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Aqueous Foam As A Less-Than-Lcthal Technology

For Prison Applications
Tommy D. Goolsby
Sandia N a t i d Laboratory
Albuquerque, Ncw Mexico 87185-0783

High expansion aqueous foam is an aggregation of bubbles that has the appearance of soap suds and is used to
isolate individuls both visually and amustically. It was developed in the 1920's in England to fight coal mint fires
and has been wideIy used since for fin fighting and dust suppression. It was developed at Sandia National
Laboratories (SNL) in the 1970's fix nuclear safeguards and security applications. In late 1994. the National Institute
of Justice 0,
the rtsesrch arm of the Department of Justice, began a project with SNL to determine the applicability
of high expansion aqueous foam for correctional applications. NU funded the project as part of its search for new and
bener 1s-than-lethal weapons for responding to violent and dangerous individuals, where other means of force could
lead to serious injuries. The phase one objectives ofthe project were to select a low-to-no toicily foam ancentrate
(foaming agent) with physical characteristics suited for use in a single cell or large prison disturbances, and to
determine ifthe selected foam concentrate could serve as a ~arrierfor Oleoresin Capsicum (OC) irritant The phase
w
to objectives were to conduct an extensive toxicology d e w of the selected foam concentrate and OC irritant, a d to
canduct respiration simulation experiments in the seIected high expansion aqueous foam. The phase three objectives
were to build a prototype individual cell aqueous foam system and to study the feasibility of aqueous foams for large
prison facility disturbances. The phase four and ftve objectives wme to use the prototype system to do large scale foam
physical characteristics testing of the selected foam concentrate, and to havc the prototype single cell system further
evaluated by correctional representatives. Prison rather than street scenarios were evaluated as the first and most
likely place for using the aqueous foam since prisons have r e w e n t incidents where officers and inmates might be
seriously i n j d during violent confrontations. The very low density of the high expansion foam also makes it more
suitable for indoor use, This paper rmmmarizes the results of the project.
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2. AQUEOUS ROAM

The unique high expansion aqueous foam developed and evaluated for corrections applications is mechanidy
generated by the movement of a large volume of air through a screcn that is wntinuously wetted by an aqueous
solution of a synthetic foam concentrate. Foam concentrates contain surfactants that are chemically similar to those
used in hair shampoo and liquid soaps. In military and security applications, aqueous foam has been used for tunnel
denial and for riot control. Past SNL installations of aqueous foam s d t y systems include Department of State
c-es
where the historic wauity threat includes mobs intent on ransacking and burning hcilities'. In these
applications, the aqueous foam not only impedes adversaries £tom moving about within the facilities, but also hinders
them from starting hrcs in the foamed space$.
'
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Once dispensed, aqacous foam acts like a viscous liquid It can flow down MISipd stairwells and needs to be
contained. The longer a foam stands aAer k i n g generated, the more it behaves like a solid. This is because the water
drains out of the bubbles reducing the wall thickness,wall s k ~ &and fluidity'of the mass. High expansion aqueous
foam is generally evaluated using two criteria: expansion ntio and drainage rate. Expansion ratio is dtfined as the
ratio of the volume filled by the deployed foam relative to the storage wlume of the water and concentrate consumcd
in generating the foam. Expansion ratios of 400:l are typically used for securitY applications. Drainage rate is a
measure of the foam's liquid retention capability. Immediately. after a mass of foam is generated, liquid will begin
flowing downward through the foam. As liquid draios from rhe foam, the bubbles become more fragile aad the
dissipation rate increasb. SNL has deveIoped foam concentrates sp~&cally designed for security applications.
Aqueaus foam characteristics which can be tailored to an application include: flexibility in sizing (commercial
systems are available with foam output of 50 to 37,000dm),sound attentuation, vision obscuration, fire suppression,
irritant carrier capability, and foam slrrtainability. <

3. TOXICOLOGY STUDY
Over thirlytix law-to-no toxicity foam concwmtes were evaluated for physical foaming characteristics. The
ones which met the physical characteristics dcaned necessary for corrections applications were W e r evaluated for
toxicological concerns. This led to the final selection of the foaming agent for prison aqueous foam applications,
Stepan's Steol CA-330.The concenmte was also Med and s h o w to be a successful carria for 0leorcsj.n Capsicum
(OC)irritant. OC i~~itan!
was selected because of its universal usage and acceptance by law enforcement agencies.
Extensive review of the toxicology litenitwe was documented for both the aqu?
foam' and OC irritant'. A patent
application was filed for the sunxssful combined foam concentratdOC formulation.

An evaluation of the toxicity literatureZwas done on the aqueous foam developed for the MJ to determine
whether there are any significant adversc efFects associated with completely immersing individuals withow protective
gear in the foam. The toxicity of the aqueous foam developed for MJ was determined by mahating the individual
components of the foam. The foam is made from a 2-5% solution of Steol CA-330surfactant in water g m t e d at
expansion ratios rangidg from 500:l to 1000:l. Steol CA-330 is a 35% ammonium Laureth sutf'ate in water and
contains trace amounts (<0.1%) of 1, 4-diome. The results of the study indicate that Stwl CA-330is a non-toxic,
mildly imtatidg, swfadant that i s used extensively in the cosmetics industry for hair care and bath products.
Inhalation or dennal exposure to this material is not wrpectwi.to produce signiticant irritation or systemic toxicity to
exposed individuals, even after prolonged expsure. The amount of 1 , 4 d i o m e in the surfactant, and subsequently in
the foam, is negligible, and therefore, the toxicity associated with dioxane exposure is not significant In addition,
aqueous foams have been used for applications that include immersing individuals in foam without protective
equipment for various amounts of time. kr general, immersion in aqueous f m similar to the one developed for MJ
has not resulted in acute, immediately life-threatening effects,or cluonic, long-term non-rewersible effects following
exposure.

OC is an extract of the pepper pIant used for ~ ~ n t a r i as
e sa culinary spice Dot peppers). The remits of the OC
revied indicate that the effects of exposure ta OC appm to be limited to the charactttisticburning sensation expected
of the capsaicinoids and do not result in permanent adverse effects or tissue damage. OC exposure can result in
dermatitis, as well as mild to moderate advene,nasal, pulmonary, and gasEointestina1 effects inhumans. The primary
effects of OC exposure include pain and irritation of the m u a m membranes of the eyes, nose, and lining of the mouth.
Blistering and rash have been shown to ~ c ~after
u r c h d c or prolonged dermal exposure, and ingestion oflarge doses
may cause acute stlnging of the Lips, tongue, and oral m u m and may lead to vomiting and diarrhea. However,
prolonged or repeated dermal exposures and large oral exposures are not expected with the intended we of OC in
aqueous fbam All effects following OC expome axe expected to be reversible following removal of the individual
from the exposure. OC has been used extensively as a culinary additive and medicinal ointmenf and there have been
no reports of permanent adverse efftcts folIowing rtpeated or prolonged exposure.

.
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Frequency, volume, and character of the aspirate are factors that determine the ocrxurence and extent of
~ulrnoaarycomplications following aspiration Using the dog as a model for aspiration pneurnonia, the current "at
risk criteria" for aspiration pneumonia has been d e t e r m i . to be fluid volumes of greater than 25 ml (aspiration of
0.4.4.5 ml/kg) with a pH of ltss that 2.5. The maximum quantity affoam that might be aspirated by an individual
immersed in the SNL aqueous foam was studied4. Figure 1 shows the breathing simulator used to simulate the
aspiration of the foam generated at expansion ratios in the range of 500: 1 to 1000:1. AIthough tht natural h d n c t of
an individual immersed in foam is to cover their nose and mouth with a hand or cloth, thus breaking the bubbles and
t b e a i . ~ gthe potential for aspiration, this study was performed to examine a worst case scenario with mouth
breathing only, and no attempt was made to block foam entry into the breathing port. Two breathing rates were
examin& one simulating a sedentary individual. and one simulating an agitated or heavily breathing individual.
The results of this study indicate that breathing in aqueous foam without movement forms an air pocket around
the nose and mouth within one minute of immersion. Maximal aspiration of the foam occurs in the h t 3-5 breaths
fouoning i m m d o q with no additional foam aspirated with continued exposure. The maximum acmmilated
amount of foam thtd was esthmcd to be aspirated during a one-how exposure to aqueous foam generated at an
expansion ratio of 500:1, was 18 grams or 17.5 ml of collapsed foam. This is Icss than the 25 ml critical volume for
risk af aspiration pneumonia. The potential f i r aspiration increases, however, under cir-ces
involving general
anesthesia, intoxication with alcohol or drugs, seizures,snaky and disorders of the esophagus and trachea, which
may be of concern when d d h g with an incarcerated individual.
5. PROTO'X71PE AQUEOUS FOAM CELL EXTRACTION SYSTEM

Requirements for the aqueous foam cell exhaction system wert developed in coajunction with NU, the
American ConcctionaI Association (ACA), the Florida Department of Corrections (FDOC), and the Ftdcral Bureau of
Prisons (FBOP)'. Based on the developed requirements, a cart-mounted cell extraction aqueous foam system was
developed and tested. Figure 2 shows the system in f i m t of the mock ctll and Fieme 3 shows the cell Wlcd with foam
following a test of the system. The system6 has two main components: a pressurized system to provide a spcciKc
solution flowrate to the nozzles of the foam generator and an electric-powered f h to generate the air flow which
creates the foam. The pressure source is a &n
dioxide cartridge identical to the o n a used in fire extin&shers.
The prototype foam generator output is 12 inches in diameter and uses a transition sock and adapter to input foam into
a cell foodslot as shown in Figure 3. Note that all the components af the cell extraction aqueous foam system are
detachable from the cart for carrying up stairs and re-assembly. E l W c power cord m l s and water hose reels allow
for operation of the system 50 feet from utility connections. The main requirements for the system were to fill a
SO0 ft3 cell in 30 seconds and deliver foam expansion ratios from 500:l to 1000:l.
6 . FOAM PHYSICAL a C T E R I S n C S TESTS
1

Large scale physical charactexidcs testing of the SNL developed prison aqueous foam ww completed in
Deccmber 1995'. The aqueous foam for the testing was generated using the cart-mounted cell exhaction system.
Fifty-seven total tests were conducted w i t h the fust forty-five tests to determine the ovaall performance of the cell
e x - d o n system and the f i n d twelve tests used to conduct the large scale foam physical characteristig tests series.
The m& cell shown in Figure 3 was used for the tests It was modified such that as the aqucous foam collapsed to
wastewater within the eIl, the wastewater was collected and disposed of wing the sanit;uy sewer. The large scale
foam physical characteridcs testing included light attenuation, sound attentnation, drainage raWcollapse rate, foam
knockdown, OC foaming and decontamination, md mock cell cleanup and disposal of wastewater.
For the light attenuation tests, a videocamera was placed within the mock cell and the cell was filled with
aqueous foam of approximately 500:l expansion ratio. As the foam flowed over the videocamera., the view became
opaque and the amount of diffuse light present decreased slightly with foam depth In an actual prison cell, which bas
fewer Light s o m than the mock cell, the mount of diffuse light present in the foam would be significantly d e a d
and the view within the foam would be much darker or black.

J
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For the sound attenuation tests, a noise sollrce ws placed at hvo distances from a sound level meter within the
cell and the cell was filled wilh approximately 500:l foam. The freshly dispwed foam has a sound absorption of
approximately 7 to 10 dBA per foot of foam. As the water rimids out of foam, the sound absorption lessens until there
is almost no aUetiuation. With thc maximum sound attenuation lcvcl noted, an inmate in a foam-filled ceIl and an
officerat the foodslot should be able to converse by yeIling at each other. A megaphone would insure communication
with the inmate in fieshty made foam

fxk

For the drainage ratdcoUapse rate tests, the mock cell was filled with
and not distu~bedwhile data was
c o W e d . In 10 minutes approximately 60 percent of the solution used to make the foam had drained out of the foam,
and in 20 minutes approximately 80 percent. Becase of the low humidity in the building where the tests were
conducted, some of the foam solution evaporated prior lo being collected in the catch tank In the same 20 minutes the
foam collapsed approximately 15 inches in hcight, but because of the drainage had become relativeIy fragile.
Four types of foam knockdown tests were conducted and included pressurized air hose, water spray, c a h n
dioxide f i e amnguisher, and flashbang grenade. For each, the mock cell was filled with approximately 500;l foam
The ttsts were to detennhe the times necessary to rapidly knockdown the foam for emergencies. The flashbang
grcnade collapsed most of the t%am in the cell in a few seconds and the foam attenuated the peak sound level of the
grenade from above 170 dBA (without foam) to 152 dBA (with foam). Thc carbon dioxide fire extinguisher collapsed
the foam in under a minute. The pressurized air hose and water spray both required several minute to collapse the
foam. Figures 4 and 5 depict carbon dioxide f i e extinguisher and premrked air hose foam knockdown tests,
miper,tively.
Expansion ratios of 830:1 were achieved with OC-laced foam concentrate using a Iaboratoxy w e (50 dm)
foam gene.rator. The large d e tats were to determine how well the cell ex.ttaction aqueous foarn system would
generate OClaced foams. Thc output of the lab foam generator was not chokedby having to discharge into a sock and
adapter as the cell extraction system does. The cell extraction system was able to achieve an expansion ratio of 1863
through the sock and adapter, and 345: 1 with the sock and adapter r e m o d .
The FDOC decontaminates OC sprayed cells by sending linens to the laundry, airing out mattresses for 24
hours and washing all ell walls with standard cleaning soap and water. For the OC-laced aqueous foam W g at
the mock a
l
l did not contain linens or a mattr~~s.
Decontamination and cleanup of the mock cell and ceU
extraction aqueous foarn system was conducted with copious amounts of wter. Wastewater generated from collapsed
aqueous foam and from the decontamination process was disposed of via the SNL sanitary sewct system. Cleanup of
aqueous foam using a wctldry vacuum for cleanup of OC-laced foam is not recommended since it would tend to
resuspend settled OC.

Based on'the twelve physicd characteristic aqueous foam tests and the forty-five overall aqueous foam performance
tests of the cell cx-traction system, the following conclusions were drawn:

*

A ma-toxic foam formulation which met the required design charactuistics was successfulIy developed for
conedional inmate cell txtraction applications. OC was s u w incorporated into the formulation at a 5%
concentration and the OC-laced formulation produced viable aqueous foam

*

The prototype cell exwction aqueous foam system was suc-y
demonstrated to meet .most of the
requirements developed by the correctional tarn: it is lightweight and portable; it can be separated into
components for handcarry up stairs and then quickly reassembled far use; it can be operated 50 feet from utiLity
connections; it can fill a 500 ft3cell twicewithout m;it c a fill
~ a 500 fi?cell in 30 seconds; it can produce up to
500:l expansion ratio foam through the sock and adapter &to the cell using the foodslot, it cad produce OC-laced
foam; it is easy to operate; it i s easy to mainit is easy to clean afrer usage: it can be stored for long periods
between usages, and, it is relatively lowcost

* .From the sound attenuation t w h g , an i n k d u a l at a cell f

d o t should be able. to converse through the aqumur

foam to an individual in the cell by yelling at each other, Other factors should improve the sound transmission
through the foam; as the foam ages (drains), the somd attenuation decreases; and the target expansion ratio for
cell extraction applications is 800:l which starts out with better sound transmission than the 500:l. foams that

were used far the sound attention tests. To insure wmmunication with an inmate in a cell just filled with foam,
the officer at the foodslot should use a megaphone.

*

Light attenuation test results were as eltpected As the foam flowed over the videocamera within the mock cell,
the view became opaque and the amount of dill& light present decreased slightly with foam depth. In an actual
prison cell, which bas fewer light sources than the mock cell, the amount of diffuse light pnsent in the foam
would be significantly decreased sad the view within the foam would be much m e r or black.

*

The cell wrttaction aqueous foam system required an increase in sutfactant to make viable foam. As a rault, ,the
foam does not collapse as rapidIy as requircd by the correctional team representatives ox like that seen in the small
lab experiments. However, the foam still drains rapidly enough thar after several minutes it is suSciently h g i l e
that all of the rested hockdown techniques can be used effectively. The fastest foam knockdown technique was a
flashbang grenade and required only several seconds. Other knockdown techniques tested were
fire,
ex&nguish, pressurkd air, and mater spray, the latter requiring several minutes to complete the foam
knockdown.

a

*

B w d on the effects of OC exposure to test personnel in limited protective gear, the dispensed foam with OC
should be as effective as aerosolid OC. Because of the perceived OC foam effectiveness by test personnel, there
is aIso a potential fm reduction of the OC concenvation used in the foam formulation. LastIy, decontamination
procedures already in use in prisons for aerosolizedOC should be suitable for an OGLaced aqueous foam.

*

A cart-mounted cell extraction aqueous foam system appears to be a feasibIe hands& deterrent for belligerent
h a t e s in cell extraction situations. It can be used alone or as part of a graduated, use-of-force continuum. The
system provides the ability to add OC into the disptnsed foam to encourage compliance, to isolate the belligerent
inmate fiom communicating with his peas,to d h h k h the light within the inmate's cell further isolating him,
and to do the above without any handson restraint However, thC current prototype cell extraction aqueous foam
system requires mdfications to hcmse deliveredfoam expansion ratios and some fbam reformulation work may
be necessary to inueasc foam expansion ratios with OC-laced foam

*

Large scale, non-portable aqueous foam systems have been installed in Department of State (DOS) Embassics and
have perhrmed satishctoriIy. The DOS systems were installed to protect facilities against crowd disfmbanws and
arson. Many of the conclusions drawn in this project work are supported by experiences gained at the DOS
installations.
7. LARGE FACILITY FOAM APPLICATION STUDY

This studys investigated the potentid effectiveness and application of a large, facility-based aqueous foam
system that could isolate large areas in the event of fadity dkhrbms. Issues investigated by the study included:
feasible usage scenarios, machine sizing, possible system designs and hardware cofigurations, foam system
activation, foam system pressure safety, foam characteristics, deployable foam amounts. foam flowrates, foam
deployment times, foam placement, foam sustainability, foam as a carrier for Oleoresin Cqticum (OC) hirant, foam
knockdown for retxieval of inmates, protccti~@
gear for correctional officers entering foam-flooded areas, and cleanup.
FDOC and FBOP sites were selected by NU for the study.
From the FROC modular prison site plan, three buildings were identified for investigation as to the applicability
of an aqueous foam qstem Those buildings included the 132 Single Cell Housing Unif the HealthJClassification
Building and the Food Senices Building. Situations for study in the housing unit were dayroom fights, loss of wing
control snd loss of sallyport control. Areas to protect in the HealWClassification Building included thc medical
records area and vault, and the pharmacy and its secure starage. Large scale disturhaf~cesand inmate fights were the
issues in the Food Services Building.
The FBOP has built some high-rise prisons in u h n locations which house some ofthe nation's most dangerous
inmates. In FBOP high-riseprisons, stairwells extend from the ground floor to the top floor and have an eight-foot wide
landing on each floor with no barriers within the stairwell. When disturbancts arise in the staheU, regaining control
of inmates is difficult. The study was to investigate an a q u m foam system for the stairwell that would serve as an OC
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carrier and would bc capable of driving the inmates(s) either up or down the stainvell to a preselected location for
retrieval.

The aqueous foam generators and design criteria proposed in this preliminary study appear LO be feasible for the
usage issues discussed in the physical
characteristics testing section regarding the prototype aqueous foam cell extraction systerd apply equally well to the
large facility disturban= study.

FDOC and FBOR applications evaluated. Many of the application and

Formal evaluations o f the NU Aqueous Foam Project results are in progress. The benefits of the technology are
being weighed carefully against the potential risks of application before proceeding wiwith
any further significant testing
or dtvelopmenC As with other new technologies that might be suitable for less-than-lethal applications in law
enforcement, legal liability presents a siflcant hurdle to be overcome. The following tasks art mmthended for
follow-on work:

* Thc prototype cell ex-traction aqueous foam system was not abIe to meet the full range of foam expansion ratios
specified by the design requirements. By increasing the cell foam fill time to 75 seconds from 30 seconds,the
system should falIy meet the designed foam expansion ratios of between 500:1 to 1000:l. A followon effort
should be defined u, include modification of the existing system for a 75-second cell foam fill time, if deemed
a m b l e by correctional representatives.

*

Some additional foam reformulation work may be required to meet the desired expansion ratios with OC-laced
foam even after the above cell extraction aqueous foam System modifications.

* Based on the NU aqueous foam project work (foam toxicology study, aspiration tests in fbam using a breathing
simulator, and collected aneedotal immersion experience?) as well as previous dog studies in aqueous ioam,
human subject testing in aqueous foam can be the next technical step. However, legal liability may remain a
significant concern for a cell exmction system used in prison applications. Intennedialt, indepth aoimal studies
might lessen application liability issues. NU and potential correctional systems usen should cvaluate the legal
liability and policy issues as part of additional aqueous foam development work

*

Voluntary human subject effectiveness testing needs to be conducted to establish the specific quantities of OC
initant newssary to be effeaive in the OC-lacedaqueous foam Use protocols, specific applications scenarios,
sptcific cleanup procedures, documentation of h m a n exposure effects,inmate ex-ttaction procedures, knockdown
techniques, minimizing officer exposure, and large facility use implications should also be studied as part of the
followon project
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