc ial high expansion foam concentrate clearly showed that maxi-
mum Improvement in foam l ife was effected by the incorporation of
pol yethyleneimine with glyceri n as a plasticizer. Optimum con-
d itions were achieved at an equal volume mixture of PEI , glycerin
and MSA sal t water foam agent given the restriction of less than
6% by volume of the concentrate in water for foam generation.

This formulat ion approached the desired collapse rate
of 2 in. per hour but was not satisfactory for the retained
fluidity necessary to accommodate intrusion. Starting with the
bas ic composition a variety of materials were analyzed in an
effor t to meet the total system requirements . In some cases the
additive selections were based on known chemical properties, in
others the selec tion was based upon usage in other , usuall y l ow
expansion , foam systems .

A lcoho l/ Pol yols - A number of alcohol type materials
were exam ined predominately with a view toward improving li fe
and /or the intrusion quality of the aged foam. These compounds
are often used as so—calle d moisturizers in low expansion foams .
Those l isted in Table 3 were added to the 1/3 PEI-P145 , 1/3
glycerin an d 1/3 MSA salt water foam agent concentrate to achieve
a 2% concentra tion in the final foaming solution. The results
showed that sorbitol had some ef fect in improving life. The re-
ma ining materials were found ineffective. Although there was

12
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ev idence that sorbitol did increase foam life , the major bene-
fit derived from sorb itol was that it could be added as a sub-
s t i tu te  for por t ions of PET and g lycer in.

TABLE 3. LIST ING OF ALCOHOL OR HYDROXYL TYPE MATER IA LS

Ethylene glycol Fisher Scientific Co.

Ethanolamine

Diethano lamine
Pol yla lcohol (Ai rco 125— 1)
Methyl cellulose
Mannitol
Sorbitol
Trieth ylene g lycol
Sucrose
Super Slurp U.S. Dep t. of Agriculture
Al cohol RA—8 00

Overall , the polyol screening studies failed to uncover
a promis ing candidate . The findings with sorbitol were only a
m inor step forward. There was a disadvantage In that most addi-
tives of this type caused an increase in viscosity which was
alread y high due to the glycerin and PET.

Inor ganic Additives - A number of inorganic or ionic
type additives were next examined (Table 4). These materials

TABLE 4. LISTING OF INORGANIC /IONIC TYPE ADDITIVES

Ammon ium chloride Fisher Scientific Co.
Sod ium stearate
Ammonium sulfamate
Bar i um chloride I’

Lithium chlor id e
Li th i um bromide
Copper sul fate
Ammonium citrate I’

Sod i um carbona te
Lithium hydroxide

13
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fall In the class of hygroscopic salts or hermectants. Their
acti on is to hold water and resist evaporative losses , an item
wh lch w il l ’ be discussed in detail in subsequent sections. The
performance of the additives was evaluated using 2 gms of the
add itive to 1000 cc of foam solution containing 1% PE I— Pl45 , 1%
glycerin , 2% MSA salt water foam agent and 1% sorbitol. The
results showed that lith ium chloride exerted a significant effect
on prolonging foam life . Ammonium salts showed a somew hat similar
effect but their use resulted in some salting out of the foam
agent. Other additives either caused exaggerated foam collapse
or the formation of a precip itate. This latter effect was
especiall y prominent with the use of copper (complex formation)
and with the barium salt.

Studies of the LiC l additi ve using the test system
shown in Figure 1 conf i rmed the earlier findings that it effected
si gni ficant increase In life. In some cases , the half l i fe of
these foams was well in excess of 35 hours and it was frequently
poss ible to preserve small masses of foam for several days. On
the negative side , the prepared foams dried to a very delicate
structure whi ch colla psed upon contact. Although significant
improvement in foam life , expansion and concentra te usage was
achieved with the LIC 1 addition , there was no improvement in
fluidity and the aged foams lacked the ability to wet or outline
the surface of an i ntruded object.

Water Soluble Pol ymer - The wate r solub le polymeric
mater ials previously examined as the prime additive were re-
examined to determine if the gel l ing or film forming properties
of these mater ials could Improve the intrusion quality of the
develo ped foam agent. Additions up to 10% by volume of the
pol ymers in Table 2 were added to the basic foam agent formu-
lat ion to evaluate their influence.

With the except ion of the po lyviny lp yrro lidone(PVP-
K9O) all the polymers adversely affected foam life. The dis-
tinguishing feature of PVP—K90 is that its use invariably resulted
in the production of a heavier or wetter foam. In general , foams
blown with PVP-K9O were invariably of lower expansion. For
exam p le , in an isolated study i n wh i ch me tho ds of genera ti on
were i dent i cal , foam made w ith PVP-K90 we re three times heavier
than foams prepared wi thout the material

The foam bubbles dried to a glazed an d somewhat opaque
film versus the crystal clear finish observed with the base
formula. Evaporative water losses were somewha t lower with the
use of PVP-K90.

Finalization of the Concentrate Formulation

When the screen ing studies had exhausted .11 potential
addit ives , studies were directed toward defining the proper

14
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composition of the formulati on . The five ingredients of interest
were: PET , glycerin , MSA salt water foam agent , sorbitol and

• lithium chlor ide. The study was hindered somewhat by the fact
that in most cases a time of 5 to 8 hours was required in order
to observe signif icant effects in generated foam. In that time
period some changes In temperature and /or humidity could occur
in the labora tory . These were uncontrollable factors which
could have an effect on foam behavior. It is doubtful , however ,
that these influences would be ma jor.

The results of these stud ies show that PEI and glycerin
were best used In a 1 :1 volum e ratio. The amount of MSA salt
water foam agent was set by the need for a 2% by volume mixture
in the final water solution to achieve satisfactory foam gen-
erat ion. The optimum amounts of lithium chloride and sorbitol
were never defined with any degree of exactness. Both ingred-
ients could be vari ed considerably with little or no change in
foam behavior. The upper limit s to the amount of sorbitol was
l imited by the capacity of the concentrate to dissolve this
ma terial.

The developed formulation based on the preparat ion of
5 gallons of concentrate is presented in Table 5. Both the
sorbitol and the water can be cons idered as contributing least
to the ultimate properties of the foam. The sol id sorbitol is
a less expensive subst itute for PEI-gly cerin. It thickens the
concentra te. The water is used as a solvent and a viscosity
modif ier.

TAB LE 5. FOAM AGENT FORMULATION
Quantit y!

In gredient 5 gal.

PEI-P147 215 0 cc
Glycer in 2150 cc
MSA sal t water foam 9000 cc
Sorbi tol 8000 gms
Lithium chloride 900 gms

Water 4500 cc

The formulat ion overall showed excellent poten tial for
meet ing the required specifications for life , expans ion ratio and
concentrate usage. Although some advances were ach ieved in terms
of drainage rate , si gnificant improvements in the retention of
fluidit y (water content) were not achieved.

15
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It must be appreciated that , in general , the laboratory
study was conducted on relatively small volumes of foam with
h ighly exposed surfaces. This condition favored water loss by
evaporat ion as well as drainage. It was hoped that evaporative
losses would not be as severe a factor In large scale tests where
the ratio of sur face to volume would be much reduced.

The Influence of Evaporation on Foam Behavior

• Conventionall y, foams are assume d to decay by loss of
bulk water through grav itational drainag e. The majori ty of

• current uses of foams require foam persistence of only short
duration measured In minutes rather than hours . Over these
time spans evaporat ion is not a significant factor and thus its
influence on foam behav ior has not received much attention.

In prior MSA work , the h i gh concen trati on of PEI and
glycerin in the foam solution resulted in a residu al polymer
film as the bubble wall. In addition , the application did not
requ ire fluidity to be retained by the foam mass nor for it to
be subjected to environmental exposure. It was not until this
program was init iated that the effects of evaporation became
important.

Bul k drainage is the principal method of water loss
from surfactant foams . Loss of 50 to 70% of the water by drain-
age occurs in the first 30 minut es or so after generation. The
quanti ty varies as a function of formulation. In this program
all attempts to slow the drainag e beyond that already possible
with the premium commercial agents were unsuccessful.

Beyond the fi rst 30 minutes drainage slows down to
a slow rate and furt her water loss seems to parall el the linear
collapse rate. A typical drainage curve of a premium agent is
g iven in Figure 3. Admittedly, however , dra inage measurements
are rarel y extended beyond 60 minutes and values are normally
reporte d only through 30 minutes. Upon examining the behavior
of foams over several hours it was obvious that another water
loss mec hanism was involved . This mechanism is logically
eva poration.

W ith evaporation established as an important mechanism
affecting foam behavior over the long term , it became necessary
to measure evapora tive losses and investigate means of con-
trollin g it. A laboratory procedure was set up to measure
evaporation. Foam masses were collected on tared petri dishes.
The foam and d ish were placed on a balance and loss of weight
followed w ith time.

Represen tative evaporati on rates obtained with vario us
mo difi cations of the developed formulations are shown in Figures
4 and 5. The data shows variation In loss of water for changes

_ _ _  
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Figure 3. Typical Drainage Curves for MSA Standard , Type P
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in composit ion. The most significant finding is the extent of
the drying out process. As can be observed , approxImatel y 90%
or more of the foamed mass is lost to eva poration within the
first several hours . In the tests which are reported , the
orig inal structure of the foamed mass remained virtually intact
even though the res idual structure consisted of less than 0.1%
of its original mass. Analogously, the aged foam Is equivalent
to a freshl y generated foam blown at an expansion ratio of over
5000/1. Obviously, the hi gh rate of evapora tion an d the exten t
of the evaporative loss provide a ready answer as to why the
aged foam possesses such poor Intrusion quality .

A closer examinat ion of the evaporation rate curves
show a slight break occurring ap proximately 30 minutes after
generation. This time frame correlates with the drainage be-
hav ior and with obvious surface changes that take place in the
bu bble. Prior to 30 minutes, the foam bu bbles are sensitive to
contact espec ially by dry or nonwetted objects. Contact within
this period causes the bubble to shatter and fragment. After
th is period the bubble develops a plastic like consistency in
wh ich rupturing occurs by a tearing open followed by a rolling
back of the wall. The evaporative rate curves show that , in
sp ite of the development of this highly viscous surface , the
eva poration process proceeds only slightly interrupted.

The ne t effect , of t he manner In wh i ch the foam matr i x
decays , is that underlying foam bubbles accumulate a thickened
sk in formed by material supplied by collapsed neighbors . The
reason for the high evaporative loss can possibly be traced to
the loose alignment of surfactant(s) which control the surface.
For the most part , the materials which retard water evaporation
best are generally insoluble in water and/or are nonfoamers .

The onl y additive which helped evaporative losses was
PVP. As ind icated in Fi gure 5 , that effect was limited to the
lat ter stages of foam life. The net effect over the long term
was not signi ficant. As has been noted , PVP has an adverse
e ffec t on ex p ans i on an d , as will be reported , a lso  an ef fec t
on fluidity which for this application is negative. H

__________________________________



LARGE SCALE TESTS

Upon completion of the laboratory efforts a number of
large scale tests were performed using commercial sized high ex-
pansion generators . These tests were conducted inte rm ittently
dur ing midwinter to early summer as the weather allowed.

Col d Weather Tests

The severity of the winter precluded any outside tests
dur ing that time. Tests were conducted in an unheated steel
building using a MSA Model 3000 Foamaker. The generator under
normal condit ions provides a nominal 3000 cfm at about a 1000/1
expansion. Foam was generated at a topside location and foam
cascaded into a metel walled holding chamber. This is a standard
met hod of determining expansion and generator output for corn-
plianc e with regulations for foam use in firefighting. This type
of test gives dynamic valu es which due to inherent errors are
l ower than actual values.

The concentrate formulation for the first tests con-
sisted of the follow ing:

In gredient Quantity

PEI 570 cc
Gl ycer i n 57 0 cc
MSA Salt Water Foam Agent 114 0 cc
Sorb itol 870 gms
L i Cl 140 gms
Water 100 cc
n-Pro pyl Al cohol 300 cc

The concentrate injection rate was measured at 6.0%. The con-
cen trate was injected directly into the water at the generator.
The following Is a list of test conditions:

A ir Temperature 37°F
Wa ter Temperature 37°F
Water Flow Ra te 28 gpm
Concentrate Volume 0.80 gal (lab), 1 .1 gal (diluted)
Volume of Foam 500 ft3
% Concentrate 6.0% (lab mix)

Due to the small volume of faam being collected in
a tank of measured volume versus the amount of foam being gen-
era ted, no accurate determination of expansion was possible.
The height of the generated foam was measured at about 4.5 feet
and remained unchanged throughout the da y. The following morning
the to p o~ the foam mass had broken down somewhat irregularly.
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A crevasse had formed through the foam ad jacent to an opening
in the building wall , obviously due to rain driven In through
the open ing during the night. Overall , the bulk of the foam
mass remained intact and , w i th the exce p t ion of the fissure ,
had collapsed less than 1 foot in 20 hours. Intrusion qual ity
was measured by dropping ob jects into the mass. Initially the
foam followed around them. Several hours after generat ion , how-
ever , In truding objects left permanent holes in the foam mass.

• In the second test , polyvinylpyrro lidone (PVP-K90)
was su bstituted for some of the sorbitol. The concentrate was
in jected at a location 20 feet upstream from the generator since
it was suspec ted that due to the concentrate viscosity a longer
m ixing time was needed. As described earlier, PVP-K 90 was added to
form a crustlike surface to minimize evaporat ion and to improve
the intrusion quality . The formulation for the second test con-
sisted of:

In gredient Quantity

PET 855 cc
Gl ycer i n 855 cc
MSA Salt Water Foam Agent 1740 cc
Sorbitol 906 gms
PVP-K90 21 0 gms
LIC 1 . 180 gms
Water 1240 cc
n-Pro pyl A lchol 150 cc

Test data are summarized below:

A ir Temperature 12°F
Water Temperature 37°F
Water Flow Rate 27 gpm
Concen trate Volume 1.3 gal (lab), 1. 6 gal (diluted)
Vo ’ume of Foam 575 ft 3
% Concentra te 3.3% (lab), 4.1% (diluted)
Storage Tempera ture 4°F-l2°F (overnight range)

The concentra te injection rate was considerably lower
than was planned. Again , no accurate measure of ex p ans i on was
made but the time of fill was longer than in the first tests in-
dlcat ing that expansion was l ower. Th is was an expected occurrence
since the laboratory tests had shown PVP to g i ve a heav i er ,wetter
foam. The intrusion quality was not signifi cantly improved and
an y advantage of this formulation could easily be traced to the
lower ex pansion. The collapse rate of the foam was about 1 to
1.5 inches per hour over an Init ial 4 hour pe r iod.  After 20
hours the foam had c o l l a p s e d  about 3 .5  feet to yield an average
colla pse rate of about 2 Inches per hour.

~ 
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The final indoor tests were conducted during mild
ambient weather (70—75°F). In these tests a MSA Model 6000
electric generator was used. It gives a nominal 6000 cfm at
900/1 expansion. The prepared foam agent was fed to the gen-
erator v ia a pressurized pot similar to that shown in Figure 1.
The composition of the foam agent was:

Ingredient Quantit y

PEI— P145 21 00 cc
Glycerin 2100 cc
MSA Salt Wa ter Foam Agent 8500 cc
Sorbltol 7800 gms —

L1C 1 875 gms
Water 4500 Cc

The foam was aga in cascaded from overhead but into a much larger
volume of 3880 ft to allow determination of the expansion ratio.
The data for these particular tests is summarized below :

Ambient Temperature 70-75°F
Water Flow Rate 67 gpm
Time of Test 40 sec
Volume of Foam 3800-4100 ft
Foam Agent Used 2 .5  gal

• Concentrate Usage 6.0%
Calcula ted Expansion -~.700/l

The use of the pressur ized pot to inject the foam
agent was a decis ive improvement over the use of the pump. The
expans ion ratio of 700/1 was lower than expected but not un-
expec ted given the viscosity increase of the fluid provided by
the concentrate injection.

The stored foam colla psed at a rate of about 2 in./hr
when averaged over 24 hours. The foam collapsed uniformly, ex-
ce pt i n the v i cin i ty of cracks or holes i n th e wal l  an d i n th e
area directly below the generator where water drained from the
generator when foam genera tion was terminated.

The intrusion qual ity of the foam was equivalent to
that observed in the earl ier tests.

Ou tdoor Tests

A ser ies of tests were conducted outdoors at tempera-
tures in the range of 70-80°F. Three types of tests were run
us ing equipment and foam concentrate of the final indoor test.
In one case the foam was generated aga inst the side of a building,
in a second against a chain link fence and last in free ~a1l by
Inverting the generator and po inting it downward from e position
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10 feet above ground level. The latter two types of tests and
also the indoors foam test were conducted as a demonstrat ion for -

the Techn ical Project Officer.

The outdoor tests all followe d a similar pattern of
foam degradation , one wh ich differs from those conducted indoors
mainly by virtue of wind effects. In all outdoor tests the
he ight of the foam varied between 5 and 6 feet at its deepest
po int. Equally in all tests foam life was of the order of 3 to
5 hours rather than 24 hours as could be extrapolated from the
in door results.

The effects of wind followed a distinct pattern. For
the firs t 15 to 20 minutes following generation the wind gusts
produc ed ripple effects on the foam surface. For free standing
foam masses,after about 30 minutes wind velocities above 5 mph
began to skim off the top layer beginning at the upwind location
an d either carried it away or rolled it backward across the top
of the mass. After about 60 minutes the entire foamed mass would
be dis placed downwind to distances of 30 to 40 feet and only about
70 to 80% of the original foam mass could be accounted for. Within
2 to 3 hours the orig i nal foam mass would b e re duced to i so la ted
clus ters trapped by downwind physical obstacles.

Where some protect ion was provided such as by a build-
i ng wal l , a fence or a ditch or ground depression , the wind effects
were reduced but not elim inated. Such protection prevented dis-
placement of the foam but not the skimming effect of the surface.

This behavior can be correlated with the water loss
mechan ism which has been proposed. Bulk drainage accounts for
the loss of some 50% of the contained water over the first 30
minu tes of foam life. In the top layers the retained water is
probabl y in the range of 30% of the initial value assuming that -

the leveling off of the drainage curve is indicative of pseudo
stable cond ition within the bubble wall. At this point in time ,
evapora tive water loss may be the predominant factor in water
loss from the top l ayers of foam.

Over the f i rst  30 minutes the foam shows essent i al ly
ripple effects on the surface due to wind , although some bu bble
collapse is occurring. Where protection is afforded so that
the total mass cannot be moved , the nex t wind effect noted is
the skimming of a layer from the surface. This layer will be
several inches thick. Once this layer is lost , the foam re turns
to essentially a stable condition. This lasts for 15 to 30
m inutes depending on wind speed , tem perature and possible rela-
tive humidity .

Following a stable peri od , there w i ll be another
skimming of a la yer. The proc ess repeats itself until the mass
Is comple tely degrad ed.

24
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During the fi rst hour the foam changes from a wet
fluid mass to a nonfluid sticky bubble mass , but the resis tance
to wind e f fec ts  does not appear to improve s ign i f ican t ly .  There
is a change in response to an intruding object. In its fluid
state the foam does tend to conform to- the object and to reflow
behind i t. In the nonfluid state it does not reflow. The foam
does adhere to intruding objects and coats the front and sides
as they penetrate .

Large objects , veh ic les , are coated but tend to push
F the foam i n front of them w i th a p low ef fec t . There i s some

tendency for the foam to roll back across the top if the foam
is higher than the intruding vehicle.

He ight/Spread Factor of Foam Masses

For the outdoor -tests involving free fall of the foam ,
markers were ins talled to measure the rate of spread and the
height o~ the foam at var ious  d iameters .  Th is  was to determine
how closely the goal of a 10 ft height within a 30 ft diameter
could be approximated.

These tests involved the Model 6000 MSA Foamaker  hung
inver ted such that the d ischarge  end was 10 ft ab ove ground l e v e l .
The foam agent was the developed material and was inject ed into
the wa ter line 50 ft from the generator , The total inje ction time
was 1 .1 m inutes yielding a 6.3% concentration. Table 6 shows
the he ight which the foam reached versus the spread diameter.

TABLE 6. HEIGHT /SPREAD FACTOR FOR GENERATED FOAM

- Foam Foam
T i me He i ght Spread Foam
(mm ) (center)* (dia) Front

0 20 3’ 30’ 18”

0 80 6’ 37-40’ 18”
1.00 7.5’ 45’ 18-24”

*Directly under the generator

A similar series of tests were run using a formulation
con ta ning PVP. Under the same conditions a foam height of 6 ft
required a foam spread of 100 ft (200 ft diameter). At 30 feet
the height of the PVP formulation was only 3.5 ft at the highest
point of the mass. Thi s is due partially to a lowe r expansion
whic h occurs w i th PVP but b as i ca l l y to an i n i t i al l y much more
f lu i d foam.

L 
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CONCLUSIONS AND RECOMMENDATIONS

A long life foam formulation was developed which con-
sisted of the following ingredients : polyethy leneimine (P145 ,
Cordova Chemical Com pany), glyceri n , MSA salt water foam agent,
sorbitol and lithium chlor ide.

Overal l , the formulation yielded foams which reason-
abl y met the design goals for expansion , l ife and concentrate
usage. The blown foams failed to meet the specification to
conform to the surface of an intruding object and fell short of
exh ibiting a buildup rate of 10 ft height per 30 ft diameter
spread.

It is inferred that the poor intrusion quality of th-e
stored foam is loss of water through initial drainage followed
by extensive evaporation. Small scale laboratory studies
clearl y showed how extensive the evaporative loss can be. The
qual ity of long life is attributed to the formation of a plastic-
l ike consistency on the surface of the prepared foam. The for-
mat ion of this highly viscous surface and the accompanying
fixation or gelling of the available water or fluids undoubtedly
also contri butes somewhat to the loss of the fluidized prop erties
of the aged foam.

Large scale field tests showed that wind exhibited a
dist inct influence on foam life , exaggerat i ng t he col l a p se ra te
an order of magnitude over that observed in a protected en-
vi ronment.

The quest ion arises as to whether any foam mass blown
initially at 800/1 to 1000/1 could be made resistant to moderate
w inds. From observations made in the field it is apparent that
freshly blown foam as It exits from the generator is extremely
resis tant to wind effects. Wind gusts have little net effect
other than the formation of small nondestructive ripples. In
addit i on , the intrusion quality of the foam -during this stage
would appear to be excellent as evidenced by the manner in which
the spreading foam wets and flows through and around major ob-
stacles. The time frame in which the foam possesses these de-
s i ra b le features i s rela ti vel y shor t , less than 30 m i nutes
following generation. Beyond this time frame , wind effects be-
come not iceable and the resulting adverse effects increase as
the foam ages. It is in this period where loss of mass in the
foam through evaporation reaches significant levels. It is
estima ted that the surface layers of foamed masses aged for 30
m inutes are equivalent In density to a foam blown with an ex-
pans ion ratio in excess of 2000/1. This delicate structure has
l i t t l e  If any wind resistance.
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A conclusion that can be drawn from th is analysis is
that the design goa ls were establ ished wi th some jus t i f icat ion.
The failure to meet some of the major specifications Is attri - —

buted to the complexit y of a multicomponent surfactant system
coupled with the absence of establ ished guidelines. It i-s
suggested , however , that foam blown to a 1000/1 expansion could
be made wind resistant prov ided the initial ingredients could
be preserved and utilized in an optimum manner. It would be
necessary to analyze the residual components in the aged bubble
wall to opt imize the concentrate . This would aid in overcoming
the Influence of wind , but the retention of fluidity lies in con-
troll ing drainage arTd evaporation. No improvement was made in
these two effects beyond that already possible with premium
commerc ial high expansion foam agents . It would appear that a
radicall y new approach is required. Evaporation might be con-
trolled by gelling the surface of the foam mass. Technology for
gell ing foam does exist. At present there is no sound basis for
new ap proaches to the control of bulk drainage.
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