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Introduction

Foams have been developed almost entirely from
experimental work. Although the technologies
are rather mature, no fundamental explanations
of foam extinguishment performance have been
developed based on first principles. As a result,
foams are characterized by (1) fire tests for which
there is no general international agreement and
(2) physical and chemical properties that may or
may not correlate with empirical results. This
chapter reviews the important parameters
associated with foam agents, test methods used
to evaluate foams, and relevant data in the litera-
ture that can be used to evaluate foam system
designs. Because of their superior performance
in extinguishing certain types of hydrocarbon
liquid fuel fires, the emphasis is on film-forming
foams and thin pool fires (e.g., from spills).
Situations involving fuels “in depth” are limited
to a discussion on foam modeling and small-
scale tests to assess oil and petrochemical indus-
try hazards.

Fire-fighting foam consists of air-filled
bubbles formed from aqueous solutions. The
solutions are created by mixing a foam concen-
trate with water in the appropriate proportions
(typically 1, 3, or 6 % concentrate to water).
The solution is then aerated to form the bubble
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structure. Some foams, notably those that are
protein-based, form thick, viscous foam blankets
on liquid hydrocarbon fuel surfaces. Other
foams, such as film-formers, are much less vis-
cous and spread rapidly on the fuel surface. The
film-formers are capable of producing a vapor-
sealing film of surface-active water solution on
most of the hydrocarbon fuels of interest.

Because the foam is lighter than the aqueous
solution that drains from the bubble structure,
and lighter than flammable or combustible
liquids, it floats on the fuel surface. The floating
foam produces an air-excluding layer of aque-
ous agent, which suppresses and prevents com-
bustion by halting fuel vaporization at the fuel
surface, and preventing air from reaching the
combustion zone. If the entire surface is cov-
ered with foam, the fuel vapor will be
completely separated from air, and the fire will
be extinguished. Low-expansion foams (i.e.,
foam volume-solution volume of <10:1) are
quite effective on two-dimensional (pool) flam-
mable and combustible liquid fires, but not par-
ticularly effective on three-dimensional fuel
fires. This is particularly true of three-
dimensional fires involving a low flashpoint
fuel. Typically, an auxiliary agent, such as dry
chemical, is used with foam where a three-
dimensional fire (running fuel or pressurized
spray) is anticipated. In enclosed hazard areas,
other extinguishing media may be used, such as
water mist or high-expansion foam. These
agents generally require total flooding of the
hazard volume.
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Description of Foam Agents

There are no universally agreed-on definitions of

foam agents or terms associated with fire-fighting

foam. For example, where foam is referenced in

NFPA standards, definitions vary from document

to document. Because foams vary in perfor-

mance, in terms of application rates and
quantities required for extinguishment, agent
definitions can be cast to accentuate positive
attributes, such as “rapid knockdown” or “supe-
rior burnback resistance.” Geyer et al. have
described the composition of various foam

agents, paraphrased as follows [1].

1. Protein foam. Protein foam is a “mechanical”
foam produced by combining (proportioning)
foam concentrate and water and discharging
the resulting solution through a mixing cham-
ber. The mixing chamber introduces
(aspirates) air, which expands the solution to
create foam bubbles. The liquid concentrate
consists primarily of hydrolyzed proteins in
combination with iron salts. Hoof and horn
meal and hydrolyzed feather meal are
examples of proteinaceous materials used in
protein-foam concentrates. No aqueous film is
formed on the fuel surface with this type of
agent.

2. Fluoroprotein. These agents are basically pro-
tein foams with fluorocarbon surface-active
agents added. The varying degrees of perfor-
mance are achieved by using different
proportions of the base protein hydrolyzates
and the fluorinated surfactants. Although
fluoroprotein foams generally have good fuel
shedding capabilities and dry chemical com-
patibility, the solution that drains out from the
expanded foam does not form a film on hydro-
carbon fuels. However, the addition of the
fluorinated surfactants may act to reduce the
surface tension of the solution. This reduction
may, in turn, decrease the viscosity of the
expanded solution, thus promoting more
rapid fire control when compared to protein
foams.
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3. Aqueous film-forming foam (AFFF). These
agents are synthetically formed by combining
fluorine-free hydrocarbon foaming compounds
with highly fluorinated surfactants. When mixed
with water, the resulting solution achieves the
optimum surface and interfacial tension
characteristics needed to produce a film that
will spread across a hydrocarbon fuel. The
foam produced from this agent will extinguish
in the same air-excluding fashion as other foams.
Further, the solution that results from normal
drainage or foam breakdown produces an aque-
ous “film” that spreads rapidly and is highly
stable on the liquid hydrocarbon fuel surface. It
is this film formation characteristic that is the
significant distinguishing feature of AFFF as it
actually results in a seal significantly mitigating
the emission of vapors from the liquid.

These definitions are by no means
all-inclusive. For example, film-forming
fluoroprotein (FFFP) foam is an agent that is
produced by increasing the quantity and quality
of the surfactants added to a protein hydroly-
zate. By doing this, the surface tension of the
resulting solution, which drains from the
expanded foam, is reduced to the point where
it may spread across the surface of a liquid
hydrocarbon fuel. An alcohol-resistant concen-
trate is formulated to produce a floating poly-
meric skin for foam buildup on water-miscible
fuels. This polymeric skin protects the foam
from breakdown by polar solvents, for example,
acetone, methanol, and ethanol. Hybrid AFFFs
are being formulated to reduce or eliminate
fluorosurfactants, which may have an adverse
environmental impact.

A potential new class of foams,
fluorosurfactant-free foam, has been developed
in response to the environmental impact of
fluorosurfactants (see section on ‘“Foam Environ-
mental Considerations™). This is neither a film
forming or protein based foam. Underwriters
Laboratories (UL) classifies these foams generi-
cally as “synthetic” foams. UL defines synthetic
foams as those having as its base other than a
fluorinated surfactant or hydrolyzed protein.
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Fig. 47.1 Typical
AFFF fluorosurfactant
molecule [3]
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The descriptions show that there are distinct
chemical differences between protein-based
foams and AFFF. In general, the surfactants used
in aqueous foams are long-chained compounds
that have a hydrophobic or hydrophilic (i.e.,
water repelling or water attracting, respectively)
group at one end [2]. The molecular structure of a
typical AFFF fluorinated surfactant is shown in
Fig. 47.1 [3]. In this molecule, the perfluoroctyl
group on the left is the hydrophobic group, while
the propyltrimethylammonium group is the
hydrophilic group. When these compounds are
dissolved into solution with water, they will tend
to group near the surface of the solution, aligned
so that their hydrophobic ends are facing toward
the air/solution interface. The advantage of this is
that the perfluoroctyl group found in these
compounds is also oliophobic (i.e., oil repelling)
as well as hydrophobic [4].

AFFF concentrates also contain hydrocarbon
surfactants. These compounds are less hydropho-
bic than those containing the perfluoroctyl group.
However, they do provide greater stability once
the solution is expanded into a foam. As a result,
the surface tension of the solution is reduced
below that of water; the expanded foam produced
from the solution is resistive to breakdown from
heat, fuels, or dry chemical extinguishing agents;
and the solution that drains out from the
expanded foam is able to form a film on hydro-
carbon fuels.

The importance of both the film formation and
foam bubble characteristics of AFFF, resulting
from the combination of fluorocarbon and hydro-
carbon surfactants, was evaluated in early work
by Tuve et al. [S] When a highly expanded, stiff
formulation of AFFF was used, these researchers
found it difficult to obtain good fire extinguish-
ment and vapor sealing characteristics. The foam

resisted flow, and drainage of the aqueous solu-
tion (film) was slow. The drainage was corrected
by expanding the foam to a lesser degree. This
pioneering AFFF formulation, with an expansion
ratio of 8:1 and 25 % drainage time of 6 min,
appeared to offer the best compromise in
characteristics. It provided a readily flowable
foam that sealed up against obstructions, pro-
moted the rapid formation of a surface-active
film barrier on the fuel, and provided a suffi-
ciently stable foam to resist burnback.

Fire Extinguishment and Spreading
Theory

As noted in the Fire Protection Handbook™
review of suppression theory, the fundamental
mechanisms of foam fire extinguishment on
two-dimensional pool fires have not been devel-
oped [6]. Usually, fire extinguishment is
described simply as a factor of the cessation of
fuel vaporization at the fuel surface. As the area
of fuel vapor production decreases due to the
spreading foam, the size of the combustion zone
decreases. When the area is totally covered, suf-
ficient amounts of air cannot reach the liquid fuel
and extinguishment occurs. As the fuel is cov-
ered, cooling must also occur to bring the vapor
pressure of the fuel below that of its boiling
point. Once the fuel is cooled, a layer of foam
must continue to be applied either manually or by
spreading to terminate combustion and prevent
re-ignition. Hanauska et al. have proposed fun-
damental extinguishment parameters [7]. A sim-
ilar foam extinguishment model has been
proposed by Persson and Dahlberg [8]. Bench-
scale experiments have been combined with cor-
relation/modeling techniques.
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Foam Loss Mechanisms

Fire extinguishment by foams can be
summarized as shown in Fig. 47.2. Foam having
a temperature, T;, and depth, &, spreads at a rate
of V; along a fuel of temperature, T, and vapor
pressure, P, . Fuel is volatized by the fire at a rate
of 7itqe;, Which is a function of the radiative
feedback, ¢,,4- The foam is added by the dis-
charge application, 71,44, and lost through evap-
oration, 71,,p, and drop-through, #1g4;0p.

The total mass loss of the foam is a function of
the loss due to drop-through and the mass loss
due to vaporization. The mass loss due to drop-
through is at least partially dependent on the
drainage of liquid from the foam. Evaporation
of the liquid results primarily from radiant
energy from the fire. Assuming that most of the
radiation results in direct evaporation of the

foam, the evaporation of foam can be
characterized by

G

mvap - Ar—;_l[v (471)

where AH, is the combined latent and sensible
heats of vaporization. Using a rough estimate of

c}” from large pool fires of 45-185 kW/m? yields
an evaporation rate of 18-72 g-m?/s, assuming a

Fig. 47.2 Tllustration of
the significant parameters
affecting a foam’s
hydrocarbon fuel fire
extinguishment capability
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heat of vaporization of 2563 kJ/kg. To account
for reflective and absorbed losses, Persson [9]
has proposed a calculation method

" "

mvap = qradkf (472)

where k, is an experimentally derived constant
using different fluxes from a radiant exposure.
For ., values of 45 and 185 kW/m?, Equa-
tion 47.2 yields values for n'z:ap of 11 and
46 g-m?/s, respectively. Because the estimated
mﬁap values based on Equation 47.1 at the same
heat fluxes were 18 and 72 g-m%/s, the experi-
mental mass loss rate results are about 62 %
lower than the theoretical loss. The difference
between values is attributable to neglecting the
reflected and absorbed losses in Equation 47.1.
This indicates that about 48 % of the radiant flux
to the foam surface is either reflected from or
absorbed into the foam blanket. The division
between these two heat transfer mechanisms is
not clear and is an area for further study.

Foam loss can likewise be described theoreti-
cally, based on the downward force of gravity
and the opposing forces due to surface tension
and buoyancy. Alternately, a model mass loss
due to drainage can be expressed as a time-
averaged constant
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Mdrain = Ka (47.3)
where k, is an experimentally determined drain-
age coefficient. From the data of Persson, the
drainage coefficient can be estimated to be
17-25 g-m%/s [9]. The drainage rate was found
to be relatively independent of the radiant heat
flux to the foam, but highly dependent on the
expansion ratio. Foams with lower expansion
ratios will drain faster. For example, decreasing
the expansion ratio by about half (11.3-5.3)
increased the drainage rate by a factor of about
2 (55-105 g/min). Decreasing the expansion
ratio changes fundamental parameters of the
foam, which allows it to drain faster.

Experimental work on the foam model, partic-
ularly with regard to the effects of incident heat
flux on the foam blanket, has been performed
in the United States and FEurope. Lattimer
et al. [10] designed a test apparatus that was
used to measure the behavior of foam when
exposed to irradiance levels of 0-50 kW/m?. The
apparatus provided data on evaporation rate,
drainage rate, foam destruction rate, foam temper-
ature, heat penetration, and time to fuel ignition.
The performance of a single AFFF formulation
was characterized.

Evaporation rates were measured primarily to
be a function of irradiance, making it possible to
predict evaporation using the irradiance from the
fire and an effective heat of vaporization. The
AFFF foam evaluated in this study was deter-
mined to have an effective heat of vaporization
of 4.87 £ 0.75 MJ/kg. This result is slightly
higher than that found by Ikasson and Persson
[11], 4.0 MJ/kg. Different AFFF formulations
may explain this difference.

Foam drainage rate was measured to be insen-
sitive to the irradiance level or the presence of a
fuel layer below the foam. This was consistent
with the findings of the Swedish researchers. For
foams with expansion ratios ranging from 6.0 to
9.7, drain rate was determined to be a function of
foam mass per unit area. A single curve was
developed to characterize the drain rate for all
foams with a thickness equal to or less than
75 mm. The drainage rate was measured to be
constant down to a foam mass per unit area of
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3.0 kg/m” and decreased linearly to zero by
1.5 kg/m® The steady-state drain-rate level
decreased from 40 gm?%s to 28 g-m?%s by
increasing the expansion ratios from 6.0 to 9.7,
respectively.

The drainage rate of low-expansion ratio
foams (3.3) was as much as 4-10 times higher
than levels measured at higher expansion ratios.
The high level was attributed to the fluidity of the
foam, which is affected by solution density in
foam, breaking and coalescing of bubbles, and
solution viscosity. Measurements of foam fluid-
ity for different AFFF foam expansion ratios and
temperatures are necessary to further understand
these trends in the data at low-expansion ratios.

Foam depletion rate was measured primarily
to be a function of the irradiance level incident
on the foam. As irradiance increased, the foam
depletion rate increased. Foam depletion rate was
independent of the initial foam height and expan-
sion ratio.

Heat penetration through the foam was
measured to be a function of foam height
and foam mass. For all of the different tests
where heat penetration was measured, the data
indicate that heat begins penetrating through the
foam when the foam becomes approximately
50 £7 mm thick and has a foam mass of
42 4+ 1.2 kg/m>.

Ignition time in tests with JP-5 fuel layers was
measured to be a function of both irradiance and
initial foam height. Increases in irradiance and
decreases in initial foam height were determined
to decrease the time to ignition. This result was
found to be independent of expansion ratio and
initial fuel temperature. At ignition, nearly all of
the AFFF (less than 0.8 kg/m?) had been lost
from the fuel surface.

Additional small-scale testing needs to be
performed to quantify the foam losses and foam
spread characteristics of other foam concentrates.
Foam loss and spread data are expected to be
concentrate dependent, and these data are neces-
sary to further validate the performance of the
foam extinguishment model.

Foam drainage is a complicated phenomenon
that is highly time dependent. Besides the forces
associated with the bubble structure, drainage is
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dependent on the continual changing geometries
of the cells and other variable conditions, such as
collapsing cells. Even though all aspects of this
problem cannot be fully detailed, simplified
models have been created that predict the drain-
age rate for foams. Kraynik has developed one
such model that considers the drainage from a
column of persistent foam [12]. The model
contains no empirical parameters and assumes
the foam is dry with very thin walls such that
the liquid contained in the cell walls is negligi-
ble. Additional modeling has been performed as
described in the following paragraphs.

The focus of the tests on the foam by Lattimer
et al. [10] was to quantify the evaporation and
drainage loss mechanisms, and develop methods
for using these data in suppression models. Drain
rates were shown to be affected by both expan-
sion ratio and initial foam height. Evaporation
rates were primarily affected by the irradiance
on the foam. Additional data analysis was
conducted to develop methods for expressing
the data in a form that could be used in modeling
the losses of foam during a fire where the foam
may be exposed to a range of irradiance levels.
A simple model that monitors the mass of the
foam was used to evaluate the proposed methods
for predicting evaporation and drainage.

Solution drain rate from foams being heated is
extremely difficult to model from first principles
due to the complexities that arise from bubbles
expanding, coalescing, and bursting. A simple
approach for predicting solution drainage was
sought for use in fire suppression modeling.
Persson et al. [13] found that initial foam height
affected drainage rate with time for a particular
type and expansion ratio of foam. Empirical
relations for drain rate were developed as a func-
tion of time and foam height.

In order to avoid having to rely on accurate
predictions of foam height in fire suppression
calculations, an alternative approach was devel-
oped. Through analysis of the data, the mass of
the foam was found to be related to the drain rate.
Plotting the drain rate versus foam mass essen-
tially collapsed the data for tests with an expan-
sion ratio (ER) of 6 and 10. The relation between
drain rate and foam mass was found to be
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generally unaffected by irradiance or initial
foam height.

The second mechanism by which foam will
lose solution is through evaporation. The evapo-
ration of solution from the foam surface was
modeled as a Lagrangian thin film of solution at
a constant temperature of 100°C. The evapora-
tion rate was simplified to

.n Ofoam Dnte
mevap - e Ah
hfg v

where the g, =0.96 and the average heat
is 97 % of the centerline heat flux,
q’,;fg =0.97 q’,;fg,c,, and the heat of vaporization
is that of water at 100°C (Ah, = 2257 kJ/kg).
In the experiments, the mass evaporated was
measured directly but the absorptivity of the
foam was unknown. Incorporating the constants
above, the absorptivity of the foam can be deter-
mined by

(47.4)

flux

"

m
Ofoam = 2257 ”evap
Dnfg,cl

(47.5)

This pure radiation model does not account
for other phenomena that may affect the evapo-
ration rate such as bubbles bursting, foam density
on the surface, and transient heating. Therefore,
the absorptivity determined using experimental
data would be an effective absorptivity that
embodies the radiation properties of the foam
and the other phenomena that affect the evapora-
tion rate. This average effective absorptivity is
shown in Table 47.1.

These methodologies were used to predict the
foam mass drained and evaporated. The mass
drained was predicted using a reference curve
that related foam mass to drain rate. This func-
tion was developed from test data at an irradiance

Table 47.1 Test average effective absorptivity for AFFF
at different expansion ratios

Expansion ratio, ER Effective absorptivity, a foam

3 0.34 £ 0.09
6 0.42 £ 0.06
10 0.41 £ 0.04
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Fig. 47.3 Model predictions for foam with an ER = 6 with h = 25 and 50 mm at q” = 20 kW/m2

of 20 kW/m2 with a foam height of 75 mm. The
mass evaporated was determined from using the
effective  absorptivity values provided in
Table 47.1. Additional simulations were
conducted to evaluate the sensitivity of the
results to the range of effective absorptivity
stated in Table 47.1.

Predictions of foam having an expansion
ratio equal to six are shown in Figs. 47.3 and
47.4 for irradiance levels of 20 and 50 kW/mz,
respectively. Also shown is the reference curve
used to predict the drainage rate. The model
predicts the masses quite well, particularly

near the end of the test where mass of foam
on the surface could be used to predict time of
fuel ignition. Data from this study indicate that
the fuel beneath the foam will ignite when the
foam mass per unit area is approximately
0.8 kg/m>. With good agreement between the
model and the data especially near the end of
the test when ignition will occur, the model
could be used to also predict fuel layer ignition.
Also shown in Figs. 47.3 and 47.4 is the effect
of varying the effective absorptivity. Because
the evaporation represents a small portion of
the mass loss, the results were not strongly
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Fig. 47.4 Model predictions for foam with an ER = 6 with h = 25 and 50 mm at q” = 50 kW/m2

affected by varying this parameter. Similar
results were determined for foam at an
ER = 10.

Predicted masses for foam at an ER = 3 are
shown in Fig. 47.5 along with the reference curve
used to predict the drainage rate. Due to the
initial surge of drainage in the beginning of
these tests, the model does not predict these
masses as well in the initial part of the test.
After approximately 150 s, the model is within
10 % of the data. Again, the predicted mass of
foam near the end of the test agrees well with the
data, which indicates that the time of ignition

could be predicted using this model even for
lower expansion foams.

Foam Spread over Liquid Fuels

In order to predict the extinguishment of a liquid
pool fire by fire-fighting foam, it is necessary to
describe the process of spreading the foam over
the liquid fuel surface. This process of foam
spread on a liquid fuel is similar to the spread
of a less dense liquid (such as oil) on a more
dense liquid (such as  water). This
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Fig. 47.5 Model predictions for foam with an ER = 3 with h = 25 and 50 mm at q” = 20 kW/m2

phenomenological approach to the spread of
foam on a liquid pool fire is appropriate to the
extent that foam can be treated as a liquid.
Kraynik characterizes foams macroscopically as
being Bingham fluids with a finite shear stress
and non-Newtonian viscosity [14]. That is, foam
displays an infinite viscosity up to some initial
shear rate above which it displays a shear-rate
dependent viscosity.

Because fuels typically have low viscosities
(especially compared to foam viscosities at rela-
tively low shear rates), it may be appropriate to

model foam spread across a fuel surface using
models developed for oil spread on water. These
models assume that the oil spreads as a fluid with
a viscosity much higher than the water on which
it is spreading. The process of oil spread on water
has been described in detail by Fay [15], and Fay
and Hoult [16]. Their phenomenologically based
model describes three regimes of spread
characterized by combinations of spreading
forces and retarding forces. The first regime is
the gravity-inertia regime, where the outward
spread of the oil is driven by a gravity force and
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retarded by the inertia required to accelerate the
oil. The second regime is the gravity-viscous
regime, where the gravity-induced spreading is
retarded by viscous dissipation in the water.
Because the oil is much more viscous than the
water, they assume that there is slug flow in the
oil and that the viscous drag force is dominated
by the velocity gradient in the water. The third
regime is characterized by a surface-tension
spreading force opposed by the viscous retarding
force. By setting the spreading and retarding
forces equal in each of the regimes, they devel-
oped equations to estimate the length of the
spread as a function of time.

By treating the spread of foam on fuel as
similar to the spread of oil on water, the
equations developed by Fay and Hoult might be
used to describe the spread of a foam blanket
over a fuel pool as a function of time [15].
Because foam generally has a much higher vis-
cosity than the fuel on which it is spreading, the
assumption of slug flow made for the oil by Fay
and Hoult should be reasonably valid for foam
spread on fuel as well [16]. The equations are

1/4

gravity-inertia regime: [ = (AgVt?)

[— (Agvzt3/2) 1/6
=\

1/4
. . . 2.3
surface-tension-viscous regime: [ = ((:Tt»)

(47.6)

gravity-viscous regime:

where

| = Length of spread (cm)

A= (pfuel - pfoam)/pfuel

g = Acceleration of gravity (981 cm/s?)
V = Foam volume (cm3)

t = Time (s)

v = Kinematic viscosity of fuel (cm?/s)
o = Spreading coefficient (dynes/cm)

p = Density of fuel or foam (g/cm®)

Equation 47.6 represents an untested theoreti-
cal model of foam spread. The equation includes
the parameters that are known or suspected to
affect foam spread. They are presented here as an
initial effort to understand foam flow based on
first principles. They are not yet developed for
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engineering use. The following discussion
expands on this theory.

The transition from gravity-dominated spread
to surface-tension-dominated spread can be
shown to occur at a critical thickness of the
foam layer, A, given by

A ( G )1/2
‘c gApfoam

The transition from inertia- to viscous-
dominated retarding force occurs when the
foam thickness, 4, is equal to the viscous bound-
ary layer thickness, 9, of the fuel, with

(47.7)

v
h=—

P (47.8)
5= (vi)'/?

The equations for length of spread can be used
to generate preliminary estimates of the spread
distance and area coverage for the placement of a
volume of foam on a fuel surface. The equations
are only estimates because they consider a force
balance between just the dominant forces for
each regime. All forces are actually present in
each regime. Also, the densities of both fluids are
considered to be very nearly equal for the devel-
opment of the equation for the gravity-viscous
regime. This is the case for oil spread on water,
but may not be the case for foam on fuel.

Using approximations for fuel and foam
characteristics, it can be shown that a positive
spreading coefficient does not begin to affect the
spread of foam until the foam layer has become
very thin. For the placement of a volume of foam
on a fuel, this may not occur until after signifi-
cant time has passed, relative to the time scale for
knockdown desired in many fire protection
situations.

The equations for foam spread on fuel include
many of the parameters known to be important to
foam spread. However, the equations are inde-
pendent of the foam viscosity. Observations indi-
cate that low-viscosity nonrigid foams, such as
AFFF, spread faster than high-viscosity rigid
protein foams. The inclusion in the model of a
term to account for this is desirable.
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The equations for spread length so far have
assumed that the foam spreads over the fuel as
plug flow, with no relative movement within the
foam itself. It is easy to conceive that the foam
has the capability to flow over itself. The relative
movement within the foam is equivalent to the
foam flowing over a solid surface. The total foam
flow might ultimately be modeled as the combi-
nation of the foam plug over the fuel and the flow
within the foam layer itself.

According to Cann et al., several regimes
exist for spread of a liquid on a solid that are
similar to those described for spread of a liquid
on a liquid [17]. Most of this spread occurs in a
gravity-viscous force regime, where the spread is
given by

kt

I==

" (47.9)

where k is an empirically determined constant,
and p is the foam viscosity.

Thus, the spread of foam over fuel can be
characterized by two scenarios: (1) high-
viscosity liquid spreading over a low-viscosity
liquid and (2) a liquid spreading over a “solid.”
The spread of foam can be described by
modifying Equation 47.6, as follows:

kt
1/4+_

gravity-inertia regime: [ = (AgV#?)

gravity-viscous regime: [ 7

N4kt
3"+
13

(47.10)

(Agvzt3/2) 1/6 + E

surface-tension regime: [/

Kraynik describes foams as being characte-
rized by a yield stress and shear thinning
viscosity [14]. Thus, the foam viscosity in the
equations above is not a constant but is a function
of the shear rate. The stress in the foam is a result
of the gravity-induced pressure gradient. As the
foam flows out and becomes thin, the stress will
be reduced. When the stress falls below the yield
stress, the viscosity will become infinite and the
second term, k#/p, in the spread length equations
will go to zero. The foam will flow simply as
plug flow. Above the yield stress, the foam will
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have a finite viscosity, but this viscosity will be
dependent on the yield stress.

An AFFF agent that is very free flowing will
have a relatively small yield stress and will retain
the second term in the spread length equations
until it has flowed out to a very thin layer.
A protein foam that is relatively stiff will have
a large yield stress, and the second term will go to
zero before the foam has spread very far. Above
the yield stress, the viscosity of the AFFF will
be lower than that of a protein foam, and the
second term will provide a greater contribution
to foam spread. The rheological properties
described appear to have a significant impact on
foam spread; however, the properties are not a
part of any current specification and are rarely
measured.

Foam Extinguishment Modeling

At present, modeling of foam extinguishment
cannot be performed because of the large number
of remaining uncertainties. A model would have
to take into account the addition of foam to the
fuel surface, the spread of foam on the fuel sur-
face, and the foam loss mechanisms of evapora-
tion and drop-through. The foam spread length
equations can be used to estimate the area of
foam coverage at a specific time and for a spe-
cific quantity of foam. Modeling at this time is
limited because of the lack of established values
for k. (Equation 47.2) and k; (Equation 47.3).
Also, the yield stress and viscosity relationships
for fire-fighting foams have not been quantified.
Experimental work is needed to complete this
modeling effort. Also, the actual method of
application (e.g., from a handline nozzle or
fixed device such as a sprinkler) must ultimately
be taken into account. Even so, preliminary
calculations using this methodology are encour-
aging and support continued development [7].
An attempt has been made to model large tank
fires [13]. This included modeling of foam spread
with gentle and over-the-top application. The
models were based on the assumption that a
driving force caused by hydrostatic pressure
differences in the foam and a resisting force due
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to viscous friction between the foam and the fuel
is governing the foam spread. In case of foam
flow in a channel, there is also a resisting force
due to friction between the foam and the
sidewalls. The models take into account ordinary
drainage, radiation-induced drainage, and evapo-
ration. Friction data for the models were obtained
from cold foam flow tests in laboratory scale. In
general, the models for gentle application agree
well with the experiments. Due to lack of data, it
was not possible to incorporate the destruction of
foam at the foam front when it starts to dry out.
The effect of this is that the models generally
predicted spreading times that were too short. A
remaining uncertainty in the models is how to
scale the friction data when increasing the length
scale by orders of magnitude (e.g., to tank
diameters 100—120 m). This is because detailed
large-scale data are lacking. Obtaining better
experimental observations of large tank fires
was recommended.

The model was compared with a few full-
scale tank fires ranging from 40 to 80 m in
diameter where detailed observations were avail-
able. In general, the predicted time to cover is in
the range of 10-20 min shorter than the observed
time to knockdown. This is because some effects
are not included in the model, such as the initial
destruction of foam when the foam plunges into
the burning fuel, fuel pickup, and foam destruc-
tion at the front due to drainage and evaporation.
It was concluded that further work is needed to
incorporate the destruction of foam at the front,
quantify the initial delay phase caused by foam
destruction, determine how to scale the friction
data when increasing the length scale by orders
of magnitude, and obtain more accurate data on
foam properties generated by various types of
large-capacity foam nozzles.

Surface Tension and Spreading
Coefficient

Film-forming foams are defined by the ability of
the aqueous solution draining from the foam to
spread spontaneously across the surface of a
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hydrocarbon fuel. The fundamental relationship
used to describe the spreading coefficient is

Sa/p =Y —Ya— Vi (47.11)

where
S.» = Spreading coefficient (dynes/cm)
v» = Surface tension of the lower liquid phase of

a hydrocarbon fuel (dynes/cm)

Y. = Surface tension of the upper layer of liquid
using AFFF solution (dynes/cm)
v; = Interfacial tension between liquids a and

b (dynes/cm)

Surface tension and interfacial tension can be
measured using methods such as those described
in ASTMD-1331, Standard Test Methods for
Surface and Interfacial Tension of Solutions of
Surface-Active Agents. Reagent-grade cyclohex-
ane is typically used as a reference fuel. A du
Nouy tensiometer, having a torsion balance with
a 4- or 6-cm-circumference platinum-iridium
ring, is lowered into the liquid and slowly pulled
out until the liquid detaches from the ring’s sur-
face. The force recorded at the point where this
separation occurs is the surface tension (dynes/
cm) of the pure liquid. Similarly, the interfacial
tension is the measurement of tension when the
ring is pulled through the boundary Ilayer
between two liquids.

The Naval Research Laboratory developed
some of the earliest quantitative data on the
spreading coefficient of AFFF on hydrocarbons,
as shown in Tables 47.2 and 47.3 [18]. As fuel
temperature increases, the surface tensions of
both the fuel and the solution decrease. The
spreading coefficient may go to zero or go nega-
tive [18, 19].

Although it has been shown that film-forming
foams are superior fire extinguishing agents com-
pared to other foams, there are no one-to-one
correlations between bench-scale surface-ten-
sion/spreading coefficient data and fire control,
extinguishment, and burnback resistance times.
Both Scheffey et al. [20] and Geyer [21] have
demonstrated that there is no direct correlation
between fire extinguishment and spreading coef-
ficient. As such, spreading coefficient data alone
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Table 47.2 Surface tension of hydrocarbon liquids and
fuels [18]

Surface
tension
Hydrocarbon at 25 °C
liquid Grade (dynes/cm)
Cyclohexane Certified A.C.S. 24.2
n-Heptane Certified 19.8
spectroanalyzed
n-Heptane Commercial 20.9
Isooctane Certified A.C.S. 18.3
Avgas 115/145 19.4*
19.5
Jp-4 Navy specification 22.4*
22.8°
JP-5 Navy specification 25.6"
25.8°
Motor fuel Regular 20.5*
21.5°
Naphtha Stove and lighting 20.6
4Sample 1
°Sample 2

J.L. Scheffey

cannot be used as a relative predictor of fire
performance.

Because the surface tensions of most AFFFs
are approximately equal, there must be a balance
between the surface tension of the fuel and the
interfacial tension of the two liquids to create a
positive spreading coefficient. It can be seen then
that, while both the surface tension of the foam
solution and the interfacial tension between
the liquids have an impact on the spreading co-
efficient, the interfacial tension is usually the
determining factor. For fuels, such as avgas or
n-heptane, which have surface tensions in the
range of 19-20 dyn/cm, either the foam surface
tension or the interfacial tension, or both, must be
reduced. Normally, the changes resulting from a
modification of the formulation will be more
significant for the interfacial-tension value than
they will be for the foam surface-tension value.

Table 47.3 Interfacial tensions, spreading coefficients, and film formation observations for various surfactant

solution—hydrocarbon liquid combinations [18]

Surfactant solution

FC-194 (lot 107) (solution surface
tension of 15.5 dyn/cm at 25 °C)

Hydrocarbon liquid
Cyclohexane
n-Heptane, certified

n-Heptane, commercial

Avgas®
JP-4?

JP-5°
Motor fuel®

FC-195 (lot 9) (solution surface Cyclohexane

tension of 15.6 dyn/cm at 25 °C) n-Heptane, certified
Isooctane

Avgas®

Jp-4°

JP-5°

Motor fuel®
Naphtha

FC-195 (lot 10) (solution surface Cyclohexane

tension of 16.4 dyn/cm at 25 °C) n-Heptane, certified
Isooctane

Avgas®

JP-4*

JP-5*

Motor fuel®
Naphtha

4Sample 1

"Sample 2

Interfacial Spreading

tension coefficient

(dynes/cm)  (dynes/cm)  Film formed

4.3 4.4 Yes

5.5 —-1.2 No

4.3 1.1 Yes (very slow spread)
4.6 -0.7 No

3.6 33 Yes

4.9 5.2 Yes

3.7 1.3 Yes

32 5.4 Yes

4.2 0.0 Yes (slow spread)
2.5 0.2 Yes (slow spread)
0.5 33 Yes

3.6 3.6 Yes

4.9 5.3 Yes

2.6 2.3 Yes

2.8 2.2 Yes

1.5 6.3 Yes

32 0.6 Yes

2.8 —-1.3 No

2.1 1.0 Yes

2.7 33 Yes

4.2 5.0 Yes

1.2 2.9 Yes

0.8 34 Yes (slow spread)
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Still, a relationship between the two values does
exist. [4] Therefore, in reducing the sum of the
values to obtain a positive spreading coefficient,
a delicate balance must be maintained.

Maintaining this balance and achieving a pos-
itive spreading coefficient is accomplished by
controlling the amount and type of fluorinated
surfactants used to formulate the agent. This at
first seems beneficial, because a positive number
on a low surface-tension fuel will ensure an even
larger value with higher surface-tension fuels
(e.g., JP-5 or motor gasoline). But, in reducing
the interfacial tension, the foam may lose some
of its fuel-shedding capabilities. The effects of
adding too much fluorosurfactant to an aqueous
solution and the result on foam bubble stability
are described by Rosen [4] and Aubert et al. [2]
This could be a problem that manifests itself only
during actual fire testing. The type and amount of
fluorosurfactants also affect the spreading
coefficient [20].

Despite the lack of one-to-one correlations
between surface-tension spreading coefficient
data and fire control, extinguishment, and
burnback results, these criteria are useful in
categorizing film-forming agents. The spread-
ing coefficient test is used internationally as a
standard indicator of aqueous film-forming
foams. Although undocumented, it is believed
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viscosity (or associated mechanisms that
improve spreading), ultimately resulting in
superior extinguishing performance.

Assessment of Fire Extinguishing
and Burnback Performance

Standard Test Methods

Because a fundamental model of foam spreading
has not been developed, performance of foams is
measured using fire tests. The use of bench-scale
burning fuel trays (e.g., less than 1 m diameter)
results in varying fuel burning rates for the same
fuel. This was observed by Chiesa and Alger
when they attempted to use a 15-cm by 45-cm
pan for foam performance evaluation [22]. Data
from their experiments are shown in Fig. 47.6,
which correlates control times observed when
foam samples were tested using bench-scale
apparatus (laboratory) and 4.6 m? (50 ft?) fire
tests (field method). Equal control times corre-
spond to a 45° line. Because the majority of the
points fall below this line, the laboratory test is
more severe (about 35 %) than the field test.
Fire test methods used by regulatory
authorities for certification are usually on the

. .. 2 2
that film formation results in improved order of 2.6 to 9.3 m~ (28 to 100 ft°). Foams
Fig. 47.6 Correlation of 300
control times observed in = | Note: 1:1 Correlation line
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must also meet additional test parameters related
to storage, proportioning, and equipment factors.

Underwriters Laboratories Standard
162 Underwriters Laboratories (UL) 162, Stan-
dard for Foam Equipment and Liquid
Concentrates, is the principal test standard for
the listing of foam concentrates and equipment in
the United States. Test procedures outlined in
this standard have been developed to evaluate
specific  agent/proportioner/discharge device
combinations. When a foam concentrate is sub-
mitted for testing, it must be accompanied by the
discharge device and proportioning equipment
with which it is to be listed. Listed products,
including the foam concentrate, discharge
device, and proportioner, are then described in
the UL Fire Protection Equipment Directory.
Listed with a system, foam liquid concentrates
are associated with discharge devices classified
as Type L, II, or III. Type I devices deliver foam
gently onto the flammable liquid fuel surface, for
example, a foam trough along the inside of a tank
wall. These devices are no longer evaluated in

J.L. Scheffey

UL 162. Type II discharge devices deliver foam
onto the liquid surface in a manner that results in
submergence of the foam below the fuel surface,
and restricted agitation at the fuel surface.
Examples include subsurface injection systems,
tank wall-mounted foam chambers, and
applications where foam is bounced off the wall
of a tank. Type III discharge devices deliver
foam directly onto the liquid surface and cause
general agitation at the fuel surface, for example,
by using handheld nozzles. The flammable liquid
fire tests in UL 162 include methods for
sprinklers, subsurface injection, and topside dis-
charge devices, including nozzles.

Class B fire test requirements for Types II and
III discharge devices and sprinklers are shown in
Table 47.4. Commercial grade n-heptane is
placed in a square test pan. The area of the pan
is a minimum of 4.6 m? (50 ft*). The application
rates (“densities” in UL 162, Standard for Foam
Equipment and Liquid Concentrates) for various
concentrates are outlined in Table 47.4.

In the test fire, the fuel is ignited and allowed
to burn for 60 s. Foam is then discharged for the

Table 47.4 Foam application rates and duration to burnback ignition in UL 162 for hydrocarbon fuels

Test Duration
application ~ Time Maximum until Minimum
density of foam extinguishment burnback application
Foam (L/min/m2 application density (L/m2 ignition rate (L/min/
Application concentrate  Fuel group  [gpm/ft?]) (min) [gal/ft?]) (min) m*[gpm/ft*])
Type III discharge P,FP, S, Hydrocarbon 2.5 (0.06) 5 12.2 (0.3) 15 6.6 (0.16)
outlets FFFP?
AFFF, Hydrocarbon 1.6 (0.04) 3 4.9 (0.12) 9 4.1 (0.10)
FFFP*
Type II discharge P,FP, S, Hydrocarbon 2.5 (0.06) 5 12.2 (0.3) 15 4.1 (0.10)
outlets FFFP?
AFFF, Hydrocarbon 1.6 (0.04) 3 4.9 (0.12) 9 4.1 (0.10)
FFFP?
All Polar b — 15 ©
Foam-water P,FP, S Hydrocarbon 6.6 (0.16) 30 (0.8) 15 6.6 (0.16)
sprinklers
Standard orifice AFFF, FFFP Hydrocarbon 4.1 (0.10) 5 20.4 (0.5) 15 6.6 (0.16)
sprinkler Polar ° 5 — 15 d

and spray systems

Source: UL 162, Standard for Foam Equipment and Liquid Concentrates, Mar. 1994, updated Sept. 8, 1999

P protein, FFFP film-forming fluoroprotein, FP fluoroprotein, AFFF aqueous film-forming fluoroprotein, S synthetic
*Film-forming fluoroprotein is to be tested at application densities of 2.5 and 1.6 L/min/m2 (0.06 and 0.04 gpm/ft>)
bApplication rate may vary among polar groups, as specified by the manufacturer

0.10 or 1.67 times test application rate, whichever is greater

90.16 or 1.6 times test application rate, whichever is greater
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duration specified in Table 47.4. The foam blan-
ket resulting from the foam discharge must
spread over and completely cover the fuel sur-
face, and the fire must be completely
extinguished before the end of the foam dis-
charge period.

After all the foam is discharged, the foam
blanket formed on top of the fuel is left undis-
turbed for the period specified in Table 47.4.
During the time the foam blanket is left undis-
turbed, a lighted torch is passed approximately
25.4 mm (1 in.) above the entire foam blanket in
an attempt to reignite the fuel. The fuel must not
reignite, candle, flame, or flash over while the
torch is being passed over the fuel. However,
candling, flaming, or flashover that self-
extinguishes is acceptable, provided that the phe-
nomenon does not remain in one area for more
than 30 s.

After the attempts to reignite the fuel with the
lighted torch are completed, a 305-mm (12-in.)
diameter section of stovepipe is lowered into the
foam blanket. The portion of the foam blanket
that is enclosed by the stovepipe is removed with
as little disturbance as possible to the remaining
blanket outside the stovepipe. The cleared fuel
area inside the stovepipe is ignited and allowed
to burn for 1 min. The stovepipe is then slowly
removed from the pan while the fuel continues to
burn. After the stovepipe is removed, the foam
blanket must either restrict the spread of fire for
5 min to an area not larger than 0.9 m’ (10 ftz) or
flow over and reclose the burning area.

When the UL 162 test is passed, the agent,
proportioning device, and discharge device
become listed together. The fact that foam con-
centrate has a UL label does not mean it has been
tested under all potential end-use conditions. The
UL Fire Protection Equipment Directory must
be referenced to determine with what equipment
the concentrate has been tested and approved.

UL 162, Standard for Foam Equipment and
Liquid Concentrates, is not an agent specifica-
tion; therefore, there are no requirements for
physical properties, such as film formation and
sealability and corrosion resistance. Neither are
there any provisions to test, on a large scale, the
degree of dry chemical compatibility of an agent,
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or the effects of aging or mixing with agents of
another manufacturer. Requirements for a posi-
tive spreading coefficient (greater than zero using
cyclohexane) for film-forming foams recently
have been implemented [23].

As a result of environmental issues related to
AFFF, and the removal of products from the
marketplace, the U.S. oil industry conducted a
series of fire-fighting foam tests [24]. The pur-
pose of the tests was to provide updated data on
suitable Class B fire-fighting foam concentrates
for use by the oil and petrochemical industry.
The foam is used to extinguish large, in-depth
flammable liquid fires in both hydrocarbon and
polar solvent fuels. These tests were conducted
using UL 162 as a guide. The tests were
conducted using normal heptane as a baseline
model, along with 93 octane gasoline, 93 octane
gasoline with 10 % ethanol blend, and
isopropanol anhydrous. The objective of the test-
ing was to provide the oil industry with an
updated list of foam concentrates that have
passed the UL protocol with fuels more com-
monly found than heptane used in the test stan-
dard. This information can then be used to select
foams for use at petrochemical facilities and to
verify claims by different foam concentrate
manufacturers regarding use of their products as
suitable for all flammable liquids, including both
hydrocarbons and polar solvents, found in the
petrochemical industry today. The data from the
Chevron Foam Concentrate Team [24] provide
comparative results when the UL 162 method is
used with different fuel substrates and a range of
different concentrates.

U.S. Military Specification The U.S. Military
Specification, MIL-F-24385, is the AFFF pro-
curement specification for the U.S. military and
federal government. The U.S. military, in all
likelihood, is the largest user of foam in the
world. It is important to recognize that MIL-F-
24385 is a procurement specification as well as a
performance specification. Hence, there are
requirements for packaging, initial qualification
inspection, and quality conformance inspection,
in addition to fire performance criteria. Equip-
ment designs unique to the military, in particular
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U.S. Navy ships, also impact on the specification
requirements (e.g., use of seawater solutions and
misproportioning-related fire tests). These
requirements have been developed based on
research and testing at the Naval Research Labo-
ratory and actual operational experience with
protein and film-forming foams.

Table 47.5 summarizes the important fire
extinguishment, burnback resistance, film forma-
tion, and foam quality requirements established
by MIL-F-24385. The fire tests are conducted
using 2.6 m?* (28 ft%) and 4.6 m? (50 ft*) circular
fire test pans. There are specific requirements to
conduct a fire test of the agent after it has been
subjected to an accelerated aging process
(simulating prolonged storage) and after
intentionally misproportioning the concentrate
with water. In particular, the requirement to con-
duct a fire test of the agent at one-half of its
design concentration is one of the most difficult
tests. The 2.6 m? 28 ftz) half-strength fire test
must be extinguished in 45 s, only 15 s
greater than allowed when the full-strength
solution is used.

The physical and chemical properties
evaluated for MIL-F-24385 agents are outlined
in Table 47.6, along with the rationale for each
test. These procedures have been developed
based on experience and specific military
requirements. For example, MIL-F-24385
requires that the agent be compatible with dry
chemical agents. Dry chemical agents may be
used as “secondary” agents in aviation and ship-
board machinery space fires, for example, to
combat three-dimensional fuel fires, where
AFFF alone may have limited effectiveness.
MIL-F-24385 requires that an agent’s compati-
bility with potassium bicarbonate dry chemical
agent (PKP) be demonstrated. The burnback time
of the foam in the presence of the dry chemical is
measured. Also, the concentrate of one manufac-
turer must be compatible with concentrates of the
same type furnished by other manufacturers, as
determined by fire tests and accelerated aging
tests.

J.L. Scheffey

Table 47.5 Summary of the U.S. Military AFFF specifi-
cation (MIL-F-24385, revision F) key performance
requirements

Test parameter Revision F

Fire extinguishment
2.6 m2 (28 ft?) fire test

Application rate 2.9 L/min/m2
(0.71 gpm/ft?)
Maximum extinguishment 30 s
time

Maximum extinguishment  1.45 L/m? (0.036 gal/ftz)

density
4.6 m? (50 ft?) fire test®
Application rate 1.6 L/min/m2

(0.04 gpm/ft?)

Minimum 40 s summation
Maximum extinguishment
time

Maximum extinguishment

320 s
50s

1.34 L/m? (0.033 gal/ft?)

density
Fire extinguishment—
over- and
underproportioning
(2.6 m? [28 ft?] test)
One-half strength
Maximum extinguishment
time

45s

Maximum extinguishment 2.2 L/m? (0.054 gal/ft*)
density

Quintuple (5 x) strength
Maximum extinguishment 55 s

time

Maximum extinguishment 2.7 L/m? (0.066 gal/ft*)
density

Burnback resistance
2.6 m? (28 ft?) fire test
4.6 m? (50 ft?) fire test

Foam quality

25 % maximum at 360 s°
25 % maximum at 360 s
Expansion ratio 6.0:1 minimum
25 % drainage 150 s minimum
Film formation

Spreading coefficient

Fuel Cyclohexane

Minimum value 3 dyn/cm
Ignition resistance test

Fuel Cyclohexane

Pass/fail criteria No ignition

4Saltwater only
300 s for one-half-strength solutions; 200 s for quintuple-
strength solutions
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Table 47.6 Physical/chemical properties and procurement requirements of the AFFF Mil spec

Requirement
Refractive index

Viscosity
pH
Corrosivity

Total halides/chlorides
Environmental impact
Accelerated aging
Seawater compatibility
Interagent compatibility

Reduced- and
over-concentration fire
test

Compatibility with dry
chemical (PKP) agents
Torque to remove cap
Packaging requirements

Initial qualification
inspection
Quality conformance

Rationale

Enables use of refractometer to measure solution concentrations

in field; this is most common method recommended in NFPA 412?

Ensures accurate proportioning when proportioning pumps are used; for example,
balance pressure proportioner or positive displacement injection pumps

Ensures concentrate will be neither excessively basic or acidic; intention

is to prevent corrosion in plumbing systems

Limits corrosion of, and deposit buildup on, metallic components
(various metals for 28 days)

Limits corrosion of, and deposit buildup on, metallic components

Biodegradability, fish kill, BOD/COD"

Film formation capabilities, fire performance, foam quality; ensures a long shelf life
Ensures satisfactory fire performance when mixed with brackish or saltwater

Allows premixed or storage tanks to be topped off with different manufacturers’ agents,
without affecting fire performance

Ensures satisfactory fire performance when agents are proportioned
inaccurately

Ensures satisfactory fire performance when used in conjunction

with supplementary agents

Able to remove without wrench

Strength, color, size, stackable, minimum pour, and vent-opening
tamperproof seal; ensures uniformity of containers and ease of handling
Establishes initial conformance with requirements

Ensures continued conformance with requirements
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inspection (each lot)

“NFPA 412, Standard for Evaluating Aircraft Rescue and Fire-Fighting Foam Equipment, 2003 edition
®BOD/COD: Biological oxygen demand/chemical oxygen demand

Standards Outside the United States The
number of standards developed for foams outside
the United States is quite substantial. A brief
review of the literature yielded over 17 different
standards and test methods [25]. Developments
in the European community are reviewed here to
provide examples of differences in test standards.

The International Civil Aviation Organization
(ICAO) develops crash fire-fighting and rescue
documents for its member bodies. The ICAO Air-
port Services Guide, Part 1, “Rescue and
Firefighting,” describes airport levels of protec-
tion to be provided and extinguishing agent
characteristics. Minimum usable amounts of
extinguishing agents are based on three levels
of performance: Level A and Level B. A per-
formance Level C has been adopted. The amounts
of water specified for foam production are
predicated on an application rate of 8.2 L/min/
m? (0.20 gpm/ft?) for Level A, and 5.5 L/min/m>

0.13 gpm/ft2) for Level B. Agents that meet
performance Level B require less agent for fire
extinguishment. ICAO foam test criteria are
described in Table 47.7. Foams meeting per-
formance Level B have an extinguishment
application density of 2.5 1/m? (0.061 gal/ft*) and
1.75 /m? (0.043 gal/ftz) for Level C. There are no
surface-tension, interfacial-tension, and spreading
coefficient requirements.

The International Organization for
Standardization (ISO) has issued a specification
for low-expansion foams, EN 1568-3 [26]. The
specification includes definitions for protein,
fluoroprotein, synthetic, alcohol resistant,
AFFF, and FFFP concentrates. A positive spread-
ing coefficient is required for film-forming foams
when cyclohexane is used as the test fuel. There
are toxicity, corrosion, sedimentation, viscosity,
expansion, and drainage criteria. The fire test
uses a 2.4-m (8-ft) diameter circular pan with
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Table 47.7 ICAO foam test requirements

Fire tests Performance level A

1. Nozzle (air aspirated)
(a) Branch pipe UNI 86 foam nozzle

700 kPa (100 psi)

4.1 L/min/m?

(0.10 gpm/ft?)

11.4 L/min (3.0 gpm)

(b) Nozzle pressure
(c) Application rate

(d) Discharge rate

2. Fire size =~2.8 m? (230 ft?)
(circular)
3. Fuel (on water surface) Kerosene

4. Preburn time 60 s
5. Fire performance

(a) Extinguishing time <60 s
(b) Total application time 120 s
(c) 25 % reignition time >5 min

Performance level B

UNI 86 foam nozzle
700 kPa (100 psi)
2.5 L/min/m?
(0.06 gpm/ft?)
11.4 L/min (3.0 gpm)
~4.5 m? (248 ft?)
(circular)
Kerosene

60 s

<60 s
120 s
>5 min

J.L. Scheffey

Performance level C

UNI 86 nozzle

700 kPa (100 psi)
1.75 L/min/m?
(0.043 gpm/ft®)

11.4 L/min (3.0 gpm)
7.3 m? (79 ft%)
(circular)

Kerosene
60 s

<60 s
120 s
>5 min

Table 47.8 Maximum extinction times and minimum burnback times from ISO/EN specification

Gentle application test

Extinction

Extinguishing Burnback time (min)
Performance class Resistance level Not more than
1 A —

B 5

C 5

D 5
11 A —

B 5

C 5

D 5
III B 5

C 5

D 5

heptane as the fuel. The UNI 86 foam nozzle is
used for either a “forceful” or “gentle” applica-
tion method at a flow rate of 11.4 L/min (3 gpm).
The application rate is 2.4 L/min/m*> (0.06
gpm/ft?). For the greatest performance level, a
3 min extinguishment time is required. This
extinguishment time results in an extinguishment
application density of 7.6 1/m? (0.19 gal/ft*).
The proposed ISO/EN requirements for
extinguishing and burnback are summarized in
Table 47.8. There are three levels of extinguish-
ment performance and four levels of burnback

Forceful application test

Burnback Extinction Burnback
time (min) time (min) time (min)
Not less than Not more than Not less than
— 3 10
15 3 Not tested
10 3 Not tested
5 3 Not tested
— 4 10
15 4 Not tested
10 4 Not tested
5 4 Not tested
15 Not tested Not tested
10 Not tested Not tested
5 Not tested Not tested

performance. For extinguishing performance,
Class I is the highest class and Class III the
lowest class. For burnback resistance, Level A
is the highest level and Level D is the lowest
level.

Typical performance classes and levels for
different concentrates are provided. Typical
anticipated performance for AFFF is noted as
Level IC, and Level IB for alcohol-type AFFF.
For a fluoroprotein foam, performance is
expected to be Level ITA for both alcohol-type
and hydrocarbon-only concentrates.
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Comparison of Small-Scale Tests Table 47.9
outlines the large number of variables associated
with foam performance and testing. These
include factors such as foam bubble stability
and fluidity, actual fire test parameters (e.g.,
fuel, foam application method and rate), and
environmental effects. Even the fundamental
methods of measuring foam performance (i.e.,
knockdown, control, and extinguishment) vary.
For example, Johnson reported that FFFP fails
the proposed ISO/EN gentle application tests
because small flames persist along a small area
of the tray rim [27]. As a result, the foam
committees have proposed redefining extinction
to include flames.

Given the variations and lack of fundamental
foam spreading theory, it follows that tests and
specifications for various foams and international
standards have different requirements. The
differences are reflected in Table 47.10, which
compares four key parameters of MIL-F-24385,
UL 162, ICAO, and ISO/EN standards for man-
ual application (e.g., handline or turret nozzles).
There is no uniform agreement among test fuel,
application rate, the allowance to move the noz-
zle, and the extinguishment application density
for AFFF. There is a factor of six difference
between the lowest permitted extinguishment
application density (MIL-F-24385) and the
highest (ISO/EN). This significant difference is
attributed, at least in part, to the fixed nozzle
requirement in the ISO/EN specification.

No study has been performed to correlate test
methods; given the significant differences in per-
formance characteristics and requirements, it is
unlikely that correlation between these test
methods could be established, even when consid-
ering AFFF only. An AFFF that meets the ICAO
standard could not be said to meet MIL-F-24385
without actual test data. The problem of
correlating differences in small-scale tests was
demonstrated by UL in a comparison of UL,
MIL-F-24385, O-F-555B (U.S. government pro-
tein foam specification), and U.K. test methods
[28]. In those tests, differences between different
classes of agents (protein vs. AFFF) and between
agents within a class (e.g., AFFF) were
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demonstrated. No correlations between test
standards could be established.

The problem of correlation is compounded
when a single test method is used in an attempt
to assess different classes of foam (e.g., protein
and AFFF). Attempts to use a single test method
are problematic because of the inherent differ-
ence between these foams. That is, protein foams
require air aspiration so that the foam floats on
the fuel surface. This stiff, “drier” foam is vis-
cous and does not inherently spread well without
outside forces (e.g., nozzle stream force). AFFF,
because of its film-formation characteristics,
does not require the degree of aspiration that
protein foams require. This heavier, “wetter”
foam is inherently less viscous, which
contributes to improved spreading and fluidity
on fuel surfaces. This is related, at least in part,
to the degree of aspiration of the foam. A more
exact description of foam aspiration is appropri-
ate. Thomas has described two levels of foam
aspiration: (1) primary aspirated and (2) second-
ary aspirated [29]. Primary aspirated foam occurs
when a foam solution is applied by means of a
special nozzle designed to mix air with the solu-
tion within the nozzle. The consequence is foam
bubbles of general uniformity. Air-aspirated
foam refers to this primary aspirated foam. Sec-
ondary aspirated foam results when a foam solu-
tion is applied using a nozzle that does not mix
air with the solution within the nozzle. Air is,
however, drawn into the solution in-flight or at
impact at the fire. Secondary aspirated foam is
more commonly referred to as
aspirated foam.

The correlation between foam solution viscos-
ity and extinguishment time has been shown by
Fiala, but the entire foam spreading and extin-
guishment theory has yet to be demonstrated
based on first principles [30]. Thus, the test
standards reference bench-scale methods that
measure a factor of foam fluidity (e.g., spreading
coefficient), but fail to recognize the total foam
spreading system, including viscous effects. Fun-
damental understanding of foam mechanisms
would promote the development of bench- and
small-scale test apparatuses that potentially have

non-air-



Table 47.9 Variables associated with foam performance and testing

1. Physical/chemical properties of foam solution
A. Bubble stability
1. Measures
a. Expansion ratio
b. Drainage rate
2. Variables
a. Water temperature
b. Water hardness/salinity
c. Water contamination
B. Fluidity of foam
1. Measures
a. Viscosity
b. Spreading rate
c. Film formation
2. Variables
a. Fuel type and temperature
b. Foam bubble stability
C. Compatibility with auxiliary agents
1. Measures—fire and burnback test
2. Variables
a. Other foam agents
b. Dry chemical agents
D. Effects of aging
1. Measures—fire and burnback test
2. Variable—shelf life of agent
II. Test methods to characterize foam performance
A. Fuel
1. Measures
a. Vapor pressure
b. Flashpoint
c. Surface tension
d. Temperature
2. Variables
a. Volatility
b. Depth and size

c. Initial temperature of air and fuel
temperature

d. Time fuel has been burning (e.g., short
versus long, and depth of hot layer)

B. Foam application method
1. Measures
a. Stream reach
b. Aspiration of foam
c. Foam stability (e.g., contamination
by fuel)
d. Water content of foam
e. Proportioning rate
2. Variables
a. Aspiration
(1) Effect on stream reach

(2) Degree to which foam is aspirated and
the need to aspirate based on foam

type

II. B. 2. Variables (continued)

b. Fixed versus mobile device
c. Application technique
(1) Indirect, for example, against backboard or sidewall
(2) Direct
(a) Gentle
(b) Forceful
(c) Subsurface injection
d. Application location
(1) High—need to penetrate plume
(2) Low
e. Application rate of foam
f. Wind (as it affects stream reach)
(1) Crosswind
(2) With and against
g. Effect of reduced or increased concentration due to
improper proportioning

C. Fire configuration
1. Measures

a. Fuel burning rate, radiation feedback to fire
b. Propensity for reignition
c. Surface tension

. Variables

a. Pan/containment geometry
b. Two-dimensional (pool) versus three-dimensional
(running fuel/atomized spray)
c. Presence and temperature of freeboard
d. Wind (as it affects flame tilt and reradiation)
e. Surface on which there is fuel
(1) Rough
(2) Smooth
(3) Water substrate—"peeling” effect of fuel

D. Measurement of results
1. Measures

a. Time to knockdown, control, extinguish, and burnback
(1) Actual or estimated time by visual observations

(2) Summation values, that is, summation of control at
10, 20, 30, and 40 s

b. Heat flux during extinguishment and burnback

2. Variables—qualitative and quantitative methods to

determine fire knockdown, extinguishment, and burnback

a. 90 % control—measure of ability of foam to quickly
control the fire

b. 99 % (virtual extinguishment)—all but the last flame or
edge extinguished

c. Extinguishment—100 %
d. Burnback—25 %, 50 %
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Table 47.10 Examples of extinguishment application densities of various test standards

Application rate

Nozzle movement Extinguishment application

Test standard Fuel (L/min/m>[gpm/ft?])  permitted density (L/m? [gal/ft*])
Mil SPEC Motor gasoline 1.6 (0.04) Yes 1.34 (0.033)

UL 162 Heptane 1.6 (0.04) Yes 4.9 (0.12)

ICAO Level B Kerosene 2.5 (0.06) Yes (horizontal plane) 2.5 (0.06)

ICAO Level C Kerosene 1.6 (0.04) No 1.6 (0.04)
ISO/EN—Forceful Heptane 2.5 (0.06) No 7.6 (0.19)

greater direct correlation for predicting large-
scale results.

There has been some criticism of the human
element involved in many of the test methods.
The human factor occurs when an operator is
allowed to apply foam from a handheld nozzle
onto the burning test fire. Personnel are also
called on in some tests to qualitatively assess
the percentage of fire involvement in the test
pan during the burnback procedure. Using a
fixed nozzle during a specification test eliminates
the human element during extinguishment. For
sprinkler applications, using a fixed nozzle is
entirely appropriate and should yield results
comparable to actual installations. For
applications where movement is actually
involved (e.g., fire-fighting handlines, crash-
rescue truck turrets, and movable monitors on
ships and at petrochemical facilities), the extin-
guishment densities in the fixed test application
will generally exceed the densities found in
actual applications in the field. (See Table 47.10
for differences in extinguishing densities for
manual versus fixed applications.) Removal of
the human element is certainly advisable from a
test repeatability standpoint. However, removing
the human element from approval fire tests has
proved difficult. Both U.S. and Canadian military
authorities have investigated the use of fixed
nozzles. Both organizations concluded that tests
with human operators resulted in better correla-
tion with large fires and overall repeatability.

Quantitative methods for evaluating burnback
performance have been described by Scheffey
et al. [20] and been adopted in ISO/EN and
Scandinavian (NORDTEST) test methods.
These methods involve the use of radiometers

to establish a heat flux during full test-pan
involvement.  After  extinguishment, the
radiometers measure the increasing flux as the
burnback fire grows. This increasing flux due to
burnback is compared against the original flux. A
cutoff is established so that the maximum
burnback time is the time for the burnback flux
to reach some percentage (e.g., 25 %) of the
original full-burning flux.

Critical Application Rates
and Correlations Between
Small- and Large-Scale Tests

The previous section described the application
rate differences in standard test methods between
AFFF, fluoroprotein, and protein foams. These
application rate differences were established
based on full-scale testing. For sprinklers, much
of the fundamental application rate differences
were established during testing conducted by
Factory Mutual Research Corporation (FMRC).
(See section on “Foam-Water Sprinkler
Systems.””) For manual applications, tests in the
aviation fire protection field provide the basis for
the fundamental application rates. The applica-
tion rates specified in test standards are usually
rates lower than those used in actual practice (see
Table 47.4). There are two reasons for this: (1) a
factor of safety is used when specifying rates in
actual practice and (2) differences between indi-
vidual foam agents are more readily apparent at
critical application rates. To demonstrate how
application rates are developed and how specifi-
cation tests correlate with large-scale results, an
example from aviation fire tests will be used.
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Fig. 47.7 Fire control
time as a function of

solution application rate 00 08

J.L. Scheffey

Solution application rate (L/min/m?)
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using protein foam and 120 ' '

AFFF on JP-4 pool
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o] [o]
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N
o
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Note:
O Nozzle A— protein foam
B Nozzle A— AFFF

O Nozzle B — protein foam
® Nozzle B— AFFF
A Fluoroprotein foam

0 | |

This example is based on a review of foam fire
test standards performed by Scheffey et al. for
the Federal Aviation Administration (FAA) [25].

Tests were conducted by the FAA to deter-
mine application rates for a single-agent attack to
achieve fire control (e.g., 90 % extinguishment of
a fire area) within 1 min under a wide variety of
simulated accident conditions. Two factors are
important in addition to the application rate
required for 1-min fire control: (1) the critical
application rate, below which fires will not be
extinguished independent of the amount of time
an agent is applied; and (2) application density,
which is the amount of foam per unit area to
control or extinguish a fire.

Minimum application rates were originally
developed by Geyer in tests of protein and
AFFF agents [31]. These tests involved
“modeling” tests with JP-4 pool fires of 21-,
30-, and 43-m (70-, 100-, and 140-ft) diameter.
Large-scale verification tests with a B-47 aircraft
and simulated shielded fires (requiring the use of
secondary agents) were conducted with 34- and
43-m (110- and 140-ft) JP-4 pool fires. All tests
were conducted with air-aspirating nozzles. The
protein foam conformed to the U.S. government
specification, O-F-555b, while the AFFFs used
were in nominal conformance with MIL-F-24385

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24

Solution application rate (gpm/ft?)

for AFFF. These tests were being performed at
the time when the seawater-compatible version
of MIL-F-24385 had just been adopted based on
large-scale tests.

Figure 47.7 illustrates the results of the
modeling experiments. The results show that,
for a fire control time of 60 s, the application
rate for AFFF was on the order of 1.6 to
2.4 L/min/m* (0.04 to 0.06 gpm/ft®), whereas
the application rate for protein foam was 3.3 to
4.1 L/min/m* (0.08 to 0.10 gpm/ft*). The data
indicated that the application rate curves become
asymptotic at rates of 4.1 L/min/m?* (0.1 gpm/ft?)
and 8.2 L/min/m* (0.2 gpm/ft?) for AFFF and
protein foam, respectively. Above these rates,
fire control times are not appreciably improved.
Likewise, critical application rates for fire con-
trol are indicated when control times increase
dramatically. The single test with a fluoroprotein
agent indicated that this agent, as expected, fell
between AFFF and protein foam.

Large-scale auxiliary agent
conducted to identify increases in foam required
when obstructed fires with an actual fuselage
were added to the scenario. The results indicated
that fire control times increased by a factor of 1 to
1.9 for AFFF and 1.5 to 2.9 for protein foams. It
was estimated that the most effective foam

tests were
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solution application rates were 4.9 to
5.7 L/min/m? (0.12 to 0.14 gpm/ft*) for AFFF
and 7.5 to 9 L/min/m* (0.18 to 0.22 gpm/ft?) for
protein foam. This is the original basis of
the recommendations adopted by ICAO of
5.5 L/min/m*> (0.13 gpm/ft*) for AFFF and
8.2 L/min/m? (0.20 gpm/ft®) for protein foam.
A rate of 7.5 L/min/m? (0.18 gpm/ft*) was subse-
quently established for fluoroprotein foam. These
application rate values are still used by FAA,
NFPA, and ICAO to establish minimum agent
supplies at airports.

Tests of AFFF alone were conducted by
Geyer [32]. These agents, selected from the
U.S. Qualified Products List (MIL-F-24385
requirements), were tested on JP-4, JP-5, and
aviation gasoline (avgas) fires. Air-aspirating
nozzles were used with different AFFF agents.
Example results are shown in Fig. 47.8. Similar
data were collected by holding the JP-4 fuel fire
size constant at 743 m? (8000 ft?) and varying the
flow rates to develop application rate
comparisons. These data are shown in Fig. 47.9.

Additional tests were conducted by Geyer
et al. to verify the continuation of the reduction

Fig. 47.8 Fire control and
extinguishing times as
functions of the foam
solution application rate
using AFFF at 250 gpm
(946 L/min), 400 gpm
(1514 L/min), and 800 gpm
(3028 L/min) on JP-4, JP-5,
and avgas fires [32]

Fuel JP-4

O Fire control time

A\ Fire control time

0.0 0.8
80 :

Solution rate 250 gpm

B Fire-extinguishing time
Solution rate 400 gpm

A Fire-extinguishing time
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of water when AFFF agents were substituted for
protein foam in aviation situations [1]. In 25-,
31-, and 44-m- (82.4-, 101-, and 143-ft-) diame-
ter Jet A pool fires, AFFF, fluoroprotein, and
protein  foams  were  discharged  with
air-aspirating and non-air-aspirating nozzles.
The data, summarized in Fig. 47.10, validated
the continued allowance of a 30 % reduction in
water requirement at certified U.S. airports when
AFFF is substituted for protein foam.

Although some test criteria in standardized
methods do not necessarily correlate directly
with actual fire and burnback performance,
small-scale test data for AFFF formulated to the
U.S. military specification (MIL-F-24385) has
been shown to correlate with large-scale fire
test results. This is based on a comprehensive
review of small- and large-scale test data
[25]. In these data, a key variable was controlled,;
that is, all AFFF agents were formulated to meet
MIL-F-24385. Ninety percent fire control times
were used as the most accurate measure of fire
knockdown performance, which were reported in
all tests. The use of 90 % control times eliminates
the variability of total extinguishment, which

Fuel JP-5
Solution rate 250 gpm
O Fire control time

@ Fire-extinguishing time

Fuel Avgas
Solution rate 250 gpm
<Fire control time
@ Fire-extinguishing time
Solution rate 400 gpm Solution rate 400 gpm
Q Fire control time

@ Fire-extinguishing time

V Fire control time
V Fire-extinguishing time
Solution application rate (L/min/m?)

1.6 2.4 3.3 4.1 4.9 5.7 6.5

60

40

20

Fire control and extinguishing time (s)

0 |

0.00 0.02

0.04
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Solution application rate (gpm/ft?)
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Fig. 47.9 Fire control and
extinguishing times as a
function of solution
application rate using
AFFF at 250, 400, and

800 gpm on 743-m2 (8000-
ft2) JP-4 fuel fires [32]

Fig. 47.10 Fire control
time as a function of
solution application rate for
AFFF, fluoroprotein, and
protein foams for Jet A
pool fires [1]
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Fig. 47.11 AFFF control
time as a function of

application rate [25] 0. 2.0

41 6.1 8.1
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might be dependent on test-bed-edge effects or
running fuel fire scenarios. Data for tests using
air-aspirated or non-air-aspirated nozzles were
combined. Low-flashpoint (less than 0°C
[32°F]) fuels were evaluated. The evaluation
included only tests where manual application
was used, eliminating the variable of fixed versus
manual application.

The effects of application rate on control and
extinguishment times, as demonstrated in
Figs. 47.7 through 47.10, were reconfirmed as
shown in Fig. 47.11. Control time increases
exponentially as application rate decreases, par-
ticularly below 4.1 L/min/m?> (0.10 gpm/ft).
Variability of the data is shown by the first stan-
dard deviation.

The scaling of small fires with large fires is
shown in Figs. 47.12 and 47.13, which relate the
time needed to control the burning fuel surface as
a function of fire size. The time needed to control
a unit of burning area (s/ft2 [s/mz]), designated as
the specific control time, is plotted as a function
of fire size. For low (1.2 to 2.5 L/min/m* [0.03 to
0.06 gpm/ftz]) and intermediate (2.8 to
4.1 L/min/m? [0.07 to 0.10 gpm/ft*]) application
rates, the specific control times decrease linearly
as a function of fire area. These data are in
agreement with data from Fiala, which also

0.10

0.15 0.20 0.25 0.30 0.35 0.40

Application rate (gpm/ft2)

indicate decreasing specific extinguishment con-
trol times as a function of burning area for
increasing application rates of AFFF. [30] Also,
Fiala showed that, for a constant application rate,
AFFFs have lower specific extinguishment times
as a function of burning area than those of protein
and fluoroprotein foams. Obviously, this linear
relationship must change at very large areas;
otherwise, the specific control/extinguishment
time would go to zero. This is evidenced in
Fig. 47.12, where the curve flattens at the high-
area end of the plot.

Figures 47.12 and 47.13 show that higher
specific control times are required for MIL-F-
24385 test fires (2.6 and 4.7 m” [50 and 20 ft*])
compared to large fires. This is readily apparent
as actual/control extinguishment times for the
small fires are on the same order as results from
large fires. FAA and NFPA criteria for minimum
quantities of agent are also shown in Figs. 47.12
and 47.13. These criteria are expressed in terms
of specific control time as a function of area by
using the required control time of 60 s and the
practical critical fire areas for airports serving
different sizes of aircraft. The data indicate that
specific control times with MIL-F-24385 agents
are roughly equivalent or less than the specific
control times established by NFPA and FAA
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Fig. 47.13 Specific control times for AFFF at intermediate application rates [25]

requirements for large fire areas. This relation-
ship is true even with the AFFF discharged at
rates 25-75 % below the minimum NFPA/FAA
discharge rate of 5.5 L/min/m?> (0.13 gpm/ft?).
From these data, it can be concluded that a

scaling relationship exists between MIL-F-
24385 small-scale tests and actual large-scale
crash rescue and fire-fighting applications. The
MIL-F-24385 tests are more challenging than the
larger tests in terms of specific control time, but
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this challenging test produces an agent that can
meet NFPA and FAA requirements at less than
the design application rate. This factor of safety
accounts for variables in actual aviation crash
situations, for example, running fuel fires, debris
that may shield fires, and crosswinds that may
limit foam stream reach.

Aviation Fire Protection
Considerations

Historical Basis for Foam Requirements

The underlying principle in aviation fire protec-
tion is to temporarily maintain the integrity of an
aircraft fuselage after a mishap to allow passen-
ger escape or rescue. When an aircraft is
involved in a fuel spill fire, the aluminum skin
will burn through in about 1 min. If the fuselage
is intact, the sidewall insulation will maintain a
survivable temperature inside the cabin until the
windows melt out in approximately 3 min. At
that time, the cabin temperature rapidly increases
beyond survivable levels.

Aircraft rescue and fire-fighting (ARFF)
vehicles are designed to reach an incident scene
on the airport property in 2-3 min, depending on
the standard enforced by the authority having
jurisdiction (AHJ). Having reached the scene in
this time frame, the agent must be applied to
control a fire in 1 min or less. The 1 min critical
time for fire control is recognized by FAA,
NFPA, and ICAO.

Minimum agent requirements on ARFF
vehicles are established using the 1-min critical
control time plus the anticipated spill area for the
largest aircraft using the airport. A “theoretical
critical fire area” has been developed, based on
tests, and is defined as the area adjacent to the
fuselage, extending in all directions to the point
beyond which a large fuel fire would not melt an
aluminum fuselage regardless of the duration of
the exposure. A function of the size of an aircraft,
the theoretical critical fire area was amended to a
“practical critical fire area” after evaluation of
actual aircraft fire incidents. The practical critical
area, two-thirds the size of the theoretical critical
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area, is widely recognized by the aviation fire
safety community, including FAA, NFPA, and
ICAO. Vehicles must be equipped with sufficient
agent and discharge devices to control a fire in
the practical critical area within 1 min. Vehicles
must also be equipped with a secondary agent
(dry chemical or Halon 1211) for use in combat-
ing three-dimensional fuel fires.

The FAA has recently reviewed the basis of
airport foam requirements. They considered new
large aircraft containing significantly greater jet
fuel loads (e.g., Airbus A380), and aircraft
containing significantly greater fuselage combus-
tible composite materials (in place of aluminum)
[33, 34]. An fire hazard approach which assumed
an unlimited size aircraft spill fire was consid-
ered, along with loss history. The “critical area”
concept was found to be an acceptable and
appropriate approach for establishing agent
quantities. Research is continuing of the impact
of composite materials.

Agent Quantities and Standards

The previous text on critical application rates
described the rationale used to develop design
application rates used in aviation fire protection.
These rates are 5.5 L/min/m? (0.13 gpm/ft?) for
AFFF, 7.5 L/min/m* (0.18 gpm/ft?) for
fluoroprotein foam, and 8.2 L/min/m> 0.28
gpm/ft?) for protein foam. Using these rates, the
practical critical fire area and the 60-s control
time criteria, minimum agent quantities are
established for airports serving different size air-
craft. These criteria are contained in NFPA
403, Standard for Aircraft Rescue and Fire-
Fighting Services at Airports, and the FAA Advi-
sory Circular 150/5210-6C, ‘“Aircraft Fire and
Rescue Facilities and Extinguishing Agents.”
ICAO uses similar criteria. NFPA 403 has
adopted the 4.6 m? (50 ft?) fire extinguishment
and burnback criteria from MIL-F-24385 for
AFFF agents. UL test criteria are acceptable for
protein and fluoroprotein foams. All certified
airports in the United States must now use MIL
SPEC AFFF when purchasing foam concentrate.
Recognizing the limitations of its test methods
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for aviation applications, UL has deleted
references to crash rescue fire fighting from the
scope of UL 162, Standard for Foam Equipment
and Liquid Concentrates. NFPA 403 recognizes
that the standards for foam that it references are
widely recognized throughout North America,
but may not be recognized in other areas of the
world. In particular, the ICAO test method has
significantly different test parameters, including
test fuel, application rate, and extinguishment
density. The NFPA notes that it is incumbent on
the national authority having jurisdiction to
determine that alternative test methods meet the
level of performance established by NFPA
403 test criteria.

NFPA 412, Standard for Evaluating Aircraft
Rescue and Fire-Fighting Foam Equipment,
provides field test methods to determine the ade-
quacy of foam equipment on crash rescue
vehicles. It includes criteria for foam expansion
and drainage, and methods to determine foam
solution concentration.

Expansion and Drainage Foam expansion and
drainage requirements of the current version of
NFPA 412, Standard for Evaluating Aircraft
Rescue and Fire-Fighting Foam Equipment, are
shown in Table 47.11.

NFPA 412 references a 1600 mL foam sample
collector, which was originally adopted by ICAO
and ISO/EN. This single method is used to obtain
expansion and drainage measurements for all
types of foams in hope that similar success
could be obtained in using a single fire test
method for all foams. The multiple categories
of foam test classification in Table 47.8 for the
ISO/EN method show how difficult this has been

Table 47.11 Foam quality requirements from NFPA 412

Minimum solution

Minimum 25 % drainage

Agent expansion ratio time (min)
AFFF or FFFP

Air aspirated 5:1 2.25

Non-air- 3:1 0.75

aspirated
Protein 8:1 10
Fluoroprotein 6:1 10

J.L. Scheffey

to achieve. Given the different methods of foam
flow over a fuel surface, it may not be practical to
use a common fire test method predicated on the
current means of testing. Further development of
fundamental foam-extinguishing principles is
recommended.

The 1600 mL expansion and drainage test
method replaced two other methods where a
1000 mL cylinder or 1400 mL pan was used as
the collection device. MIL-F-24385 still uses the
1000 mL collection method. This situation, plus
other different test methods, makes direct com-
parison of expansion and drainage data difficult.
Tests performed by Underwriters Laboratories
(UL) identified differences among the three test
methods based on expansion and drainage results
[35]. UL found that expansion ratios remained
the same but that drainage was quicker using the
1600 mL method compared to the 1000 mL
method for film-forming foams. Drainage time
increased (i.e., doubled) for the protein foams
when the 1600 mL method was used compared
to the 1400 mL pan method.

No direct correlations have been established
between expansion, drainage, and fire-
extinguishing performance. There is a relation-
ship between foam drainage and burnback.
Longer drainage times generally result in longer
burnback times. Refer back to the “Fire Extin-
guishment and Spreading Theory” section for
quantitative relationships.

The expansion and drainage data in
Table 47.11 indicate the inherent differences
between air-aspirated and non-air-aspirated
film-forming foams. The data in Fig. 47.10
showed that non-air-aspirated AFFF was more
effective at critical application rates than was
air-aspirated AFFF. This conclusion was verified
by Jablonski in tests with U.S. Air Force crash
trucks, as shown in Fig. 47.14 [36]. Even so,
there continues to be debate over air-aspirated
and non-air-aspirated foam for manual
applications involving aviation fuel spills.

Under certain conditions, non-air-aspirated
AFFF is not as effective as air-aspirated AFFF.
The results of the foam tests in the United King-
dom [37, 38] and the results from DiMaio
et al. [39] described situations where
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Fig. 47.14 Effects of Application rate (gpm/ft2)
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air-aspirated AFFF resulted in better fire extin-
guishment performance than non-air-
aspirated foam.

Given that one-to-one correlation between
expansion, drainage, and fire-extinguishing per-
formance is difficult to identify, there appears to
be a lower limit where non-air-aspirated AFFF
becomes ineffective. This has not been
quantified, but it is speculated that poor perfor-
mance occurs when the AFFF expansion ratio is
less than 2.5:3.0, and drainage is difficult to
measure, that is, nearly instantaneous. This is
based in part on unpublished data from the
Naval Research Laboratory on shipboard bilge
AFFF sprinklers [40] and the results of the
UK. tests [37, 38]. The importance of this
lower limit of foam aspiration is recognized in
NFPA 412 criteria.

Foam Concentration Determination The most
common method of determining foam concentra-
tion in the field is by use of a handheld refrac-
tometer. The refractive index, n, is defined as

sin

47.12
sinr ( )
where

sin i = Angle of incidence
sin r = Angle of refraction

Application rate (L/min/m?)

Note:

. le of inci
Refractive index, n = sin i (angle of incidence)

sin r (angle of refraction)

Fig. 47.15 Refractive index of solutions

This is depicted graphically in Fig. 47.15.

Manufacturers report that the glycols in AFFF
formulations create the necessary refractive
characteristics to determine concentration. How-
ever, they also report that glycol has a potential
detrimental impact on overall agent perfor-
mance. Elimination of this compound might
improve (slightly) the performance of AFFF,
but the glycol is also needed as a fundamental
component of agent mixing.

The refractive index of water at 20°C (68°F) is
1.333 (air has a refractive index of 1.0002926).
Because the refractive index of a solution is
proportional to the inverse of the solution
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density, and density is proportional to tempera-
ture, then

(47.13)

where T is the temperature. This relationship is
illustrated in Fig. 47.16. Any refractive index
measurements must be made considering tem-
perature. Some handheld measurement devices
are temperature compensated. It is good proce-
dure to conduct concentration measurements at a
constant temperature.

Other scales may be used. For example, the
Brix scale is used as a measure of sucrose weight
percent concentration. Units with this scale, com-
monly found in the food product industry, can be
used to measure foam concentration. A typical
range of a bench or handheld refractometer is
1.3000 to 1.7000.

NFPA 412, Standard for Evaluating Air-
craft Rescue and Fire-Fighting Foam Equip-
ment, describes a method to determine foam
concentration using the refractive method. In
NFPA 412, the preparation of three standard
solutions is recommended: one at the nominal
concentration, one at one-third more than the
nominal concentration, and one at one-third
less than the nominal concentration. A plot of
the refractive scale reading against the known
foam concentration is made on graph paper.
This plot establishes a “calibration” curve

Concentration (% AFFF)

against which foam samples from a vehicle
or system can be judged. Because refractive
index is linear, a calibration curve can be
created by

Nfoam — Nwater

AFFF%bgumple = x 100

Nconcentrate — Mwater

(47.14)

This method is used by the U.S. Navy for
checking proportioning system accuracy on
board ships.

The limitations of the refractive index tech-
nique are described by Timms and Haggar
[41]. The accuracy of the refractometer can
become poor due to the focusing and setting of
the refracted light junction on the crosshairs of
the viewing window, and the reading of the
graduated scale to four decimal places (where
the scale is graduated to only three places). This
effect is illustrated in Fig. 47.17, where a calibra-
tion curve for a 1 % AFFF concentrate was
established using a straight line through the
50 % concentration point and the “water” reading
by one of the experimenters. Note that the error
between readings by the two experimenters at
1 % concentration exceeds 25 %. In this exam-
ple, differences in the baseline water reading will
create substantial error in the calibration curve.
These differences are exaggerated with 1 %
concentrates. At 3 % or 6 %, the experimental
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error in reading the refractometer, for field test-
ing, is generally accepted as adequate.
Alternative methods for measuring AFFF
concentration include total fluorine content,
optical absorption methods, and electrical con-
ductivity. Because neither the total fluorine con-
tent method nor the optical absorption method
is suited to field use, the conductivity method
has been proposed. Because foams contain

electrolytes, their conductance, G, can be
measured and described as
1
G= E(mhos) (47.15)

where R is resistance (ohms). Conductivity, o, is
conductance per unit length:

o = G/unit length
= mhos/cm
= siemens/cm

Because conductivity is directly proportional
to temperature, conductivity increases with tem-
perature (Fig. 47.18). Temperature compensation
is appropriate when using this method.

Timms and Haggar showed the influence of
the substrate water on both refractive index
and conductivity [41] (Figs. 47.19 and 47.20).
It is important to note the difference of the

Concentration (% AFFF)

characteristic curve for a salt solution. AFFF
actually reduces the conductivity of this highly
conductive water. Note also that, although con-
ductance may exhibit straight-line characteristics
in the area of interest (0 to 10 %), the overall
curves from 0 to 100 % are nonlinear.

The “sensitivity” of the two methods (i.e.,
refractive index and conductivity) was shown
by these researchers by comparing the difference
between readings for solutions of 3 % and 6 %
divided by the reading at 6 %. The sensitivities
for tap water show that the conductivity method
is more sensitive than the refractive index mea-
sure (Table 47.12). In repeated readings of
refractive index and conductivity, the foam con-
centration accuracy using conductivity was
+0.1 %, where the accuracy of the refractive
index method was £0.8 % (Table 47.13).

An evaluation was conducted by the
U.S. FAA to comparatively test various conduc-
tivity meters and retractometers used in testing
airport rescue and fire fighting (ARFF) vehicle
foam-proportioning systems. [42] During the
annual certification inspection of an airport fire
department, refractometer and conductivity
meter tests are conducted to test the foam con-
centrate and foam-proportioning systems of the
ARFF apparatus. Historically, the refractive
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Fig. 47.18 Effects of
temperature on the
conductance of AFFF
solutions [41]

Fig. 47.19 Effect of
substrate water on
refractive index of AFFF
solutions [41]
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index method has been used to determine the
proportioning of foam-generating systems.
Because of the limited accuracy of the refractom-
eter, particularly for assessing systems using 1 %
and 3 % concentrates, the conductivity method is
gaining more widespread use. Five conductivity
meters were evaluated against a standard refrac-
tometer. A range of representative 3 % and 6 %
foam concentrates were evaluated. Measured
standard solutions prepared from the five

20 40 60 80 100

Concentration (% AFFF)

conductivity meter tests show very close
readings to one another. Typically, the units
read within 0.2 mS. More importantly, all five
conductivity meters exhibited the same trends in
the readings from one foam product to the other.
The refractometer data were not as consistent. A
significant factor in the use of the refractometer
is the fact that the readings can be interpreted
differently by several evaluators during the same
test. The digital readings from the conductivity
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Table 47.12 Sensitivity of refractive index and conduc-
tivity methods for determining foam concentration [41]

Refractive index Conductance (mS)

3% 1.3337 0.318
6 % 1.3343 0.558
Difference 0.0006 0.240
“Sensitivity” 0.0005 (0.5 in 1000) 0.43 (430 in 1000)

Table 47.13 Accuracy of foam test measurements [42]

Refractive Electrical
Solution index conductance Actual
A 45% +£08% 35% +0.1% 3.50+ 0.01 %
B 510% +08% 55%+0.1% 5.50 4+ 0.01%
C 87% +08% 85% +0.1% 850+ 0.01%

meters removed the interpretive errors and
proved to have very good repeatability between
tests.

When evaluating the various conductivity
meters for usability and accuracy, it was deter-
mined in the FAA study that all five units were
considered better tools for inspecting the foam-
proportioning systems than were refractometers.
There were some aspects of the various conduc-
tivity meters that made some meters slightly
better than others. The accuracies of the conduc-
tivity meters can be greatly affected by variations
between the temperature of the solution and

Concentration (% AFFF)

conductivity probe; care should be taken that
conductivity measurements are made when the
solution and conductivity probe are at the same
temperature. One of the units automatically
compensated for temperature.

The electrical conductivity method is now
recognized in NFPA standards including NFPA
11 and NFPA 412. NFPA 412 cautions against
the use of this method for seawater applications.
The electrical conductivity method, used for pro-
cess control in the chemical industry, has
recently been adapted for use as a proportioning
controller for AFFF systems.

New Airfield Protection Approaches

The U.S. Air Force Research Laboratory (AFRL)
has done extensive research and development of
novel ARFF-related fire fighting techniques in an
attempt to develop smaller, lightweight,
air-transportable ARFF vehicles that can be eas-
ily carried on cargo aircraft, such as the USAF
C-130.
AFRL research has focused on the following
technologies:
Ultra High Pressure System (UHPS)—This sys-
tem utilizes high-pressure positive displace-
ment plunger pumps to deliver AFFF at a
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nominal pump discharge pressure of 1500 psi.
Turret residual pressures are in the
1100-1200 psi range, which in effect causes
AFFF to be delivered as a foam “mist”. The
applied foam has the characteristics of con-
ventional AFFF delivery. It creates a foam
blanket and aqueous film formation on the
fuel surface, and may have the added fire
suppression feature of small droplet mist,
namely cooling, flame stripping, and oxygen
displacement via water vapor formation.

Compressed Air Foam System (CAFS)—In a
CAFS system air is injected under pressure
into AFFF solution between the pump and
the nozzle, so that expanded foam discharges
from the nozzle. This allows greater control
over the resultant foam expansion ratio and
provides a uniform, more expanded, foam
delivery to the fuel surface.

Combined Agent Fire Fighting System
(CAFFS)—Recent testing has focused on the
patented “Hydrochem” technology where dry
chemical agent, typically PKP, and AFFF are
discharged through a concentric nozzle
design. PKP is discharged through a central
orifice while AFFF, or CAFS, is discharged
through the annular opening around the cen-
tral dry chemical orifice. When flowing simul-
taneously, the AFFF/CAFS discharge carries
the PKP in the center core of the discharge
stream providing greater dry chemical dis-
charge range then if discharged separately.

Tri/Quad Agent Systems—As a refinement of the
twin agent concept widely used for flammable
liquid fire fighting for over 30 years, recent
delivery systems have been developed to dis-
charge three or four agents (water, AFFF, dry
chemical, gaseous/Halogenated agents) either
simultaneous or consecutively, often through
a single nozzle. This provides the nozzle man
the option of easily selecting the desired agent
for the particular fire scenario.

Two recent AFRL reports [43, 44] document
testing at Tyndall Air Force Base of UHPS,
CAFS, and CAFFS. Testing was conducted on
fuel fires on a water substrate, fuel on gravel, fuel
on soil/sod, and fuel on a hard surface. Since
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Table 47.14 USAF new technology testing [42]

Extinguishing Number of Mean application
method test fires density (gals/ftz)
P-19 22 0.044
UHPS 20 0.014
CAFs 27 0.028
CAFFS 27 0.027

most tests over the years have been conducted
with fuel on water (previously cited Geyer and
NRL testing, for example), the fuel-on-water test
results are described below.

Agent extinguishment tests were conducted
against three different size JP-8 fires: 880, 3500
and 5100 ft*>. Comparative data was generated
against the performance of the primary USAF
crash truck, the P-19. Agent flow rates were as
follows:

+ P-19 250/500 gpm AFFF

« UHPS 70-100 gpm AFFF

+ CAFs 250-560 gpm AFFF

» CAFFS 125 gpm AFFF/3 pps dry chem.

220 gpm AFFF/7.5 pps dry chem.

A total of 114 fuel-on-water fire tests were
conducted, with the results as shown in
Table 47.14:

The UHPS delivery method produced a mean
application density based on pool fire extinguish-
ment of 0.014 gals/ft*, compared to a mean appli-
cation density with the conventional P-19 of
0.044. The UHPS provided a lower application
density. The USAF, after applying an appropriate
safety factor to the discharge density, is
deploying this technology.

Aircraft Hangar Protection

The two objectives of aircraft hangar protection
are (1) protect aircraft and (2) prevent collapse of
the hangar roof structure, which is usually unpro-
tected steel. The protection of the aircraft is the
principal concern, because its value is generally
many times that of the structure. This concern is
particularly true for advanced military aircraft.
Historically, these protection systems have been
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deluge-type sprinkler systems with open-head
nozzles. They are activated by rapid-response
detection systems. Before the development of
foam, water-deluge systems were used. The orig-
inal foam-water sprinkler systems used protein
foam. With the development of AFFF, research
was performed to determine appropriate applica-
tion rates and types of discharge devices. The
research work, performed primarily by Factory
Mutual Research Corporation (FMRC), provides
the basis not only for current aircraft hangar
protection criteria but also for other sprinkler
suppression system criteria.

Overhead Sprinkler Protection Before the
advent of foam, hangars were protected by con-
ventional spray sprinklers using water. Water-
deluge systems having discharge rates on the
order of 10.4 L/min/m* (0.25 gpm/ft?) were
used in conjunction with sloped floors and drains
to protect aircraft. Even with these systems,
activated by detection systems, burnthrough pro-
tection of aircraft fuselages (e.g., 1 min) could
not be ensured. Ceiling temperatures in an 18.3-
m-(60-ft-) high space on the order of 427 to
816°C (800 to 1500°F) have been recorded for
fuel spill fires where this protection was
provided. For a 121 m? (1300 ft*) JP-4 fuel fire,
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927°C (1700°F) ceiling temperatures have been
recorded within 30 s of ignition prior to deluge
system discharge.

Protein foam systems, discharging at a rate of
8.2 L/min/m2 0.20 gpm/ftz), were an improve-
ment on the water systems. Air-aspirating
sprinklers were required to make effective pro-
tein foam. Because of the high centerline
velocities of a pool fire plume, the foam flow
from the perimeter toward the center of the fire
was thought to be the dominant suppression
mechanism [41].

With the development of AFFF, FMRC
conducted a series of tests for the U.S. military
to establish appropriate design parameters. In a
series of baseline comparison tests, FMRC com-
pared AFFF with protein foam. The tests
consisted of 83.6 m* (900 ft*) JP-4 pool fires in
an 18.3-m (60-ft) high space. Air-aspirating,
standard upright, and old-style upright sprinklers
were evaluated at application rates of 4.1 to
8.2 L/min/m? (0.10 to 0.20 gpm/ft*). In one test,
a low-level turret nozzle discharging AFFF was
used in conjunction with sprinklers discharging
water. Table 47.15 summarizes the results of the
AFFF tests. A comparison of Tests 4 and 5 with
Test 3 indicates improved results from the use of
standard sprinklers compared to foam-water

Table 47.15 Hangar deluge system tests by factory mutual research corporation [45]

Test conditions Testno.2  Testno. 3

Type of head Foam-water Foam-water Standard
Spacing 7.4 9.3 12.1
(m? head ™! (80) (100) (130)
[ft* head™'])

Application rate 8.2 6.6 6.6
(L/min/m*[gpm/ft*]) (0.20) 0.16) 0.16)
End head pressure 193 193 97
(kPa [psi]) (28) (28) (14)

25 9% Drainage time 2.5 2.1 0.5-0.8
(min)

50 % Drainage time 5.0 4.4 1.3-1.8
(min)

Expansion ratio 4.3:1 3.4:1 2.2:1
Extinguishment time 2:22 2:15 1:45

(min:s)

Test no. 4 Testno.5 Testno. 6

Test no. 7 (turret nozzle)

Standard ~ Standard Old-style sprinkler
12.1 9.3 9.3
130 (100) (100)

6.6 52t04.4 6.6
(0.16) (0.125 to 0.105) (0.16)

(water system)

97 35 55
(14) (5) ®)

(water system)
1.0-1.3 0.5-0.7 No data recorded
1.8-2.3 1.2-1.6 No data recorded
2.3:1 2.2:1 12:1
1:25 3:05 ~0:33
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Table 47.16 Estimated particle diameter vs. terminal velocity [46]

Terminal velocity (m/s [ft/s])

Particle diameter (mm [in.]) Water
12.7 (0.5) See note®
6.3 (0.25) 10.4 (34)
2.5(0.1) 6.7 (22)

Foam

Expansion Expansion Expansion
Ratio 2:1 Ratio 5:1 Ratio 10:1
10.1 (33) 6.7 (22) 4.6 (15)
7.3 (24) 4.6 (15) 3411
4.6 (15) 2709 —

“The breakup of water drops greater than about 6.3-mm (0.25-in.) diameter is highly probable due to instability

sprinklers. At application rates of 6.6 L/min/m”
(0.16 gpm/ft>), the standard sprinklers were
1.3 to 1.6 times as effective in achieving extin-
guishment compared to air-aspirating foam-
water sprinklers. At an application rate of
8.2 L/min/m* (0.20 gpm/ft®), the extinguishment
times with AFFF from foam-water sprinklers
were comparable to results from protein foam
tests. Rapid suppression with the turret nozzle
(at 8.3 L/min/m?* [0.22 gpm/ft*]) combined with
an overhead water system was demonstrated in
Test 7. No adverse effects were evident from the
water discharged from the overhead sprinklers
after the foam ran out.

The superior performance of the standard
sprinklers was attributed to more effective plume
penetration by higher density foam particles.
The maximum centerline velocities measured
were 23.2 m/s (76 ft/s), with 15.2 m/s (50 ft/s)
at the centerline of the fire. The fire plumes
tended to bend due to air currents within the test
building. Because the terminal velocity of the
foam agents was estimated to be on the order of
9.1 m/s (30 ft/s) maximum, the droplets near the
centerline never reached the fire. This result
supports the theory that extinguishment occurs
from the outside perimeter inward. Because
foam droplets from standard sprinklers are
about twice as dense as air-aspirated particles,
the terminal velocities are greater. Greater
velocities allow greater penetration of the fire
plume. The same mechanisms explain why
air-aspirated AFFF provides similar performance
to protein foam. When the AFFF is air aspirated,
there is no longer any advantage of increased
droplet terminal velocity.

Additional work by FMRC established
estimates for the terminal velocity of foam, as
shown in Table 47.16 [46, 47]. Plume theory was
used to estimate roughly that velocity on the
order of 18.3 m/s (60 ft/s) could be expected in
an 18.3-m (60-ft) high space with an 83.6 m*
(900 ft?) JP-4 fire. This estimate was in good
agreement with the experimental results. Based
on an average foam particle diameter of 6.3 mm
(0.25 in.), a maximum terminal velocity of
7.3 m/s (24 ft/s) could be expected. For a JP-4
pool fire, this translates into a 0.7-m> (8—ft2)
maximum fire size before plume penetration is
not possible.

The practical significance of AFFF discharged
through non-air-aspirating  sprinklers was
demonstrated by Breen et al. [46] Air-aspirating
sprinklers require 207 kPa (30 psi) nozzle pres-
sure to be effective. Standard sprinklers can
discharge effective AFFF solution at pressures
as low as 69 kPa (10 psi). This capability had
important retrofit considerations where foam-
proportioning system losses could be made up
through reduced sprinkler pressures.

Additional tests were conducted with closed-
head sprinklers in an 18.3-m (60-ft) high hangar
[48]. Potential cost benefits would have resulted
from reduced hardware costs and unwanted
discharges from deluge systems. These tests
demonstrated that this concept was not feasible
for the hangar scenario because of the large num-
ber of sprinklers that opened during the 83.6 m*
(900 ft?) fire tests.

The superior performance of standard
sprinklers compared to air-aspirating sprinklers
is reflected in the criteria of NFPA 409, Standard
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on Aircraft Hangars. If standard sprinklers are
used with AFFF, the design application rate for
overhead deluge systems may be reduced to
6.6 L/min/m? (0.16 gpm/ft?) from 8.2 L/min/m?
(020 gpm/ft’) required for air-aspirated
sprinklers. This decrease represents a 20 %
reduction in foam required when standard
sprinklers are used.

It should be noted that AFFF discharging from
sprinklers cannot be assumed to control a three-
dimensional Class B fire. In tests conducted by
the U.S. Navy, AFFF sprinklers were discharged
on a simulated ruptured fuel tank fire [49]. Del-
uge, air-aspirating sprinklers were discharged at
6.5 L/min/m? (0.16 gpm/ft*) from a 8.5-m (28-ft)
high simulated hangar. The three-dimensional
fire consisted of 28 L/min (7.5 gpm) of marine
diesel (simulating JP-5) flowing down over a
shielded cascade assembly. The assembly
simulated a ruptured fuel tank below a damaged
aircraft wing, which prevented direct AFFF
application to the running fuel fire. Although
the contiguous pool fire was suppressed, the run-
ning fire was not. It was also found that delaying
AFFF discharge time for this scenario had an
adverse effect on suppression.

Care must be taken in designing AFFF
sprinklers for both pool fire suppression and
extinguishment of other hazards. In fire tests for
shipboard vehicle storage areas, a fire scenario
involving a Class B pool fire (marine diesel,
simulating vehicle diesel fuel or JP-5) and ordi-
nary combustibles was performed [50]. Tests
were conducted in an 8.5-m (28-ft) high space
with  air-aspirating  sprinklers discharging
6.5 L/min/m? (0.16 gpm/ft?). The Class A fuel
load was simulated by a 1.6 m (6 ft) stack of
wood pallets. The Class B pool fire was readily
controlled and extinguished, but the Class A
pallet fire was not controlled or suppressed. It
was concluded that a higher sprinkler application
rate was required to control/suppress the Class A
fire. This is consistent with NFPA 13, Standard
for the Installation of Sprinkler Systems,
requirements for a minimum application rate of
8.1 L/min/m? (0.2 gpm/ft®) or greater for wooden
pallets stacked 1.8 m (6 ft) high or more. Fires
within actual vehicles will likely require a higher
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sprinkler application rate to prevent spread to
adjacent vehicles [51].

Low-Level Application of AFFF With the
increase in wingspan areas of large aircraft, it
was recognized that significant damage could
occur before extinguishment of the pool fire
underneath the wing. Using overhead sprinklers
only, FMRC demonstrated the times required for
the foam to spread and extinguish fires (see
Table 47.15). The concept of low-level applica-
tion of foam, using monitors or turret nozzles,
was developed to reduce extinguishment time
where shielded fires may occur. This concept
was later extended to include side-mounted
nozzles and discharge outlets, and flush-mounted
nozzles installed in a floor or deck.

These systems are effective because AFFF
solution droplets do not have to penetrate the
fire plume. They also typically deliver, at spot
locations, high densities of foam. A high density
allows the foam to gain a “bite” or toehold on the
fire. Low-level AFFF systems have been used
successfully for over two decades on U.S. Navy
air-capable ships, protecting flight decks and spe-
cial hazard areas.

Table 47.17 summarizes fire test data for
low-level application of AFFF. As seen, control
and extinguishment times are quite rapid. NFPA
409, Standard on Aircraft Hangars, criterion of
4.1 L/min/m* (0.10 gpm/ft?) for low-level
applications is based on a fire control time of
30 s and extinguishment in 60 s. Data indicate
that a JP-5 pool fire can be 90 % controlled in
60-90 s and 99 % extinguished in 2 min when an
application rate of 2.4 L/min/m? (0.06 gpm/ft?) is
used. The system can be effective at rates as low
as 1.6 L/min/m®> (0.04 gpm/ft®). For
low-flashpoint fuels (e.g., avgas), control time
increases. Control and extinguishment times
can be reduced by increasing the application
rates on JP-5 fuel fires. Based on these results,
the U.S. Navy adopted an AFFF application rate
of 2.4 L/min/m? (0.06 gpm/ft>) for protecting
aircraft carrier flight decks [56].

Although they may help control a three-
dimensional (spill) fire, low-level application
systems cannot be assumed to suppress totally a



J.L. Scheffey

1684

ur g ~ Ul % 66
[01U0d 9, 06
105 06 01 09

ur g = ul % 66
[01U0d % 06
10} 06 01 09

S 09Ut % 0L
S 0g ut % oy

S 09 Ut % 0S
SQEur% Sl
S 09 Ur % 06
S0€ Ul % 0L

S 09 Ul % 06
S 0¢ Ul % 05

35 G UL 9% 06~
S0 W % S6

S ¢e Ul % 001
oS L1 Ut sjonuo)

S ST Ul % 001

S 0C Ul % 06

Ui g ~ ut 9% 001
QS 0€

utut 1.ut % 06

s or

0} ¢ U % 001
SGS1 0101 Ul % 06
sowr)
JUAWYSINIUT)Xd
[onuo)

(90°0) +'C

(900) ¥'C
1o 1
(¥0°0) 9'1F
(90°0) +'C
1o 1Y
#0°0) 9'1F
(900) ¥'T

(90°0) ¥'C

#00) 91
@1ro 6t
(€1°0) S°S
(8€°0) 6

(TT0) 0'6F
»(91°0) 99

1o 1'%

1o 1Y

1o 1Y
([ y/wd3] w/urw/7)

Jjer uoneorjdde [eurwoN

(T9) 86

(0¥ 01 0€)
[N

(ov) Tel

(o) Tl

(ov) Tl

(o) TTl

(80D €€

(IvD ¥

VIN

(9871

(981

(9871

981

981

(981
(32K

92 80

VIN

Tood 1593 9y} JO 1UID Ay}
woiy (I} 68) W 6°GT ‘UoNeAI[d JO
9[3ue G ‘owry 9[0Ad S § 018 (OC

Tood 1591 a1} Jo I91URd A
woiy (3 G8) W 6°GT ‘UONEAI[Q JO
J[3ue G ‘Owl 9[9Ad S § Ore OC

To0d 193 9y JO 1)U oY)
woiy (1} 68) W 6°GT ‘UoNeAI[D JO
Q[3ue G ‘owur) 9[0Kd § § ‘018 ()G

(1] w)
Lowerp
Keidg

(ly] w) ysrey
Keads wnwixepy

Y

[(wd3 g¢) urw/ T $11] 6°S

[(wd3 g¢) urw 1171 6°C

Y

Y
9'¢

'y

0¢

€08

€08

€08
(¢-orsd/1es)
K10100] Y 9[ZZON

dn-dod 910g

¥o0p ysny g§ odA[,

93po Yoop + Yoop
ysny S od£ 1,

93P o3P + Joop
ysng § 2d£ [,

¥oop ysny § adAJ,

3}o9p
ysng § od£ L,

dn-dog 1-m.

dn-dog 014

9[zzou Jo1m) + _SSO

peayIoAQ

(1031u0UI)
9[Zzou jaun]y,

(1031U0W)
9[zzou jaun],

(1031u0UY)
9[zzou jaun],

9[zzoN

S-df

S-dr

Se3AY

se3Ay

S-dr

S-dr
QURSOIY
UONRIAY
QUQS0IY
UOTJRIAY

!

Y-df

y-df

Y-df
[eng

(000%) TLE

(000%) TLE

(00SL) L69

(00SL) L69

(00SL) L69

(00SL) L69
(9¥8) 8L

(9%8) S"8L

(006) 9°€8

(006) 9°€8

(006) 9°¢8

(006) 9°€8

(91 w)
Bale 1S9,

146 pue
(SN

d01
pue Q[

Sl

1T

€
‘ou 1S9,

[¥<1 6861
dn-dog
jeilicl)
suodeapy
TeAeN

[eslzLel
11T sseyd
19U
suodeapy
[eAeN

[cel
BIRnSNY

[cv] €61
YN

orSL6T
DU
OQCOHOM@NH

AA4JV Jo uoneorjdde [9AS[-mO] JOF BIRp 1591 211 ZL'Lt d]qel



1685

47 Foam Agents and AFFF System Design Considerations

S9I Ul % 66
S6 Ul % 06
S 6L Ul % 001
STE UL % 66
Sy Ut % 06
S LUt % 001
S CL Ul % 66
S8 Ul % 06
S LS Ul % 001
S TS Ul % 66
S GL Ul % 06

s11ed suodeam paje[nuils yiim pajonaisqo sem eare a1y jood 3oa(,

S1[NSaI PaJOAYJe-PUIM

9[zzou o1} oy} 0} paredwod [fewss )b oq 03 pagpnl sem JuowysIIUNX? 93o[dW0d premo) WISAS NP PLAYIIA0 ) JO ‘AUB JT ‘UOTINGLIIUOD Y],
(PaUIEIIE SEm [01U0D AI0JA] S G) S[ZZOU JOLIN) AY) UBY) ISIE] S T[ PIIBANOR [[BJUSPIOOE SEA I3Jem AIeulpio SUISIeydsIp WolsAs a3n[op Pealiono YL,
BOIE 159) I JOAO UOTIONISQO SUuIm ON,
9 pUE ¢ SISO, UI PAAIISQO S0}
oW 0} ¢ SAWIL) JUSWYSIMSUIIXS PUE [01UOD % ()6 UL SUN[NSAI “OFUL 3[ZZOU UL UOHINPAX (3 GT) W 9’ B PISNED 17153, DY ut doxp amssaxd (1sd 01) edy 69 pouue[dun uy,
1591 9y} UI pasn mop/aInssaid ay) Je 1joweIp pue 1Yoy Aeids,

(0S°0) ¥'0T

(67°0) 8'TT

(€S°0) 91T

(170) 98

VN

VN

VN

VN

VN

VN

VN

VN

Ly

Ly

61

6'1

UeJ [OA[-MO]

UBJ [OAJ[-MO']

s9[zZou
Keids pajunow

-apIs PEAYIdAQ

sa[zzou
Keads pojunowr
-3pIS PEAYIdAQ

S-df

S-dr

S-dr

S-df

(0TL) 6'99

(0TL) 6'99

(0T9) £°8¥

(0T9) €8¢

4l
91
[cc1 8861
11 ®eary Suieis
19JUd)
suodeapy
81 [eAeN



1686

running fuel fire. Running fuel fires at a spill rate
of 189 L/min (50 gpm) are typically used in
U.S. Navy flight-deck suppression tests using
the flush-deck system. The running fuel fire,
shielded by simulated aircraft debris, requires
aggressive handline attack for
extinguishment [57].

Obstructions, such as parked vehicles, may
block low-level nozzles. Testing for a flight-
deck weapons staging area showed that a side-
mounted low-level system could be effective
even when nozzles were obstructed [55]. In
these tests, 5 of the 12 deck-edge nozzles were
obstructed to simulate vehicle tires blocking
edge-mounted nozzles. Even with 40 % reduc-
tion, the fire was controlled and extinguished in
less than 1 min (compared to 15-30 s when
unobstructed). As with overhead sprinklers,
low-level AFFF nozzles should not be relied on
to extinguish three-dimensional Class B fires.

Cost of installation, maintainability, and reli-
ability are factors when considering a low-level
application system. Reliability issues with
turrets/monitors have been identified by both
FMRC and the U.S. Navy. The flush-deck system
adopted by the U.S. Navy took considerable
effort before a high degree of reliability and
maintainability could be achieved. This open
deluge nozzle, originally installed as a water
washdown nozzle, incorporates a ball-check fea-
ture in the nozzle orifice to prevent debris from
clogging the nozzle. Clean-out traps are installed
in system piping for maintenance. Pop-up
nozzles have been proposed as an alternative to
flush-deck nozzles. These nozzles have their own
reliability and maintainability issues. Unless
there are very high costs associated with the
loss of an aircraft, in-floor or flush-deck nozzles
are generally cost-prohibitive for commercial
aviation facilities. For high-risk/cost
applications, in-floor nozzles may be justified.
This may be the case for advanced military air-
craft; for example, research has been performed
on an inverted deluge system that not only can
suppress a pool fire but also can cool exterior
combustible components of the airframe. Initial
installations have suffered from design and
installation problems. [58] Lack of experience

J.L. Scheffey

with these types of systems was the significant
single cause of problems with these systems.
Acceptance testing and maintenance were found
to be lacking.

Side-mounted nozzles are the most reliable
systems, consisting of open-pipe or -spray
nozzles. The spreading rate of foam from an
aspirated open-pipe system increases control
and suppression time. Open-spray nozzles can
be very effective, but their reach is limited.

New Hangar Fire Protection Design
Concepts Issues related to asset protection, reli-
ability of fixed systems, and environmental
impact led the U.S. Navy to reevaluate its
approach to hangar fire protection systems. A
goal was established to install reliable and easily
maintained fire protection systems that prevent
damage to the hangar structure and to aircraft not
directly involved in an initial spill fire ignition.
This goal resulted in a multidiscipline study to
address all associated technical issues.

All military service branches in North Amer-
ica have been plagued with false activation
involving foam-water-deluge sprinkler systems
over aircraft with open cockpits. These false
activations have been caused by numerous
sources including lightning strikes that
introduced transient voltage spikes into the fire
alarm system; water hammers in aging under-
ground water distribution systems; accidental
releases by maintenance personnel; deliberate
acts of vandalism; accidental activation of man-
ual pull stations; failure of pressure relief valves
at pumping stations; roof-water leakage into
overhead heat detection systems; and false acti-
vation of fire detection systems. This situation
prompted the pursuit of alternative fire protection
designs that would provide the desired level of
protection.

Alternative designs included the use of
closed-head AFFF overhead sprinkler systems
and greater reliance on low-level monitor nozzle
AFFF systems as the primary extinguishing com-
ponent as described in the previous section.
Low-level systems were originally designed to
provide supplementary protection for the area
shadowed from the overhead system by large
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wing areas. In pursuing these alternative designs,

technical and operational issues and limitations

of both existing and proposed new systems were
identified:

* Thermally activated systems may result in
unacceptably high damage to assets prior to
fire control/extinguishment, particularly in
very high bay hangar ceilings (see Gott
et al. [59)).

» Although it is readily accepted that conven-
tional hangar fire protection systems were not
designed to extinguish a three-dimensional
fire, some fire protection engineers believed
that AFFF extinguishing systems could be
designed to control a spill fire and limit the
area of the fire to only those aircraft intimate
with the initial ignition source.

« Different aviation fuels are now commonly
being used, for example, JP-5 and JP-8 are
now the predominant fuels, compared to the
lower flashpoint JP-4 previously used.

» Low-level AFFF monitor nozzle systems are
— Relatively inefficient in terms of pattern

distribution

Unreliable

Susceptible to blockage by equipment
— Commonly found out of service in the field

* Any new AFFF low-level nozzle should be
designed for minimal overspray and should
not be significantly impacted by water dis-
charge from any water-only protection
system.

» Optical fire detectors are
— Prone to false alarms
— Currently tested, listed, and approved

using fuels that are not typical in aviation
— Subjected to few if any sources of false
alarms in currently recognized approval
standards
A concept was developed by the U.S. Navy to
meet the desired performance goals. This con-
cept included the following:

» Use of low-level AFFF deluge nozzles, hav-
ing minimal overspray, to control/extinguish
liquid fuel pool spill fires
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» Operation of the low-level AFFF system using
improved optical detectors designed to

— Be highly immune to false alarms

— Rapidly detect JP-5 fuel spill fires
» Installation of a quick-responding, closed-

head, wet-pipe sprinkler system in the hangar

ceiling

+ Implementation of lessons learned from all
military hangar design experiences in a com-
prehensive, new, improved design

Most of the research and development
associated with the process has been completed
and is described in Gott et al. [59], Szepezi
et al. [60], Back et al. [61], Gottuk et al. [62],
Scheffey et al. [63], and Parker [64]. Two aspects
of U.S. Navy research and development are
germane to the performance of AFFF. The first
involves the performance of AFFF when
subjected to water spray from sprinklers. The
second is a developmental effort initiated to
design a reliable, low-profile AFFF nozzle that
could be installed in the floors of hangars.

Twenty-three full-scale fire tests were
conducted to evaluate the effects of overhead
water sprinklers on AFFF foam blankets
[61]. One AFFF application rate (4.0 L/min/m?
[0.1 gpm/ft?]) and two sprinkler application rates
(6.5 and 10.2 L/min/m? [0.16 and 0.25 gpm/ft*])
were included in this evaluation. The tests were
conducted on a range of spill fires. The spill fires
were produced using either JP-5 or JP-8 aviation
fuels and were evaluated on a concrete pad with
similar drainage characteristics typical of navy
hangars. The spill fires continued to burn (i.e.,
were shielded) during water/foam application.
The heating effect on the burnback resistance of
foam, with and without sprinkler water applica-
tion, was evaluated.

The results show that the use of water
sprinklers in conjunction with a low-level AFFF
fire suppression system (with an application rate
of 4.0 L/min/m* [0.1 gpm/ft’]) had minimal
effects on the ability of the system to suppress
the fire and resist burnback. In all tests, the
low-level AFFF system was capable of quickly
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extinguishing the test fire (control ~30 s and
extinguishment ~1 min) independent of the
sprinkler application rate. The time required for
the fire to burnback across the fuel surface was
apparently a function of the drainage
characteristics of the hangar and was only
slightly affected by the application of water
through the overhead sprinklers. The tests also
show that the flashpoint of the fuel has an effect
on the control, extinguishment, and burnback
resistance capabilities of the system. Although
the burnback times for the lower flashpoint
fuels were faster than the higher flashpoint
fuels, the duration of protection was not signifi-
cantly altered. These tests show that overhead
water sprinklers have minimal effect on AFFF
foam blankets, independent of the test fuel, par-
ticular fire, and sprinkler application rate. A com-
bined low-level AFFF extinguishing system
operating in conjunction with an overhead
water sprinkler system provided adequate
burnback protection during AFFF discharge, but
this protection may be lost shortly (a few
minutes) after the end of AFFF discharge.

The new low-level fire-extinguishing system
was designed to discharge AFFF adequately
across a hangar floor, to be less likely to be
affected by obstructions, and to reduce the likeli-
hood of damage to exposed aircraft electronic
equipment [63]. To achieve these objectives,
the nozzle was designed to
* Produce a nominal AFFF application rate of

4.0 L/min/m? (0.1 gpm/ft*)

e Operate at a nominal pressure of 2.8 bar
(40 psi)

» Provide coverage to a distance of 7.6 m (25 ft)
from a hangar floor drainage trench (center-
line of two parallel trenches spaced 15.2 m
[50 ft] apart)

» Spray AFFF so that the pattern height does
exceed 0.3 m (1 ft) above the deck
The nominal AFFF application rate of

4.0 L/min/m? (0.1 gpm/ft?) was selected based
on current design practices as described in the
previous two sections of the chapter. The nozzle
operating pressure was selected based on stan-
dard, commercially available pump performance
curves and preliminary estimates of friction loss
for the system.

J.L. Scheffey

Over 50 nozzles were evaluated for this appli-
cation [64]. Testing of these nozzles indicated
that, although a limited number of commercially
available nozzles could meet the design
requirements, manufacturing, installation, and
operation of these nozzles under normal hangar
conditions were not feasible. Existing pop-up
nozzles were not designed for the high flow
rates or spray characteristics required of this
application. As a result of these deficiencies, a
prototype nozzle was developed. The prototype
concept was subsequently developed into a com-
mercially available nozzle. Foam pattern, distri-
bution, and flow tests were conducted by
Underwriters Laboratories Inc. on a nozzle with
a flow coefficient of 22.6 k (gpm/psi'’?).

There is no universal agreement on the proper
approach to military hangar fire protection in
North America. For example, the U.S. Air
Force recognizes the use of high-expansion
foam. Many of these systems have recently
been installed.

The Canadian Ministry of Defense (MoD) is
using compressed-air foam, or CAF. The primary
advantage of CAF systems is for situations where
there is an extremely limited water supply. Unlike
traditional foam systems where air aspiration
occurs at or near the discharge device, CAF
systems inject air prior to the discharge device
[65, 66]. Foam is generated by injecting air under
pressure into a foam solution stream. As the solu-
tion moves through the piping system, foam is
produced by the combined momentum of the
foam solution and the injected-air stream in the
hose or pipe. In the hangar system, AFFF is used as
the foam concentrate, proportioned at 2 % com-
pared to 3 % for traditional foam sprinklers. Also,
the effective application rate (foam solution,
L/min/m? or gpm/ft®) is lower than similarly listed
low-expansion foam sprinkler systems. NFPA
11, Standard for Low-, Medium-, and High-
Expansion Foam, recognizes this system and
provides design and installation requirements.

Additionally, the U.S. Army has evaluated the
use of early suppression fast-response (ESFR)
closed-head water sprinkler protection for heli-
copter hangars [67]. FMRC concluded that both
93 °C (200 °F) temperature-rated ESFR
sprinklers discharging at 345 kPa (50 psig)
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(41 L/min/m® [1.0 gpm/ft*]) and 517 kPa
(75 psig) (49 L/min/m? [1.2 gpm/ft’]) and
temperature-rated, k = 5.6 (gpm/psi”®) quick-
response sprinklers at 345 kPa (50 psig)
(16 L/min/m* [0.40 gpm/ft*]) can provide ade-
quate fire protection for the hangar against a
61-m* (200-ft%), 473 L (125 gal) JP-4 aviation
fuel-pan fire. For some tests, fuel depletion was
necessary for the fire to be controlled.

New fire detection technology, potentially
applicable to hangar fire protection, has become
available. Video image flame detection (VIFD) is
a software-based method of flame detection that
can be implemented by a range of video image
analysis techniques. VIFD systems can analyze
images for changes in features such as bright-
ness, contrast, edge content, loss of detail, and
motion. The detection equipment can consist of
cameras producing digital or analog (converted
to digital) video signals and processing unit
(s) that maintain the software and interface to
the fire alarm control unit. The technology poten-
tially speeds detection, while improving immu-
nity to false alarms. NFPA 72®, National Fire
Alarm Code®, now recognizes this technology.

Foam-Water Sprinkler Systems

This chapter has dealt with foam characteristics,
foam concentrate, test standards, and manual
application techniques. In particular, applications
in the aviation industry were described. The text
on aircraft hangar protection addressed the con-
cept of fixed foam protection systems. Much of
the foam-water sprinkler system test data was
originally developed for aircraft hangars. Herein,
foam-water sprinkler system design criteria for
other applications are described. Again, emphasis
is placed on AFFF systems because they are more
effective for extinguishment than protein or
fluoroprotein systems.

Codes, Standards, and Regulations
Overhead foam-water sprinkler systems, as

specified in the NFPA standards, are generally
designed to serve dual purposes: (1) to control
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and/or suppress a fuel spill fire and (2) when the
foam runs out, to cool materials with water.
Because the systems are designed to provide pro-
tection for flammable/combustible liquid hazards
and ordinary combustibles, the specified applica-
tion rates reflect this dual-protection approach.
Table 47.4 shows the fundamental application
rates used by Underwriters Laboratories on hydro-
carbon fuel fires to evaluate sprinklers discharging
foam-water. The fire must be extinguished within
5 min for AFFF discharged at 4.1 L/min/m? (0.10
gpm/ft?) for standard sprinklers and 6.6 L/min/m?
(0.16 gpm/ft?) for agents discharged from foam-
water sprinklers (air aspirating). However,
because most deluge and closed-head sprinkler
systems are installed in industrial occupancies
for property protection concerns, they must usu-
ally meet highly protected risk (HPR) insurance
requirements. As a result, the NFPA standard for
deluge and closed-head AFFF systems (NFPA
16, Standard for the Installation of Foam-Water
Sprinkler and Foam-Water Spray Systems)
requires 6.6-L/min/m* (0.16-gpm/ft*) minimum
water application. This water application rate
also provides a safety factor over the 4.1 L/min/
m? (0.10 gpm/ft®) rate at which AFFF discharged
from sprinklers is effective on pool fires. The
safety factor is reflected in Table 47.4 under the
column heading Minimum Application Rate.
Table 47.18 summarizes current require-
ments from NFPA standards. NFPA 11, Standard

for Low-, Medium-, and High-Expansion Foam,

is geared toward petroleum and chemical
industry protection. Previous requirements from
NFPA 11 allowed 4.1 L/min/m? (0.10 gpm/ft*)
for loading racks, for example, tank truck
loading facilities. The latest requirements for
NFPA 11 eliminate this design criterion and
reference NFPA 16 requirements, which require
6.6 L/min/m? (0.16 gpm/ft?). In special situations,
4.1 L/min/m*> (0.10 gpm/ft’) is permitted by
NFPA 11, but only where there is low-level or
manual application for a hydrocarbon fuel spill.
NFPA 16 is consistent in requiring 6.6 L/min/m>
(0.16 gpm/ft?); it references other NFPA standards
for special exceptions, for example, NFPA
409, Standard on Aircraft Hangars, and NFPA
30, Flammable and Combustible Liquids Code.
NFPA 409 requirements were previously
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Table 47.18 NFPA standards related to AFFF sprinkler systems

Minimum AFFF application

Standard*

rate (L/min/m? [gpm/ft*])

Duration (min)

NFPA 11, (2010) Standard for Indoor storage tank greater than 37 m? 30
Low-, Medium-, and High-Expansion (400 ftz) 6.6 (0.16)
Foam Loading rack monitors 4.1 (0.10) 15

Diked areas

Fixed low level (Class II hydrocarbon) 4.1 (0.10) 20

Monitor 6.6 (0.16) 20
Undiked areas for AFFF handlines 4.1 (0.10) 15
NFPA 16, Standard for the Installation 6.6 (0.16) 10 min; 7 min if above

of Foam-Water Sprinkler

and Foam-Water Spray Systems (2015)
NFPA 409, Standard on Aircraft
Hangars (2016)

Overhead deluge
8.2 (0.20) for aspirated AFFF

minimum design

10 min; 7 min if above
minimum design

6.6 (0.16) for non-air-aspirated AFFF

Supplemental low level (for shielded wing areas)

4.1 (0.10)

*See Additional Readings for complete titles and dates

10 min

Table 47.19 Foam application rate for marine hydrocarbon hazards (NFPA 11)

Type of hazard Calculation of rate
Deck spill
Largest tank

6.50 L/min/m? (0.16 gpm/ft?) or 10 % of the cargo block area
9.78 L/min/m? (0.24 gpm/ft®) of the single largest tank area

Largest monitor 3.0 L/min/m? (0.074 gpm/ftz) of the area protected by the largest monitor (not less than 1250 L/min)

Table 47.20 Foam application rate for marine polar solvent hazards (NFPA 11)

Type of hazard Calculation of rate
Deck spill
Most demanding

Largest monitor

Rate for most hazardous polar solvent x 10 % of the cargo block area
150 % of the highest required foam tank application rate for the single largest tank
45 % of the highest required foam application rate applied over the area protected by the

monitor (not less than 1250 L/min)

discussed. Chapter 48 provides an example for
calculating foam quantities based on design appli-
cation rates and areas to be protected.

With the publication of the 1998 edition of
NFPA 11, marine foam application was specifi-
cally addressed. Foam application rates are
required to be not less than the greatest of that
required for deck spills, the largest tank, or the
largest monitor solution flow rate as shown in
Table 47.19 for hydrocarbon fuels and
Table 47.20 for polar solvents. For polar
solvents, standardized fire tests are used to deter-
mine the minimum foam design application rate
for the most difficult extinguishment case. Foam

concentrates for hydrocarbon fuels must be
approved using a 9.29-m? (100-ft*) fire test simi-
lar to UL 162. The fixed-nozzle gasoline fire test
has an extinguishment application density of
12.2 1/m? (0.30 gal/ft?).

Model building and fire codes in the United
States have adopted AFFF protection criteria for
the storage of flammable and combustible
liquids. Criteria of insurance companies are usu-
ally similar to the NFPA requirements, but this
needs to be verified. Insurance authority
guidelines should be referenced for specific
projects, because there can be differences in pro-
tection criteria.
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Protection of Stored Flammable
and Combustible Liquids

Flammable and combustible liquids are stored in
containers ranging in size from less than one
quart to several hundred gallons. These liquids
may be stored for display in a retail outlet or
“superstore,” stored for distribution in a general-
purpose warehouse housing many different
combustibles, or stored in “liquid” warehouses
containing large quantities of the liquid. NFPA
30, Flammable and Combustible Liquids Code,
addresses these situations. This code includes
requirements for tank storage, piping systems,
containers, and operations. Criteria for suppres-
sion system protection is addressed in the sections
dealing with container storage.

The protection of flammable and combustible
liquids is a function of many factors, including
the liquid properties, the ignition (which can be a
factor of the storage occupancy), the packaging
system (e.g., stored in cardboard cartons), the
container design and material (e.g., steel, plastic,
glass, fiberboard), and the arrangement of storage
(e.g., rack versus pallet, storage height, aisle
width, and mixture of other combustibles in the
array). Based on these factors, a suppression
system is provided to control or suppress the
anticipated fire and protect the structure. The
system may be designed to (1) control a fire so
that the fire department can ultimately extinguish
or suppress the burning material or (2) suppress
the fire. Variables in suppression system design
include application rate, fire fighting agent, and
sprinkler orifice size, spacing, response time
index (RTI), temperature rating, and use of
in-rack sprinkler protection.

The basis of protection criteria in NFPA 30 is
now well documented. Fire test references and
associated citations in technical literature are
now included with all protection criteria
[68]. The basis of the protection criteria can
now be directly linked to test data or engineering
extrapolations of the data. Material in Appendix
E of NFPA 30 provides guidance and an example
test protocol for evaluating protection of liquids
stored in the containers. This includes consider-
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ation of the source of the fire, which may be a
“point” ignition (i.e., small ignition) or a large
spill/three-dimensional fire. Depending on other
variables, such as container type and packaging
material, one of these scenarios may be more
difficult to protect. Annex E of NFPA 30 provides
detailed guidance on this subject.

Stored liquids may be protected using water
sprinklers, foam, or other approved methods.
Figure 47.21 shows a conceptual grouping of
water and AFFF protection methods as a function
of container type and storage method for water
protection of liquids. The reader should consult
Nugent [68]. The basis of AFFF protection is
described in the following sections.

Protection of Drum and Tank Storage Some
of the earliest work using AFFF sprinklers
involved the protection of 208 L (55 gal) drums.
In work conducted at Factory Mutual Research
Corporation, sponsored by Allendale Insurance,
Factory Insurance Association (FIA), and the
3 M Company, the effectiveness of standard
sprinklers supplied with AFFF for controlling
drum fires was determined [69]. Five fire tests
were conducted in simulated flammable liquid-
drum storage using two types of storage
arrangements. Three tests were conducted with
two-, three-, and four-high palletized drum stor-
age, respectively. Two tests were conducted with
five-tier high-rack storage of palletized drums.

In all tests, a heptane fuel supply simulated
leakage from the upper level of storage. Except
for one rack-storage test that used a 57 L/min
(15 gpm) spill rate, fuel spillage was 7.6 L/min
(2 gpm). Ceiling protection employed high-
temperature sprinklers at discharge rates of either
12.3 or 24.6 L/min/m?> (0.30 or 0.60 gpm/ft?).
In-rack supplemental protection for the rack-
storage tests was provided at three levels, with
ordinary temperature sprinklers each discharging
113 L/min (30 gpm). The success of each test
was based on storage stability, that is, no pile
collapse, and limitation of drum pressure to
104 kPa (15 psig).

AFFF was effective in controlling spill fires
on the floor. The exception was in areas not
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Fig. 47.21 Grouping of
NFPA 30 protection
criteria for liquids

water

AFFF

Shelf-
storage/
water

rack / ESFR
water

Palletized
resin/water

reached by the discharge from operating
sprinklers, where the flow of foam was blocked
by pallets. Protection was not effective on the
three-dimensional spill fires. Fire exposure and
resultant pressure development within drums was
more severe with increased clearances between
storage and sprinklers due to greater delays in
sprinkler operation.

Generally, results were considered good in the
rack-storage tests, where in-rack sprinklers were
provided in each tier. For palletized storage, the
AFFF protection controlled the floor fire
although pallets hindered the spread of foam.
Ceiling sprinklers alone did not adequately pro-
tect palletized storage where an elevated spill
resulted in a three-dimensional fire within
the pile.

The results of these tests were used, along
with engineering judgment, to develop AFFF
protection criteria in NFPA 30, Flammable and
Combustible Liquids Code. AFFF protection of
12.3 L/min/m? (0.30 gpm/ft®) at the ceiling for
rack protection of metal drum/tank storage up to
7.6 m (25 ft) high is specified. In-rack protection
(e.g., sprinklers in alternating tiers or every tier)
is a function of the liquid (flashpoint) container
style (relieving vs. nonrelieving), and capacity of
the container.

The results of the original Factory Mutual
(FM) drum tests were extended in a series of
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tests conducted by Southwest Research Institute
[70]. The objective was to test the effectiveness
of relieving-style steel drums and varying
degrees of overhead sprinkler protection to miti-
gate fire hazards associated with the storage of
flammable liquids. Nylon plugs inserted in the
5.1 cm (2.0 in.) pour hole and 1.3 cm (0.5 in.)
vent hole were designed to melt under fire
conditions, allowing the drum to vent any built-
up pressure. Heptane, a Class IB flammable lig-
uid, was used as the stored commodity.

Tests were designed to model credible, worst-
case loss scenarios involving the 208 L (55 gal)
storage of the commodity. The fire modeled the
accidental puncture of a full drum, and either an
immediate or a delayed ignition source. Sprinkler
suppression of the fire was monitored for the
duration of the spill, and until flames were either
under control or completely extinguished. Com-
modity was stacked in a 3 x 3 palletized array,
to varying heights (2, 3, or 4 high), and protected
with varying sprinkler types and densities.

The relieving-style closures were successful
at mitigating the hazards associated with
overpressurizing drums during a fire. The
installed suppression systems were capable of
either extinguishing or controlling the fire for
the duration of the spill. A summary of the suc-
cessful protection configurations for the com-
modity tested is provided in Table 47.21.
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Table 47.21 Summary of heptane-palletized drum
storage tests [70]

Protection (nominal

Test Commodity  application rates)
2and3 3 x 3, 3 % AFFF at

2 high 12.3 L/min/m? (0.30 gpm/ft?)
5 3 x 3, ELO water-based at

2 high 24.6 L/min/m? (0.60 gpm/ft?)
7 3 x 3, ELO, 3 % AFFF at

3 high 18.5 L/min/m? (0.45 gpm/ft?)
8 3 x 3, ELO, 3 % AFFF at

4 high 24.6 L/min/m? (0.60 gpm/ft?)

The fuel spill rate (7.6 vs. 56.8 L/min) was
found to have a substantial impact on the fire
exposure of the drums. When taken in conjunc-
tion with the effect of the ignition scenario, the
fuel spill rate had a strong influence on the num-
ber of initial heads operating and on the duration
of the fire exposure. The ignition of the fuel
source also played a role in the number of
heads actuated during a test. The immediate igni-
tion of fuel (simulating a spill onto an existing
ignition source) resulted in a slower growing fire,
actuating fewer sprinkler heads. Alternately, an
ignition scenario where a 7.6 L spill was allowed
to develop prior to ignition resulted in the
actuation of four heads within the first minute
of fire exposure. A comparable test with the
immediate ignition scenario resulted in only
two heads operating in a time in excess of
2 min and 30 s. The involvement of fewer sprin-
kler heads and the prolonged fire exposure
implied that the immediate ignition provided a
more challenging scenario.

The AFFF system used in the test program was
successful in generating a good blanket of foam
within 1 to 2 min of actuation (depending on the
number of initial heads actuated). The foam qual-
ity was such that it was free to flow over drum
heads, providing cooling to the tops and sides of
drums, and forming a blanket at the floor to sup-
press pool fires. The foam system (in Tests
6 through 8) was also effective at limiting the
fire at the fuel introduction point, periodically
extinguishing the source. In general, by the time
fuel flow to the array was complete, the foam
system had suppressed all pool fires, leaving
only small pallet fires for manual suppression.
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An initial survey of closure obstruction versus
venting phenomenon indicated that there was
little or no effect on the obstruction of a plug
and its ability to vent. This is indicated by the low
number of drums that exhibited bulging during
tests. The bulging of a drum indicates an unusual
buildup of pressure. This phenomenon was not
consistent, even in drums where both closures
were obstructed. It was also noted that even
partial venting of either opening was sufficient
in reducing the pressure within the drum.

Drum deformation was recorded on a subjec-
tive basis. Typical deformation involved bulging
of the head of the drum by 1.2 to 2.5 cm (0.5 to
1.0 in.). In some cases, deformations were seen
on the order of 7.6 to 10.2 cm (3 to 4 in.) with
some unfurling of the head chime.

It is difficult to attribute the level of deforma-
tion with a corresponding internal pressure. Sev-
eral drums were deformed to a degree consistent
with hydrostatic pressures of 207 to 241 kPa
(30 to 35 psi); however, no pressures of this
magnitude were recorded. A possible reason for
higher levels of deformation at lower pressures
may lie in the exposed temperatures of the
drums. Several drums were subjected to uneven
heating. The uneven heating phenomenon is
present where a drum is located directly above
a pallet containing venting drums. This scenario
sets the subject drum over an isolated flame
source, heating it from below.

The results of these tests have been included
in the NFPA 30 protection criteria tables for
palletized steel drum storage up to four high
when protected using AFFF. The use of listed
relieving devices is recommended; the exact
details of this listing procedure are being
developed.

Liquid Spill and Container Storage Table 47.22
summarizes early closed-head AFFF sprinkler
testing on a flammable liquid spill [71]. In a
9.1-m (30-ft) high ceiling room, n-heptane was
discharged in a simulated spill to create a three-
dimensional spill and a two-dimensional pool
fire. Fuel spill rate was varied up to 113 L/min
(30 gpm). AFFF application rates were 4.5 to
12.3 L/min/m* (0.11 to 0.30 gpm/ft®). The



1694

Table 47.22 Closed-head sprinkler tests [71]

Nominal application
rate (L/min/m>[gpm/ft>])

Sprinkler temperature
rating (°C [°F])

71 (160) 45(0.11)
71 (160) 7.4 (0.18)
138 (280) 7.4 (0.18)
138 (280) 7.4 (0.18)
138 (280) 7.4 (0.18)
141 (286) 12.3 (0.30)

primary variables were the temperature rating of
the sprinkler and the application rate. Non-air-
aspirating sprinklers were used. The data show
that high-temperature-rated sprinklers, activated
at about the same time as ordinary temperature
sprinklers, controlled the fire in comparable
times (roughly 2 min control time), and resulted
in significantly fewer sprinklers operating (7 ver-
sus 32). An increase in application rate when
the high-temperature sprinklers were used
resulted in fewer heads operating, but did not
decrease overall control and extinguishment
time. Fires were controlled, but not totally
extinguished as a result of the three-dimensional
spill fire. These tests showed the advantage of
using high-temperature-rated sprinklers in AFFF
closed-head suppression systems.

In response to the concerns related to flamma-
ble liquid warehouse protection, the National
Fire Protection Research Foundation (NFPRF)
initiated the International Foam-Water Sprinkler
Research Project. The objectives were to docu-
ment the performance of foam-water sprinkler
systems designed for real-world storage and igni-
tion scenarios and provide a design basis and
minimum design parameters for foam-water

J.L. Scheffey

Total heads Sprinkler operation and
opened control times (min:s)

34 First sprinkler—0:27
Final sprinkler—1:01
3:50 Control time
32 First sprinkler—0:22
Final sprinkler—1:08
1:00 to 1:20 for knockdown
2:20 Control time
7 First sprinkler—0:33
Final sprinkler—0:531
1:50 Control time
15 First sprinkler—0:28
Final sprinkler—1:44
2:20 Control time
First sprinkler—0:22 to 0:24
Final sprinkler—1:03 to 1:13
2:00 Control time
10 First sprinkler—0:24
Final sprinkler—1:10
2:25 Control time

17to 19

sprinkler systems. Five tasks were performed,
including a literature search, range-finding tests,
and large-scale tests involving palletized and
rack storage of liquids.

The literature search identified over 1100
sources of information related to flammable lig-
uid fires and foam protection, but a dearth of
data related to water and foam-water sprinkler
suppression of liquid storage fires [72]. The
range-finding tests indicated that the Class IB
flammable liquids (heptane) provided a greater
challenge than water-miscible fuels (e.g.,
isopropanol) [73]. Breach of steel containers
exposed to a flammable liquid pool fire without
sprinkler protection occurred over a range of
times between 2 and 7.5 min, depending on the
particular type of container. Plastic containers
were quickly breached and discharged their
contents to the exposing pool fire.

Large-scale tests were conducted under an
8.2-m (27-ft) high ceiling at the Underwriters
Laboratories fire test facility in Northbrook, Illi-
nois [74]. A series of 14 fire tests involving the
protection of 3.8 and 18.9 L (1 and 5 gal) metal
and 18.9 L (5 gal) plastic containers filled with
heptane (Class IB flammable liquid) were
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conducted. The use of closed-head foam-water
sprinkler systems for the protection of these fuel
packages was investigated. Quantities of fuel
used in the fire tests varied from 605 to 7260 L
(1601920 gal); fuel storage densities ranged from
160 to 1907 L/m? (3.9-46.5 gal/ft®); and storage
heights ranged from 4.3 to 42.7 m (1.3-13 ft).
Each fire test was initiated using a 37.8 L (10 gal)
flammable liquid (heptane) spill, recognizing the
larger spill ignition scenarios observed in large-
loss fires.

Fire tests involving palletized storage of 3.8 L
(1 gal) metal F-style containers of heptane, pack-
aged four containers in a corrugated cardboard
carton, were conducted. The results indicated
that the 37.8 L (10 gal) flammable liquid spill
fire could be suppressed by a closed-head foam-
water sprinkler system at a 16.4 L/min/m? (0.40
gpm/ft?) design application rate for storage
heights up to 3.3 m (10.7 ft) under the 8.2 m
(27 ft) ceiling prior to any container breach or
fuel loss. Fires involving 18.9 L (5 gal) metal
containers of heptane could be suppressed by a
closed-head foam-water sprinkler system appli-
cation rate of 12.3 L/min/m? (0.30 gpm/ft®) for a
palletized storage height of up to 3.6 m (12 ft).
Plastic pour spouts in the 18.9 L (5 gal) tight-

head metal containers safely vented and
prevented container breaching.
Fires involving 189 L (5 gal) plastic

containers of heptane could not be suppressed
by a preprimed, closed-head foam-water
sprinkler system with an application rate of
12.3 L/min/m?* (0.30 gpm/ft*), where containers
were stacked one high (483 mm [19 in.]), due to
container breaching and flammable liquid spill-
age prior to foam-water discharge.

Rack-storage tests also conducted in the
NFPRF International Foam-Water Sprinkler
Research Project did not lead to conclusive
results [75].

Based on the results of the NFPRF foam-
water sprinkler testing, the FMRC original
AFFF drum testing, and engineering judgment/
extrapolation, the NFPA 30 Technical Commit-
tee adopted protection criteria for palletized
and rack storage of liquids in metal containers
when protected by AFFF. Variables that affect
the specific level of protection include container
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size, class of liquid stored, inclusion of exterior
packaging material, and storage height. Ceiling
application rates are on the order of
12.3-16.4 L/min/m* (0.30-0.40 gpm/ft*). Protec-
tion criteria shown in Table 47.23 are
recommended for palletized storage of small
containers that are nonrelieving style (i.e., do
not readily vent when exposed to fire). Addi-
tional criteria are included in NFPA 30 for
foam protection of palletized relieving-style
containers based on extrapolation of the NFPRF
data and engineering judgment. Where the haz-
ard involves a water-miscible fuel, an alcohol-
type foam should be used. The application rate
should be at least as great as the rate established
by foam listing requirements. AFFF solution
should be discharged when four sprinklers are
operating.

AFFF protection of flammable and combusti-
ble liquids should be used where large spills of
low flashpoint fuels are a realistic scenario. Other
protection options are available and have
recently been adopted or are currently being con-
sidered by NFPA 30 and the model building/fire
prevention codes. Designers of warehouse pro-
tection should have a thorough knowledge of
these criteria and the available test data (includ-
ing water-only protection) when considering
design options for the protection of stored com-
bustible and flammable liquids. Nugent [68] and
NFPA 30 provide detailed data and guidance for
water-only protection. Additional guidance for
warehouse protection is available from the Cen-
ter for Chemical Process Safety [76].

Foam Environmental Considerations

There has been increasing concern about the
consequences of the discharge of foam in the
environment. This concern affects the users of
foam, the manufacturers of foam agents, the fire
safety authority having jurisdiction, and environ-
mental authorities. The issue is not a new or
unique development but has received increased
notice as a result of increased attention to envi-
ronmental impact of fire-fighting agents.

Factors related to the impact of fire-fighting
foam on the environment include
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Table 47.23 AFFF sprinkler protection requirements in NFPA 30 for solid-pile and palletized storage of flammable
and combustible liquids in non-relieving-style metal containers of 18.9 L (5 gal) capacity or less

Package type

Class liquid

Application rate (L/min/m2 [gpm/ftz])
Area (m? [ft*])

Temperature rating (°C [°F])
Maximum spacing (m2/head [ftz/head])
Orifice size (mm [in.])

Maximum height (m [ft])

Hose (L/min [gpm])

Water supply duration (min)

Foam supply duration (min)

1. Discharge of foam solutions and fuel-
contaminated foam solutions to waterways
and the potential toxicity to aquatic life

2. Effects on water treatment facilities

3. Persistence and biodegradability of chemicals
in foam concentrates and solutions

4. Combustion products of fuel/foam solutions
In the United States, all fire-fighting foams are

regulated at some point during their life cycle,
and all have the potential to impact the environ-
ment. Fire-fighting foams have several intrinsic
properties that cause environmental impacts,
including foaming, oxygen demand, aquatic tox-
icity, biodegradability, and oil emulsification.
Because of these properties, fire-fighting foams
will impact surface water and groundwater if
released into the environment. If sent to a waste-
water treatment plant, they can cause disruption
of the plant, preventing sewage from being
treated and forcing the plant to discharge raw
sewage.

All fire-fighting foams have these properties
because they consist of ingredients that exhibit
these properties. The main ingredients in fire-
fighting foams are water, surfactants, solvents,
and other ingredients used to make the foam
work in a particular system or under specified
conditions. Some of these ingredients are specif-
ically listed in U.S. environmental laws because
of their environmental impacts (e.g., butyl
carbitol, dipropylene glycol methyl ether, ethyl-
ene glycol, etc.). Although it is easier to highlight
these as being regulated because they are specifi-
cally named, almost all of the ingredients in fire-

Cartoned Uncartoned
IB, IC, I 1B, IC, 11
16.4 (0.40) 12.3 (0.30)
186 (2000) 186 (2000)
141 (286) 141 (286)
9.3 (100) 9.3 (100)
13.3 (0.53) 12.5 or 13.3 (0.5 or 0.53)
34 (11 3.7(12)
1891 (500) 1891 (500)
120 120

15 15

fighting foams
properties.

The properties and ingredients of fire-fighting
foams make them subject to U.S. federal envi-
ronmental laws that regulate their manufacture,
storage, use, release, cleanup, remediation, and
disposal. These laws include the Clean Water
Act (CWA); Clean Air Act (CAA/CAAA-90);
Comprehensive Environmental Response, Com-
pensation, and Liability Act (CERCLA or
Superfund); the Superfund Amendments and
Reauthorization Act (SARA); the Emergency
Planning and Community Right-to-Know Act
(EPCRA); the Resource Conservation and
Recovery Act (RCRA); the Hazardous and
Solid Waste Amendments of 1984 (HSWA); the
Safe Drinking Water Act (SDWA); the Toxic
Substances Control Act (TSCA); and the
Uniform National Discharge Standard (UNDS).
These laws cover the entire life cycle of fire-
fighting foams from manufacture to final
disposition.

Whether foams are used in fixed facility
systems or on crash fire-rescue vehicles,
mitigating the environmental impacts is best
accomplished through careful planning and man-
agement. This forethought may include
engineered systems for capture and containment,
temporary containment equipment, improved
standard operating procedures, and other
measures. Simple substitution of one “environ-
mentally friendly” foam for another will not
eliminate environmental impacts. In order to
make the final decision to use any type of system

are regulated due to their
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for fire protection, it is essential to fully review
the fire and environmental risks and benefits of
using fire suppression chemicals and their
associated systems. The review should involve
both fire protection and environmental
professionals to ensure a balanced approach that
guarantees maximum fire protection and envi-
ronmental protection at the same time.

Fluorinated Surfactants

AFFF fire fighting agents contain fluorinated
surfactants (fluorosurfactants). They are key
ingredients that provide AFFF with the required
low surface tension and positive spreading coef-
ficient that enables film formation on top of
hydrocarbon fuels. This provides for superior
fire extinguishment capability as described
earlier.

Environmental regulators have investigated
AFFF chemicals for their persistence, tendency
to bioaccumulate, and toxicity (PTB). As part of
this  assessment  process, the  AFFF
manufacturing industry has formed a coalition
to represent the fire fighting foam industry’s
interests on all issues related to the environmen-
tal acceptability of AFFF agents. The Fire Fight-
ing Foam Coalition (FFFC) provides periodic
updates on the status and use of chemicals used
to create AFFF [77]. They note that the
chemicals used to produce fluorosurfactants can
be manufactured by different processes and have
different chemical structures. The fluorosur-
factants used in AFFF have historically been
produced from fluorochemicals manufactured
by two methods: electrochemical fluorination
and telomerization.

In 2002, the US manufacturer of fluorosur-
factants using the electrochemical fluorination
process voluntarily stopped production of a num-
ber of products including AFFF agents because
they contain and degrade into perfluorooctane
sulfonate (PFOS). PFOS is considered by envi-
ronmental authorities to be PBT. Regulations in
the United States, Canada, European Union,
Australia, and Japan act as a ban on new produc-
tion of PFOS-based products including foams.
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These regulations do not currently restrict the
use of existing stocks of PFOS-based foam in
the US, Australia, or Japan. In the EU and
Canada, existing stocks of PFOS-based foam
must be removed from service over a set time
period. A general overview of this regulatory
restriction on PFOS in the US is available in the
general fire service literature [78].

Other AFFF agents contain telomer-based
fluorosurfactants. Telomer-based AFFF agents
do not contain or break down into PFOS.
Telomer-based AFFF agents are not made with
any chemicals that are currently considered by
environmental authorities to be PBT. The US
Environmental Protection Agency (EPA) has
indicated that some telomer-based
fluorochemicals can break down in the environ-
ment into perfluorooctanoic acid (PFOA) or
other perfluorocarboxylic acids (PFCAs). EPA’s
concern is focused on long-chain perfluorinated
chemicals (LCPFCs) containing eight carbons or
more (C8, C10, C12). Existing data shows that
shorter-chain compounds (C6 and below) have a
lower potential for toxicity and bioaccumulation.
Under an EPA  stewardship  program,
fluorochemical manufacturers have voluntarily
agreed to reduce both plant emissions and prod-
uct content of PFOA, PFOA precursors, and
related chemicals. This will result in the refor-
mulation of many existing telomer-based AFFF
agents.

The restrictions on the manufacture and use of
AFFF has resulted in industry creating a new
class of foams, “fluorine-free” foam. Preliminary
test data show that these non-film forming foams
take longer to extinguish fires compared to AFFF
[79], but have better fire extinguishing perfor-
mance than protein or fluoroprotein foams. This
is not surprising since the fluorosurfactants used
to create the “film” in AFFF have been
eliminated. Users may be faced with trade-offs
in selecting foams for fire performance and envi-
ronmental impact. If reduced fire extinguishing
performance must be accepted for lower environ-
mental impact, priorities for protecting hazards
may have to be established. An example meth-
odology has been published by the
U.S. Navy [80].
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Perspective on the Use of Foam Agents

In order to assess the impact of foam on the
environment, the likely scenarios under which
AFFF may be discharged should be considered.
Based on these scenarios, the overall impact can
be assessed and, where appropriate, potential
mitigation strategies can then be developed.
Likely scenarios include uncontrolled fires,
potential hazardous situations, fire-fighting train-
ing evolutions, and fixed or mobile vehicle sup-
pression system discharge testing.

Uncontrolled Fires There are many fires for
which foam may be used, including flammable
liquid storage, process industry protection, avia-
tion protection, and marine applications. For
most fires, the elimination of foam as a suppres-
sion agent results in the potential for dramatically
increased environmental impact. This impact
results from the potential increase in hydrocar-
bon fuel effluent to the environment (due to
smoke from uncontrolled burning and fuel/fire-
fighting water effluent). Consider the example
shown in Fig. 47.22. A 929 m? (10,000 ft%)
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section of a warehouse containing combustible
and flammable liquids may be protected using
traditional water sprinklers discharging at a rate
of 12.3 L/min/m* (0.30 gpm/ft®). If these
sprinklers fail to control a large spill fire, the
fire may develop and spread past the design
area of the sprinklers. The example assumes the
fire is contained within the fire wall; this may not
always be the case for high-challenge fires. If the
fire department aggressively combats the fire, a
rough estimate of fire-fighting water that may be
used is 15 to 50 times the minimum anticipated
agent required for suppression [6, 81, 82]. A
rough estimate of the potential fuel-contaminated
effluent (neglecting the actual quantities of
hydrocarbon liquid) is shown in Fig. 47.22. In
the alternative situation, a properly specified
foam-water sprinkler system designed for a
high degree of reliability can control or suppress
the fire. Using application rates and discharge
times based on recent tests and building code
requirements, the anticipated fuel/foam-water
effluent for this scenario can be estimated (see
Fig. 47.22). The use of the foam-water system
reduces the potential effluent by a factor of

Warehouse storing flammable and combustible liquids

= 929m?
= (10,000 ft2)

= @

Design basis—water

Design basis—foam

Sprinklers

12.3 L/min/m2 (0.3 gpm/ft2) x 279 m2 (3000 ft2)
x 2 hr

= 408,348 L (108,000 gal)

Hose stream

1891 L/min (500 gpm) x 2 hr
= 226,890 L (60,000 gal)

Total 635,208 L (168,000 gal)

If water sprinklers are inadequate,
the potential water used can be estimated

12.3 L/min/m2 (0.3 gpm/ft2) x 929 m2 (10,000 ft2)
x 2 hours (estimate of suppression time)

= 1,361,160 L (360,000 gal)

Multiply this times an “efficiency factor” of 35
=48 L (12.6 gal) x 106

Sprinklers

16.4 L/min/m2 (0.4 gpm/ft2) x 186 m2 (2000 ft2)
x 15 hr

= 45,372 L (12,000 gal)

Hose stream

1891 L/min (500 gpm) x 30 min
=56,715 L (15,000 gal)

Total 102,087 L (27,000 gal)

Fig. 47.22 Example of potential effluent from flammable liquid warehouse fire
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nearly 500 compared to the “unsuccessful” water
sprinkler scenario where handlines are used. This
reduction neglects the impact of smoke
discharged to the atmosphere during the uncon-
trolled burning in the water-only scenario.

In some cases, it may be possible to collect the
effluent from an uncontrolled fire. In other
situations, it may not be possible. Any foam
solution that has been used in fire suppression is
likely to be contaminated with fuel and diluted
with water.

Potential Hazardous Situations Potential haz-
ardous situations may result from a fuel spill
where there is a likely ignition source. In this
situation, foam may be applied for ignition pre-
vention. The potential impact of ignition and
resulting uncontrolled fire must be assessed
against the potential additional environmental
impact by discharging foam for ignition preven-
tion. The potential environmental effects from an
uncontrolled fire should be considered as
described in the previous text. Another consider-
ation is the assessment of any additional impact
of foam when applied to a fuel spill. For exam-
ple, would the resulting fuel with foam have any
greater impact on the environment than the fuel
alone? If so, how is this impact quantitatively
determined?

Training Evolutions Fire-fighting training is
usually conducted under conditions conducive
to collection of fuel, water, and foam. A separa-
tion process might be used to recover fuel.
Water/foam solution may then be treated or
reused. Alternatively, simulated hydrocarbon
fuel spill scenarios might be used, with a
simulated foam agent. Propane-fired burners are
typically used. The disadvantage of these
systems is the potential loss of realism of the
simulated  fire/agent  interaction. = These
techniques may potentially reduce training effec-
tiveness. Quantitative comparisons have not been
performed to assess these differences.

System Discharge Testing Facilities protected
by foam systems may have containment systems
that can hold effluent. Requirements for these
containment systems are becoming more
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widespread in model building and fire codes.

An alternative to discharge testing with foam is

the use of a simulant that can be measured using

concentration determination methods. For exam-
ple, salt solutions can be used as the “concen-
trate” to test AFFF systems, with the simulant
concentration measured using the conductivity
method. Simulators may be more difficult to use
for protein-based systems, where viscosity
factors influence proportioning system accuracy.

Because of their persistent nature, NFPA

11 recommends that emissions of fluorochemical

surfactants to the environment be minimized

whenever possible using the following
techniques:

1. Use training foams that do not contain
fluorochemical surfactants.

2. Provide for containment, treatment,
proper disposal of foam discharges.

3. Follow applicable industry standards on the
design, installation, and maintenance of foam
systems and extinguishers.

4. Minimize false discharges from fixed foam
systems by wusing approved detection,
actuation, and control systems as required by
industry standards.

5. When appropriate consider treating collected
wastewater with granular activated carbon
(GAC) or a membrane process such as reverse
osmosis to remove the fluorochemical
surfactants prior to disposal.

and

Methods of Assessment

Biodegradability The primary component of
AFFF solution is water. Examples of other
components are nonfluorinated surfactants, glycol
ethers, and fluorinated surfactants. Freeze-
resistant concentrate may contain ethylene or pro-
pylene glycol. Alcohol-type foams contain
xanthan or similar gums. The fluorinated
surfactants are particularly resistant to biodegra-
dation. Further, the less-effective protein-based
foams were largely assumed to be nonpolluting
because of their “natural” organic base. An early
review of the available literature by Factory
Mutual Research Corporation indicated that both
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types of agents, that is, AFFF and protein-based,
present inherent environmental issues and that
effluents containing either should be processed in
some form of sewage treatment facility or diluted
prior to discharge into a stream [47].

A conventional method used to determine the
biodegradability of a material is comparison of
the chemical oxygen demand (COD) of the mate-
rial with its biological oxygen demand (BOD).
This method is particularly important for waste
treatment facilities where the stability of the
treatment process may be upset. The method
typically used is specified in Standard Methods
for the Examination of Water and Wastewater
[83]. BOD measures the amount of oxygen con-
sumed by microorganisms in breaking down a
hydrocarbon. COD measures the maximum
amount of oxygen that could theoretically be
consumed by microorganisms. Therefore, a
BOD/COD ratio is representative of the ability
of microorganisms to biodegrade the components
in a foam. The higher the BOD/COD ratio, the
more biodegradable the foam. Results reported
for BOD/COD of AFFF range from 0.60 to 0.99.
MIL-F-24385 requires a maximum COD of
500,000 mg/l and a minimum 20-day BOD/COD
ratio of 0.65 for 6 % concentrate. AFFF agents
have been reported to have higher BOD and COD
values than protein foams. [47] AFFF solutions
are high-BOD materials compared to the normal
influent to treatment plants. Large quantities can
“shock load” wastewater treatment facilities.

The fluorochemical-based surfactants in
AFFF have a carbon—fluorine chain that appar-
ently does not break down in either the BOD or
the COD test. The AFFF might then appear to be
completely “biodegradable,” even though the
carbon-fluorine chain remains.

If nonbiodegradability concerns are based on
the persistence of the fluorochemical surfactants,
then the environmental impact tests currently
used to assess foams do not address this concern.
There is speculation that the undegradable mate-
rial is biologically inert, but no published data
confirm this. Because the fluorinated surfactants
are required to create surface-tension reduction
of the solution, replacement with less persistent
chemicals is problematic. There is a need for a
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more thorough understanding and testing related
to the environmental impact of fluorosurfactants
and possible alternatives.

The persistence of fluorosurfactants in soil
has been quantified in a study of fire-training
facilities [84]. In a study of training sites
having long-term use, perfluorocarboxylates
were detected using gas chromatography/mass
spectrometry. These chemicals were detected at
sites that were inactive for a period of 7-10
years. The results are consistent with the view
that biodegradation of the long chain per-
fluorocarbon is unlikely. The influence of the
perfluorinated compounds on the biotransforma-
tion and transport of other cocontaminants
(e.g., training fuel) and other site characterization
parameters (e.g., dissolved organic carbon and
inorganics) is unknown.

Methods for detecting AFFF in aqueous
solutions have been investigated [85]. A Fourier
Transform Infrared Spectroscopy (FTIR) method
and drain-time test were found to be effective in
evaluating the level of AFFF contamination in
wastewater and soil. The drain-time method was
proposed as a simple, easy-to-use field test.
Using these methods, procedures were developed
to estimate AFFF contamination levels in waste-
water and soil. Analysis of wastewater and
soil for AFFF contamination was broken into
two groups: nonbiodegraded samples and
biodegraded samples. Nonbiodegraded samples
were screened for AFFF, then analyzed further
if deemed necessary. Samples were initially
screened using the drain-time test. Samples with
no drain time contain less than a 1:240 dilution of
AFFF (5 ppm of fluorosurfactant). If the sample
had a drain time, it was recommended that the
FTIR analysis be performed on the sample. In
solutions with fluorosurfactants, FTIR analysis
can provide a quantitative level of AFFF in the
sample if the fluorosurfactant source solution is
available to develop a calibration curve. Other-
wise, FTIR provides a qualitative estimate of the
AFFF level in the solution.

Biodegraded wastewater samples were diffi-
cult to analyze because the hydrocarbon
surfactants and a portion of the fluorosurfactant
molecule were degraded. With these foam-
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making constituents degraded, the drain-time test
results were found to be unreliable. However, the
fluorine-carbon tail of the fluorosurfactant is not
biodegraded, making FTIR analysis on
biodegraded samples possible. With biodegraded
samples, FTIR analysis can provide a qualitative
measure of AFFF levels.

Toxicity In sufficient concentrations, foams may
affect aquatic life. A number of fish toxicity stud-
ies have been performed. In tests using fathead
minnows, the U.S. Air Force found that these fish
could live in a simulated effluent stream
containing 250 ppm AFFF without fatality for up
to 8 days. LCso values (i.e., the concentration
causing deaths of 50 % of the fish exposed) at
96 and 24 h were 398 and 650 ppm, respectively
[86]. MIL-F-24385 requires AFFF toxicity testing
in accordance with ASTM E729, using dynamic
procedures with killifish. LCsq of 1000 mg/1 for
6 % concentrate is permitted.

Alone, these values may be considered as
having a low degree of fish toxicity using envi-
ronmental regulation rating scales. Localized
concentrations in ponds or streams may exceed
the values cited, if there is limited water
movement.

Published data do not exist for the
phytotoxicity of foam solutions; however, there
have been no published reports of plant kills
resulting from foam solution discharges.

Manufacturers report that thermal decomposi-
tion products from AFFF do not present a health
hazard during fire fighting. Again, there are no
data published in the literature. Manufacturers’
product environmental data for AFFF include
references to a test where a layer of AFFF was
burned in a pan of gasoline inside an enclosure.
Two measurements of hydrogen fluoride recorded
above the sample were 0.23 and 0.16 ppm [87].

Foaming and Emulsification of Fuels The
surfactants in AFFF solutions can cause foaming
in treatment aeration ponds. This foaming pro-
cess may suspend high BOD solids in the foam.
If these are carried over to the outfall of the
treatment facility, nutrient loading in the outfall
waterway may result. Foam aeration may also
cause foam bubble backup in sewer lines.
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In uncontrolled fires, spills, and live fire-
training scenarios, foams may contain suspended
fuels. The fuel may become emulsified in the
foam-water solution.

A bench-scale study has been conducted to
evaluate the potential inhibitory effects of
untreated AFFF wastewater on the biological
nutrient removal process [88]. In this study,
bench-scale reactors simulating the nitrification
process were loaded at various AFFF
concentrations, and the influence on process per-
formance was evaluated. The results indicated
that AFFF in concentrations between 10 and
60 ppm did not show any inhibition to biological
nitrification, and effluent did not exhibit any
pass-through toxicity. These range-finding tests
did indicate that nitrification inhibition did
occur above 60 ppm AFFF. Some reductions in
percent COD removal were observed as AFFF
concentrations were increased.

Mitigation Strategies

Foam discharges are more easily handled where
there is an in-place collection capability. This
situation may be available at warehouses, tank
farms, and fire-fighting training facilities. Where
these facilities are not available, temporary dik-
ing is an alternative where time and resources
permit.

Investigations have been conducted to
develop foam-water separators using aeration
and agitation techniques. To date, these
techniques have not been optimized.

Discharge to water treatment facilities is
recommended by many foam vendors when the
solution is uncontaminated by fuel. Metering or
dilution may be required to prevent levels of
foam that will upset treatment facility reactions
or cause excessive foaming. The use of
defoamers to reduce aeration has been suggested.

Where fuels contaminate foam solutions, fuel-
water separators might be used to skim off the
hydrocarbon fuel. AFFF solutions have a ten-
dency to form emulsions with fuels, potentially
reducing the effectiveness of fuel-water
separators. An alternative is to hold the solution
in a pond or tank until the emulsion breaks and
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the separation process can be used. Agitation
should be avoided to prevent the emulsion from
reforming. In some situations (e.g., training), the
fuel and treated water have been reused. Many
fire training facilities collect foam solution for
ultimate discharge to water treatment facilities.

To ensure that unbalanced conditions do not
occur in water treatment facilities, foam dis-
charge should be carefully monitored. Different
ranges of discharge rates have been suggested.
This is an area requiring further investigation.
Manufacturers of the foam solution should be
consulted in conjunction with the wastewater
treatment operator.

The entire area of environmental aspects of
foam discharge requires additional evaluation
and development of generally recognized guid-
ance. Until generally recognized guidance is
promulgated, users must rely on manufacturers’
data and guidance. In all situations, discussions
with the operator of the wastewater treatment
facility and the environmental regulatory
authorities are appropriate. Work is continuing
in an effort to identify appropriate policy and
criteria covering foam discharge for facilities
having foam suppression systems. These efforts
are focusing on identifying applicable codes
and standards, analyzing environmental impact,
and evaluating containment options.

Nomenclature

AFFF % gmpie  percentage of AFFF present in
the sample

®foam absorptivity of foam

BOD biological oxygen demand
(mg/l)

Ya surface tension of liquid
a (dynes/cm)

b surface tension of liquid
b (dynes/cm)

Yi interfacial tension between
liquids a and b (dynes/cm)

COD chemical oxygen demand
(mg/l)

ER expansion ratio

AH, combined latent and sensible

heads of vaporization (kJ/kg)
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viscous boundary layer thick-
ness (cm)

conductance (mhos)
acceleration of gravity (cm/s?)
foam thickness

critical thickness of the foam

layer
angle of incidence
foam spreading coefficient,

dimensionless or nozzle coeffi-
cient (L/min/kPa”)
foam drainage
dimensionless
foam evaporation coefficient,
dimensionless

length of foam spread
refractive index, dimensionless
viscosity (cmz/s)

foam addition rate

fuel mass loss rate

foam mass loss due to drainage
foam loss rate due to drop-out
foam mass loss rate due to
vaporization

milli siemens

kinetic viscosity (cmz/s)
refractive index of water,
dimensionless

refractive index of foam solu-
tion, dimensionless

refractive index of foam con-
centrate, dimensionless

vapor pressure of fuel

fuel density (g/cm?)

foam density (g/cm?)

rate of heat transfer

rate of heat transfer due to
radiation

radiative heat release rate from
pool fire

resistance (ohms)

angle of refraction

spreading coefficient (dynes/
cm) or conductivity (mhos)
spreading coefficient between
liquids @ and b (dynes/cm)
temperature (°C)

time (s)

foam temperature (°C)

coefficient,
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11.

12.

13.
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T, fuel temperature (°C)

14 volume (cm3 or 13)

Vg spreading velocity of foam
(cm/s)

Subscripts

add addition of foam

drain  drainage of foam

drop  drop-out of foam

rad radiation

vap vaporization

Superscripts

"

rate of change, as in 71
per unit area
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