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Abstract
An experimental program was conducted to assess the firefighting
capabilities (extinguishment and burnback times) of five commercially
available, Underwriters Laboratories listed (UL 162) Fluorine-Free
Foams (FFFs) (three Alcohol Resistant (AR) and two Hydrocarbon
approved (H)) and one short chain C6 Aqueous Film Forming Foam
(AFFF) formulation (for baseline) as a function of application rate
(gpm/ft2) and foam discharge density (gal/ft2) for a range of test
parameters including foam quality/aspiration (air- aspirated and non-airaspirated), fuel type (heptane, gasoline (MIL-SPEC and E10), and IPA),
water type (fresh and salt) and fuel temperature (ambient and elevated).
To summarize the results, the baseline C6 AR-AFFF demonstrated
consistent/superior firefighting capabilities throughout the entire test
program under all test conditions and test fuels. The FFFs did well
against heptane but struggled against some of the scenarios conducted
with IPA and gasoline (both MIL-SPEC and E10), especially when the
foam was discharged with a lower foam quality/aspiration. From an
application rate perspective, the FFFs typically required between
1.5 to 3 times the application rates to produce a comparable performance
as the baseline AR-AFFF for the range of parameters included in this
assessment. From an extinguishment density perspective, the
extinguishment densities for the FFFs were typically 2 - 7 times greater
than the baseline AR-AFFF and were determined to be both
manufacturer and fuel type dependent.
The three major findings of the study include: foam quality/aspiration
effects on the firefighting capabilities of FFFs, variations in
extinguishment difficulty associated with fuel type and variations in
capabilities between listed FFFs.

Introduction
There has been a significant shift in the emphasis on environment and
health concerns associated with legacy Class B firefighting foams.
The family of chemicals (i.e., fluorinated surfactants which are classified
as PFAS (Per- and Polyfluoroalkyl Substances)) contained in legacy
Aqueous Film Forming Foams (AFFF’s) are under significant health and
environmental scrutiny. International, Federal, State and Local
jurisdictions are limiting the use of legacy AFFFs as a result of these
concerns. This has led to the development and implementation of new
fluorine-free formulations and products.
To provide data/guidance for foam system application standards
(i.e., NFPA 11 [1]), an experimental program was conducted to assess
the firefighting capabilities of fluorine-free, Class B firefighting foams on
fires involving hydrocarbon and alcohol-based fuels. The objectives of
this study were to determine the fire extinguishment and burnback times
for five, Underwriters Laboratories (UL) Listed [2], Fluorine-Free Foams
(FFFs) and one short chain C6 Aqueous Film-Forming Foam (AFFF)
formulation (for baseline) as a function of application rate (gpm/ft2) and
foam discharge density (gal/ft2) for a range of test parameters including
foam quality/aspiration, fuel type, water type, and fuel temperature.
A summary of the program is provided in the following sections.
Program Description
The assessment was conducted as a blind study where the foams were
given generic names and the manufacturers of the foams were not
identified. The experimental approach consisted of conducting
a parametric assessment of the critical variables that could affect the fire
protection performance of new foam formulations using the Underwriters
Laboratories UL 162 – Standard Foam Equipment and Liquid
Concentrates as the basis for the investigation [2]. Per UL 162, FFFs fall
under the broad category of “Synthetic (S)” Foams. UL 162 defines
a “Synthetic” foam as one that has a chemical base other than a
fluorinated surfactant or hydrolyzed protein. Since UL 162 was used as
the basis of this assessment, the test parameters for “Synthetic” foams
were used when assessing the capabilities of the FFFs.
The variables assessed during this program included the following:


Two Discharge Types
a. UL Type II with polar solvents
b. UL Type III with hydrocarbon-based fuel (limited IPA testing)



Six Foam Types (all UL Listed)
a. One Alcohol Resistant (AR) C6 AFFF (AR-AFFF)
b. Three Alcohol Resistant FFFs (AR-FFF1, AR-FFF2, and
AR-FFF3)
c. Two Hydrocarbon listed FFFs (H-FFF1 & H-FFF2)



Four Fuel Types
a. Heptane
b. MIL-SPEC Gasoline (Unleaded, 0% ethanol by volume,
87 Octane)
c. E10 Gasoline (Unleaded, 10% ethanol by volume,
88 Octane)
d. Isopropyl Alcohol (IPA)



Fuel/Ambient Temperature
a) Low Ambient Temperature 60 F
b) High Ambient Temperature 85 F



Discharge densities to three discharge densities varied by 25 %
increments



Two Water Types
a. Freshwater
b. Saltwater



Two Foam Qualities
a. Lower Aspiration (3 - 4 expansion)
b. Higher Aspiration (7 - 8 expansion)

The tests were conducted in two series. The first test series (Series I)
focused on assessing the capabilities of these foams at a representative
lower foam quality/aspiration (foam quality representative of a nonaspirating discharge device). The second series (Series II) was added
to re-assess the foams at a representative higher foam quality/aspiration
(foam quality representative of an aspirating discharge device). During
both test series, the foam was applied at the minimal rate required for
approval testing and does not include the factors of safety used in NFPA
11 design requirements. The application rates were intentionally varied
during this assessment to identify the pass/fail point (i.e., the critical
application rate).
Test Description
The assessment was conducted on “approval scale” size fires (i.e., 50 ft
2 pan / pool fires) using two types of application: UL Type II with polar
solvents and UL Type III with the hydrocarbon-based fuels. During the
Type II tests, the nozzle was fixed and positioned/aimed such that the
spray impacted a backboard located on the opposite side of the pan
(indirect application). During the Type III tests, the foam was manually
applied directly onto the fuel surface.
Photographs of the two types of tests are provided as Figure 1 below.

Fig. 1. Test Configurations.
Most of the tests were conducted using the UNI 86 nozzle in a variety
of configurations to produce the required flow rates and foam
qualities/aspiration. The flow rates ranged from 1.5 gpm to 9 gpm
depending on the foam concentrate, test fuel and test configuration
(i.e., Type II versus Type III). The aspiration was varied by changing
the barrel length as well as through the addition (and blocking) of the
aspirating holes built into the nozzle. Specifically, adding holes
or increasing the hole size increased the aspiration/expansion ratio of
the foam while partially blocking the existing holes decreased the
aspiration / expansion ratio of the foam.
The firefighters that manually extinguished the fires during the Type III
tests were highly experienced having conducted literally thousands
of this type of test in the past. During the first two days of testing
(not reported in the results), the two firefighters worked together
to develop a consistent technique for fighting these fires. This minimized
the affect/difference that the specific firefighter and firefighting technique
had on the results of the test.
Results
One hundred sixty-five tests were conducted during this assessment.
As a general comparison between the legacy AFFF and the new FFFs,
the baseline C6 AR-AFFF demonstrated consistent/superior firefighting
capabilities through the entire test program under all test conditions and
test fuels. The FFFs did well against heptane but struggled against some
of the scenarios conducted with IPA and gasoline (both MIL-SPEC and
E10), especially when the foam was discharged with a lower foam
quality/aspiration. From an application rate perspective, the FFFs
typically required between 1.5 to 3 times the application rates to produce
comparable performance as the base- line AR-AFFF for the range
of parameters included in this assessment. From an extinguishment
density perspective, the extinguishment densities for the FFFs were
typically 2 - 7 times greater than the baseline AR-AFFF and were
determined to be both manufacturer and fuel type dependent.

The three major findings associated with the capabilities of FFFs include:
foam quality/aspiration effects on the firefighting capabilities of the FFFs,
variations in extinguishment difficulty associated with fuel type and
variations in capabilities between listed FFFs in general. The test results
and analysis associated with these findings are summarized in the
following sections.
Foam Quality / Aspiration
Foam quality/aspiration was shown to be a key parameter in FFF
firefighting performance. The lower aspirated foams required between
20 – 80 % more solution to extinguish the fire (i.e., extinguishment
densities) than the higher aspirated foams, and in many cases, required
higher application rates. The effects of foam quality/aspiration had
a greater impact on the alcohol-resistant FFFs (requiring 40 – 80 % more)
than the FFFs approved strictly for hydrocarbon fuels (requiring
20 – 30 % more). In addition, the alcohol-resistant FFFs also required
a higher application rate (50 % higher) than the FFFs approved strictly
for hydrocarbon fuels for scenarios conducted with lower aspirated
foams. As an example of these differences, the minimum application
rates and measured extinguishment densities for the fires conducted with
MIL-SPEC gasoline are shown in Table 1 below. The extinguishment
densities are also plotted in Figure 2 for the tests conducted using
freshwater to make the foam solution.
Table 1. Foam Quality/Aspiration Comparison.

Foam

Test
Type

Fuel
Type

Lower
Aspiration (3-4 Higher Aspiration
expansion)
(7-8 expansion)
App.
Ext
App.
Ext
Water Rate Density Rate
Density
Type gpm/ft2 gal/ft2 gpm/ft2 gal/ft2

AR-FFF1 Type III MIL-SPEC Fresh

0.09

0.450

0.06

0.250

AR-FFF1 Type III MIL-SPEC

0.09

0.375

0.06

0.260

AR-FFF2 Type III MIL-SPEC Fresh

Salt

0.09

0.390

0.06

0.255

AR-FFF2 Type III MIL-SPEC

0.09

0.375

0.06

0.270

Salt

H-FFF1

Type III MIL-SPEC Fresh

0.06

0.165

0.06

0.150

H-FFF1

Type III MIL-SPEC

0.06

0.290

0.06

0.210

H-FFF2

Type III MIL-SPEC Fresh

0.06

0.187

0.06

0.160

Salt

Fig. 2. Foam Quality/Aspiration Comparison (MIL-SPEC Gasoline and
Freshwater).
Fuel Type/Extinguishment Difficulty
The firefighting capabilities of the FFFs varied significantly between the
test fuels with some fuels being much more difficult to extinguish than
others. Heptane (the fuel used in the UL approval/listing process) was
shown to be the easiest to extinguish. MIL-SPEC gasoline was shown
to be twice as hard to extinguish as heptane, E10 gasoline is twice as
hard as MIL-SPEC gasoline (four times as hard as heptane) and IPA is
twice as hard as E10 gasoline (eight times as hard as heptane), all based
on extinguishment densities (i.e., gal/ft2 required to extinguish the fire).
It was also observed that IPA could not be extinguished by directly
applying the foam onto the fuel surface but rather required an indirect
attack (bouncing off the pan sides) to be effective.
To demonstrate these differences, the minimum application rates and
measured extinguishment densities for the tests conducted with the
higher aspirated foam solutions made with freshwater are shown in
Table 2 below for each of the four test fuels. The extinguishment densities
are also plotted in Figure 3 for the hydrocarbon-based fuels.

Table 2. Fuel Type Comparison (Higher Aspirated Foam/Freshwater).

NT – Not Tested

Fig. 3. Fuel Type and Agent Comparison (Higher Aspirated Foam /
Freshwater).
During a study conducted for the FAA in the mid-90s, the firefighting
capabilities (control and extinguishment times) of foam extinguishing
agents were typically shown to follow an “L Curve” [4]. An example
L curve is shown in Figure 4.

Fig. 4. Typical Capabilities L Curve.

The shape of the curve is directly associated with the extinguishment
mechanisms. As a simple explanation of the curve (moving from right to
left on the figure), when the foam is applied at a high rate, the fire
is quickly controlled and extinguished. This is illustrated by the right side
of the plot where the performance levels off even though the foam
is being applied at higher rates. As the application rate is reduced, the
times tend to increase as the rate approaches a critical value.
Specifically, the times asymptotically approach the rate where the foam
is being consumed by the fire as fast as it is being applied. In the plot
above (Figure 4), this asymptotic value is approximately 0.03 gpm/ft2.
For the FFFs in general, the firefighting capabilities of the foams varied
from manufacturer to manufacturer making it difficult to develop “generic”
design requirements. This may also be the case with AFFFs but only one
was tested during this program (i.e., no data to assess variability).
When comparing capabilities of the types of FFFs, the H-FFFs typically
out-performed the AR-FFFs requiring a 30 % reduced application rate
to achieve comparable performance. “L” curves illustrating the
capabilities of the foam types against hydrocarbon fires (i.e., all three
hydrocarbon-based fuels) as a function of application rate are shown in
Figure 5 for higher quality/air aspirated foam.

Fig. 5. Foam Type Capabilities Comparison (hydrocarbon fuels and
aspirated foam).

With respect to elevated fuel temperatures, the results were consistent
over the range in ambient/fuel temperatures included in this assessment.
With that said, it is understood that fires involving boiling flammable
liquids are much harder to extinguish than fires that are combatted prior
to the transition into boiling. The type of water (i.e., freshwater versus
saltwater) was also shown to have a minimal effect on the firefighting
capabilities of the FFFs and varied between foams/foam manufacturers.
These minimal differences are shown in Table 3 below.
Table 3. Fuel Temperature and Water Type Comparison (Type III, MILSPEC, Higher Aspirated Foam).
48o - 66oF

82o- 93oF

Foam

Water
Type

Cont.
Flow Rate Time

Ext.
Time

Cont.
Time

Ext.
Time

AR-FFF1

Fresh

3.75 gpm

0:50

3:30

1:00

2:50

AR-FFF1

Salt

3.75 gpm

1:00

3:15

1:00

2:55

AR-FFF2

Fresh

3.75 gpm

1:15

3:45

1:00

3:45

AR-FFF2

Salt

3.75 gpm

1:10

3:40

1:05

3:25

AR-FFF3

Fresh

3.75 gpm

0:45

3:20

1:05

3:40

FFF1

Fresh

3.0 gpm

0:45

2:30

1:00

3:05

FFF1

Salt

3.0 gpm

1:05

3:30

1:00

2:55

FFF2

Fresh

3.0 gpm

0:45

2:40

1:10

2:50

Summary and Path Forward
To summarize the results, the baseline C6 AR-AFFF demonstrated
consistent/superior firefighting capabilities through the entire test
program under all test conditions and test fuels.
The FFFs did well against heptane but struggled against some of the
scenarios conducted with IPA and gasoline (both MIL-SPEC and E10),
especially when the foam was discharged with a lower foam
quality/aspiration. From an application rate perspective, the FFFs
typically required between 1.5 to 3 times the application rates to produce
a comparable performance as the baseline AR-AFFF for the range
of parameters included in this assessment. From an extinguishment
density perspective, the extinguishment densities for the FFFs were
typically 2 - 7 times greater than the baseline AR-AFFF and were
determined to be both manufacturer and fuel type dependent.

The three major findings of the study with respect to FFFs include:
1. Foam quality/aspiration is a key parameter in FFF firefighting
performance. Specifically, the firefighting capabilities decrease
rapidly with lower aspirated FFF solutions.
2. The firefighting capabilities of the FFFs varied significantly
between the test fuels with some fuels being much more difficult to
extinguish than others (i.e., gasoline was much more difficult than
the standard test fuel (heptane). And,
3. The firefighting capabilities of the FFFs varied from manufacturer
to manufacturer even though they were listed to the same standard
(i.e., UL 162).
Since the industry is shifting away from the use of fluorochemical
surfactants for firefighting foams, tests need to be developed to verify the
composition of the foams (specifically fluorochemical surfactant content).
With that said, it would be advantageous if the environmental community
could work hand-in-hand with the fire protection community to help field
an environmentally friendly foam that will not be scrutinized in the future
due to other unforeseen concerns (i.e., minimize the likelihood for regret
of transitioning to a new formulation or class of foams).
Going forward, NFPA 11 has defined a new class or group of foams
referred to as Synthetic Fluorine Free Foams (SFFF). Prior to developing
the design and deployment guidance of this new class of foams, the
approval tests need to be expanded to include some of the issues
identified during this program. At a minimum, the protocol needs to revisit
using heptane as a surrogate for all hydrocarbon fuels and should
consider developing a hydrocarbon fuel list similar to that provided for
polar solvents. The ultimate goal is to ensure an adequate level of
performance over a wider range of conditions than currently provided
using heptane alone. If this can be achieved, then, design and
deployment guidance can be developed for the “class” as a whole. If the
capabilities cannot be homogenized, then the industry may be forced
to consider agent/fuel specific requirements. Until this time, is imperative
that these new FFFs (SFFFs per NFPA 11) be deployed using listed
hardware (proportioners (due to the highly viscous nature of some of the
FFF concentrates) and discharge devices (due to the need to produce
good foam quality/aspirated foam)) and strictly within the listed
parameters.
In conclusion, the results of this study provide a preliminary
understanding of the capabilities and limitations of FFFs but there is still
a lot more to learn. As of today, FFFs are not a “drop-in” replacement for
AFFF. However, some can be made to perform effectively as an AFFF
alternative with proper testing and design (i.e., with higher application
rates/densities and air-aspirating nozzles).
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