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SUMMARY

The paper describes a newly-developed compressed-air foam (CAF) system, based on an
overhead fixed-pipe installation, and presents results showing its fire suppression performance.
The CAF system generates foams by injecting compressed air into the flowing foam solution. The
resulting foam is characterized by excellent fire-mitigation properties. This is because com-
pressed-air foams, at the expansion ratios of between 1:4 tc 1:10, consist of very small and
uniform-in-size air bubbles. The system needs little water to operate and is able to provide
effective protection against Class A and B fires.

The system’s performance was compared to the performance of water mist and sprinkler-based
installations. The experiments confirmed that the CAF system is effective in suppressing Class
A and B fires. For the scenarios evaluated, the compressed-air system generated foams with
sufficient momentum to penetrate the fire plume and to reach the fuel surface. The experimental
results indicate that, in an open space, the foam system performs much better than water mist
in extinguishing wood crib and flammable liquid pool fires. In an enclosed space, both water mist
and compressed-air foam perform equally well against flammable liquid fires. The suppression
performance of the CAF system on large wood crib fires was much better than a sprinkler system.

I NTRODUCTION
The widespread application of overhead
fixed foam systems’ in industrial, mili-
tary, and civilian installations confirms
the fire extinction effectiveness of this

technology.2 Typical advantages of fixed
foam systems include rapid reaction time,
automatic operation, and low maintenance
costs (compared to supporting an on-site
fire brigade), as well as a low demand for
water.2,3 However, current fixed foam tech-
nology has some drawbacks. In the present
fixed foam systems, foam solution, which
is prepared by proportioning foam concen-
trate into flowing water, is discharged through
air-aspirated nozzles.4 The nozzles oper-
ate as mixing chambers, inducing turbu-
lent interaction between air and foam so-
lution. In the process, the kinetic energy
of the liquid stream is partly dissipated,
and the foam is characterized by low mo-

mentum, non-uniform distribution of bubbles
or cells, and low expansion ratio. The expansion
ratio (E) is defined as the following equa-
tion, at atmospheric pressure:

where ( Va ) is the volume of air and ( Vfs)
is the volume of foam solution itself. NFPA
11 provides standard procedures for tak-
ing foam samples as well as for construct-
ing foam sample collectors;5 see also other
NFPA, ISO, and UL standards.1-8

To effectively suppress fires, it is impor-
tant to deliver foams with high momen-
tum. This is especially important in the
case of high-ceiling storage warehouses
and hangars, where the injected foam needs
to penetrate fire plumes before reaching
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the seat of a fire. Usually, aspirated foams
possess insufficient momentum and are
blown away by ascending fire plumes. Another
disadvantage of aspirated foams is their
propensity to generate a wide distribution
of bubble sizes. This promotes inter-bubble
diffusion of air through foam films be-
cause of the higher pressure in smaller
than in larger bubbles. In other words,
smaller bubbles get smaller and larger
bubbles become even larger with time. This
phenomena decreases foam stability since
larger bubbles are less stable.

Compressed-air foam suppression systems
have been applied to the mitigation of wild-
land fires,9,lo and recently to suppression
of structural fires.3,11 The injection of the
compressed air into the water line con-
taining the foam solution produces a well-
entrained foam that can be projected a
considerable distance from the nozzle. It
has been shown that a CAF system can
provide rapid cooling and fire extinction
using less water than would be required
for traditional hose-stream techniques.3 3

The fire-suppression performance of over-
head fixed foam systems could be greatly
improved if compressed-air foams, rather
than foam solutions, were distributed through
piping networks and delivered to the fire
using special overhead nozzles. It was surmised
that compressed-air foams distributed from
a fixed system would possess better stabil-
ity with respect to drainage than aspi-
rated foams, since CAFs are characterized
by a narrow distribution of bubble sizes. It
was thought that less , energy would be

dissipated in the CAF system because it
does not require air entrainment, as in the
case of air-aspirated nozzles, and a CAF
would penetrate fire plumes better since
it has a substantial delivery momentum.
It was also suggested that fixed CAF sys-
tems would be more flexible than air-aspi-
rated installations ’since the foam expan-
sion ratios could be easily changed by adjusting
the flow rates of foam solution and com-

pressed air.

There is no published account of any pre-
vious attempt to design, construct, and

operate a fixed overhead CAF system. Technical
difficulties related to the degradation of
foams during transport at elevated pres-
sures (450-880 kPa abs) through a piping
system and manifolds prevented the suc-
cessful use of CAF technology in fixed systems.
Additional problems were associated with
the injection of compressed air into flowing
foam solution at balanced pressures to pro-
mote good mixing, and with the separation
of foam into air and foam solution due to the

impact of foam on traditional system com-
ponents such as sprinkler deflectors.

The present paper describes the success-
ful implementation of CAF technology in
a fixed piping system. The paper summa-
rizes the salient construction details of
the system, including foam generation and
delivery, and provides a comprehensive
set of results showing the effectiveness of
overhead CAF installations. The paper also

compares the fire suppression effective-
ness and extinction mechanisms of CAF
and water mist and sprinkler systems operated
in open space and in compartments.

TERMS AND DEFINITIONS
Foam expansion is related to a parameter
called air holdup (e), which is the volume
fraction of foam occupied by the gas, ac-
cording to the following expression:

The expansion ratio and the air holdup is
determined with respect to standard pres-
sure, i.e., 101.3 kPa. In situ, or at pipe
pressure, foams are characterized by the
so-called quality, which is the fraction of
foam occupied by the compressible gas at
some elevated pressure. The term quality
is useful for describing the rheology and
flow of compressed-air foams.12 At stan-
dard pressure, gas holdup and quality convey
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the same meaning. Throughout this pa-
per, foam expansion will be used exclu-
sively, since this terminology is predomi-
nant in the fire suppression literature.

CAF systems produce shaving-cream-like
foams which reflect uniform bubble distri-
bution for wet foams, and uniform cell
distribution for dry foams. Typically, bubbles
in the CAF are less than 50 11m in diameter
and differ in size by less than one order of
magnitude.13,14 On the other hand, foams
generated by air-aspirated nozzles have a
wide distribution of bubble sizes, often

spanning two or three orders of magni-
tude ; single bubbles could be up to a few
centimeters in diameter.

The difference in size among bubbles in
foams generated by air-aspirated systems
promotes diffusions from small to large
bubbles. (For foams with expansion ratios
above 1:4, the diffusion takes place be-
tween foam cells.) This is because the rate
of diffusion is proportional to the differ-
ence in pressures within foam bubbles. 15

Considering two bubbles, one small and
one large described by the radii rs and r,,
submerged in the foam solution, the pres-
sure difference follows from the Laplace
and Young laws

where y is the surface tension. As shown

by Lemlich, 15 the change in size of a single
bubble having a radius r depends on the
bubble-size Distribution function F(r,t),

where K is a proportionality constant which
incorporates AP, and

This relationship indicates that a large
variation in bubble sizes leads to larger
pressure differences, more vigorous diffu-
sion, and to coarsening of foam. The coars-
ening promotes foam decay, by inducing
increased drainage of foam solution from
thin films and from the so-called Plateau
borders (which are triangular in cross-

section and are formed at the boundary of
three neighboring thin films). A connected
network of Plateau borders serves as a

drainage system for water to leave a foam
blanket due to gravity. 17 A paper by Guraraj
et ail. 18 provides a comprehensive review of
recent literature on foam drainage.

The above discussion applies especially to
overhead fixed-foam systems. Foams de-
livered from such installations are used for
direct fire suppression, and it is important
that water drains slowly and does not run
away from the point of initial application.

EXPERIMENTAL SET-UP AND
PROCEDURES

Suppression Chambers

The aim of the experimental program en-
tailed testing the performance of the fixed
CAF system in open space and in compart-
ments. Open and enclosed spaces induce
different combustion regimes in fires, which
affect fire extinguishment. Fires in open
spaces have unconstrained access to oxy-
gen and are only limited by the amount of
available fuel. From the mitigation per-
spective, these fires are more difficult to
extinguish than fires in compartments. This
is because, in the compartment fire case,
the air may be depleted of oxygen, and the
initial application of water-based suppressants,
especially in the case of large fires, may
lead to the rapid evolution of water vapor
and subsequently to fire suffocation.

The first series of experiments was conducted
in a mobile test unit measuring 3.5 m x 3.1
m x 3.3 m. The chamber’s walls were con-
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structed from perforated steel to break up
the convective air currents without limit-

ing the ventilation rate, as illustrated in
Figure 1. The chamber simulated open-
space condition with unlimited ventila-
tion. A thermocouple tree, containing 6
thermocouples at 0.3 m intervals, was placed
above the center of the fuel with the low-
est thermocouple 1.5 m above the floor.
The thermocouples provided an indication
of fire control for experiments in which
full flame extinction was not achieved. In
order to estimate the mitigating effect of
fire suppression systems on the thermal
radiation hazards, three heat flux meters
were placed around the enclosure, as shown
in Figure 1 (see also Reference 19). Two
heat flux meters were located 1.7 m away
from the centerline of the fuel (Figure 1):
Heat Flux Meter #1 (HF1) at 1.7 m, and
Heat Flux Meter #2 (HF2) at 2.5 m above
the floor. Both HF1 and HF2 were mounted

horizontally to view the fire. Heat Flux
Meter #3 (HF3) was located directly above
the fuel facing downward. It was 2.5 m
above the floor.

The second series of tests was conducted
in a compartment whose geometry in plan
and side views is illustrated in Figures 2
and 3, respectively. The compartment was
6.1 m x 6.1 m x 3.2 m in size and had two
window openings, each 1.5 x 1.2 m and

separated by 0.25 m. The windows, located
1.5 m above the floor, allowed air to enter
the compartment by natural convection,
and no forced ventilation was provided.
The windows were instrumented with bi-
directional probes and thermocouples, to
measure the gas velocity and temperature
profiles in the window. These data were
useful in understanding the flow and tem-
perature fields which were established

during the pre-burn portions of the ex-

periments before the activation of the

suppression systems. The compartment also
had a 0.8 m by 1.9 m door opening. The
door was opened during the pre-burn pe-
riod, but was closed before the discharge
of suppression systems. The compartment
was instrumented with three thermocouple
trees, each containing four thermocouples.
The locations of the thermocouple trees
are shown in Figures 2 and 3.

Figure 1. Instrumentation Used in Experiments Performed in an Open-Space Type Suppression Chamber.



137

Figure 2. Geometry and Instrumentation of the Compart-
ment-Type Suppression Chamber; Plan View.

Figure 3. Side View of the Compartment Chamber, with
Instrumentation Locations.

Figure 4. Schematic Diagram of the NFL’s Oxygen
Consumption Calorimeter.

Oxygen Consumption Calorimetry

The combustion products generated in the
experiments were collected by a 2.4 x 3 m
canopy hood connected to a 15 m long, 0.56
m diameter exhaust duct. The canopy hood
was positioned either directly above the
perforated-steel suppression chamber (Figure
1) or above the compartment windows (Figure
3). Gas samples were withdrawn continu-
ously from the duct through two sampling
lines (Figure 4). Gas from the first line
was desiccated prior to analysis using
paramagnetic oxygen and infrared carbon
dioxide/carbon monoxide analyzers. Gas
from the second heated line was analyzed
using water vapor and total hydrocarbon
analyzers. The exhaust duct was equipped
with a pitot tube, thermocouples, and op-
tical smoke meters. No clogging of the pitot
tube by soot from the fires was observed.

The pitot tube and thermocouple readings
. in conjunction with the gas concentrations
were used to determine the rate of heat
release.2o-22

Fuel Type

Three types of fires were used in the tests:

heptane pool, diesel pool, and wood crib
fires. A 0.9 m diameter pan with a lip
height of 100 mm was used for the pool
fires. Wood cribs weighed 9.5 kg, had out-
side dimensions of 0.6 m by 0.6 m and 0.3
m, and were constructed from 40 mm by 40
mm pine sticks. Pans and cribs were placed
either on the floor or on the top of a 0.7 m

high support platform in the open space
fire tests. The nozzles were located 3 m

above the floor. In the compartment fire
tests, the fuel was always placed on the
floor at the center of the compartment, 3
m below the nozzles.

For the crib and the diesel pool fire tests,
the fires were allowed to burn for approxi-
mately 2 min before activation of the sup-
pression system, to allow the fire to reach
the fully-developed stage. This was veri-
fied by the heat release rate data. For the
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heptane pool fires, a 1 min pre-burn was
selected since the heptane pool fire reached
steady burning conditions more rapidly
than diesel fuel and wood cribs.

Generation of Compressed-Air Foam

Figure 5 shows a schematic diagram of the
compressed-air foam system. A distribu-
tion module contained control valves (for
adjusting water flow rates and air pres-
sures), flow meters, and an air-liquid mixing
chamber for foam production. The module
was connected to water and air supplies on
one side, and to a pipe leading to the nozzles
on the other side. Foam concentrate and

water were mixed in a vessel, which was
then pressurized to 680 kPa (gauge) with
air. The vessel was weighed before and
after the tests to determine the total quantity
of foam solution supplied to the nozzles.

A series of experiments was carried out
to gain an understanding of the role of
different parameters and their effect on
the development and breakdown of the
foam. Based on these tests, it was deter-
mined that the quantity and quality of
foams were affected by the geometry of
the mixer (type of air injection, length of
mixing zone), by the piping system (num-
ber of bends and manifolds), and by the
construction details of the foam-distribu-
tion nozzles.

Figure 5. Schematic Diagram of Compressed-Air-Foam
System.

An effective CAF system produces foam
consisting of similar-in-size bubbles, de-
livers the foam to nozzles without changes
in foam properties, and provides a means
of uniformly distributing foams over a

prescribed area. With respect to Figure 5,
a CAF system consists of three zones:

1. Air injection zone: Air is injected through
a small orifice into a larger diameter
stream of water, ensuring that the air
pressure can be maintained higher than
the water pressure, so that water does
not back up into the air line. This elimi-
nates the pulsations occurring in a large
diameter pipe if air and water pressures
are not balanced.

2. Development zone: After injection of air
into the stream of foam solution in the

mixer, foam flows through a segment of
flexible tubing, which acts as a foam im-
prover. The improver consists of a 10 m
long section of 25 mm diameter polypro-
pylene tubing. The non-regular but smooth
tube walls generate instabilities which
accelerate buildup of uniform foams. Af-
ter passing through the improver, the
foam is directed to the distribution pip-
ing. Abrupt bends in the piping, as well
as flow contractions and manifolds, pro-
mote redistribution of foam into sepa-
rate gas and liquid phases. The present
system can produce uniform foams with
expansion ratios ranging from 1:4 to 1:20.
Foam solutions with expansion ratios in
excess of 1:10 were found to be too dry to
effectively suppress the fires.

3. Discharge zone: A special nozzle was de-
signed to permit the smooth discharge of
foam. This nozzle consists of three ori-
fices spaced at 120° intervals. The jet
reaction of the discharging foam rotates
the nozzle distributing the foam in a con-
tinuous arc to uniformly cover a circular
area about 2 m in diameter. The CAF
nozzles have no sharp bends and contain
no impact points, which are normally
present in sprinklers and in fixed aspi-
rated nozzles.
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Foam Concentrates

The effectiveness of the fixed-piping CAF
system was investigated in conjunction with
Class A and B foams. A Silvex solution**,
manufactured to be diluted at lpercent in
air-aspirated systems, was selected for the
Class A foam. This type of foam is prima-
rily applied against fires involving Class
A combustibles and is made from hydro-
carbon-based surfactants. It lacks film-

forming properties, but possesses excel-
lent wetting capacity. In the present ex-
perimental program, the Silvex foam con-
centrate was mixed with water at 0.3 per-
cent concentration.

The Class B foam was an aqueous film-

forming foam (AFFF) concentrate, recom-
mended for application at 6 percent con-
centration in air-aspirated systems, for
use in suppressing flammable liquid fires.
AFFF is made from fluorocarbon-based sur-
factants and has strong film-forming char-
acteristics. The quantity of AFFF concen-
trate used in the present experimental
program was between 1 percent and 3 percent
of the water flow rate.

Foam Flux Density

The foam flux density from each nozzle
configuration was obtained by measuring
the rate at which the foam fell on a collect-

ing surface. For these measurements, 169
collecting cups of 0.1 m diameter were laid
on the floor at a grid spacing of 0.18 m,
covering the whole area of the nozzle spray.
Application densities on the floor from single
and twin foam nozzles, located 3 m above
the floor, were obtained by weighing each
collecting cup and calculating the equiva-
lent solution flow rate per unit area per
unit time. The foam application density
values used in the tests, therefore, indi-
cate the delivery flow rate of the foam
solution per unit area.

Figures 6 and 7 show the foam application
density measurement from a single foam
nozzle, with expansion ratios of 1:10 and
1:4, respectively. The nozzle was placed at
the center of the enclosure, and is denoted
by a cross (X) in the figures. The plots
show that the foam application density
was higher near the center, and decreased
toward the outer edge of the spray zone.

Figure 6. Flux Density of CAF, 1:10 Expansion, Measured
below a Single Nozzle, in L/min/m2.

Figure 7. Flux Density of CAF, 1:4 Expansion, Measured
below a Single Nozzle, in L/min/m2.

** Certain commercial products are identified in this paper to adequately specify the experimental procedure.
In no case does such identifiction imply recommendation or endorsement by the National Research Council,
or does it imply that the product or material identified is the best available for the purpose.
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The application density of the foam solu-
tion ranged from 1 L/(min m2) at the boundary
of the spray coverage area to 8 L/(min m2)
at the center, for a foam expansion ratio
of 1:10. For an expansion ratio of 1:4, the
foam application density ranged from 2 L/
(min m2) at the boundary to 28 L/(min m2)
at the center.

Figure 8 illustrates the foam application
density in the coverage area for the case
of two nozzles discharging foam with an
expansion ratio of 1:10. The nozzles were
mounted 2 m apart at the ceiling of the
enclosure (3 m above the floor), equal dis-
tance from the center. The twin nozzles
covered an area of approximately 2.5 m by
2.5 m, and provided a reasonably uniform
application density within the coverage
area. The values ranged from 2 to 6 L/(min
m2), with the higher value at the center
where the fuel was located during the fire
experiments.

A typical location where fixed foam sys-
tems are used for fire protection is aircraft
hangars. NFPA 409 specifies that the minimum

Figure 8. Flux Density of CAF, 1:10 Expansion, Measured
below a Two Nozzles, in L/min/m2.

application rate for a foam solution in a
Group II aircraft hangar should be 6.5 L/
(min m2) for protein-based foam and 4.1 L/
(min m2) for AFFF.23 The foam application
density of the CAF system used in this test
series is comparable to NFPA requirements
for other foams. Note that other standards
relevant to aviation fire protection, as reviewed
by Scheffey et al., require similar applica-
tion densities.24

Even though the drainage time and the
burnback time of the foam were not mea-

sured, a visual inspection of the foam re-
vealed that the bubbles were smaller and
more uniform in size than for foams pro-
duced by an air-aspirated AFFF system.
Based on previous experience with AFFF-
based systems, the CAF system produced
more stable and consistent foams. The CAF

system generated foams with expansion
ratios of between 1:4 and 1:20. The quan-
tity of foam concentrate required in the
CAF system was less than half that needed
in the air-aspirated installations. For example
with AFFF, concentrations of 1 percent
and 3 percent were employed with the CAF
system, compared to the 6 percent concen-
tration typically used in air-aspirated systems.

Water Mist Tests

Water mist tests were conducted in the
test series to compare its fire suppression
performance with that of CAF system. In
the water mist tests, Spraying Systems
Company (SSC)** 3/4 7G-5 single fluid
water mist nozzles were used. The 7G-5
nozzle is a swirl type pressure nozzle with
a spray angle of 150°. Standard pendant
sprinklers were also used for comparison
purposes.

The drop-size distributions of the water
sprays from the 7G-5 nozzle and the pen-
dant sprinkler were measured using a
Greenfield Instruments Model 700A Spray
Drop Size Analyzer**. The volumetric mean

** Certain commercial products are identified in this paper to adequately specify the experimental procedure.
In no case does such identifiction imply recommendation or endorsement by the National Research Council,
or does it imply that the product or material identified is the best available for the purpose.



141

diameter (Dyo.5) is defined as the droplet
size where 50 percent of the volume of the
spray is contained in drops whose size is
less than the defining term. Dyo.9 is the
droplet size diameter where 90 percent of
the volume of the spray is contained in

drops less than that diameter. The drop-
let sizes were measured at the center of
the spray, 1 m from the nozzle. The Dvo.5
for the 7G-5 nozzle at a pressure of 550
kPa (5.43 bar), was 100 microns and the

Dvo.9 was 300 microns. The standard sprinkler
had a DvO.5 of 440 microns and a Dyo.9 of
1000 microns at a pressure of 180 kPa

(1.77 bar).

TEST RESULTS AND DISCUSSION
A series of fire suppression experiments
was conducted in the mobile test unit and
the test compartment described previously
in this paper. Several dry (i.e., unsuppressed),
experiments were also carried out to pro-
vide baseline heat release rate data for
the test fire. Fire suppression agents in-
cluded compressed-air foam, sprinklers,
and water mist.

Tables 1 and 2 provide a summary of the
experimental conditions and results, for open-
space and compartment fire configurations,
respectively. The experiments were designed
to provide performance comparisons, and
to address the following questions:

1. How do Class A and Class B foaming
agents compare in a CAF system?

2. What foam expansion ratios are most
effective, and most practical?

3. How does increased flux density and
foam concentration affect suppression
ability?

4. How do fixed CAF systems compare
to water mist and sprinkler systems?

Open Space (Unenclosed) Fire Tests

Suppression of heptane pool fires

Class A and B foams: The experimental
results with a single foam nozzle, located
directly above the fuel, showed that a CAF
system, using Class A foam, suppressed a
0.9 m diameter heptane pool fire within
one minute of the activation of the system.
Class B foam, however, was not as effec-
tive as the Class A foam. The CAF with 1

percent Class B foam solution, having an
expansion ratio of 1:4, suppressed the heptane
pool fire in 1 min 35 sec, whereas 0.3%

Class A CAF, with an expansion ratio of
1:4, extinguished the heptane pool fire in
less than 40 sec.

The difference in the performance of the
two foams (Class A and B) is probably due
to the concentrations used in our tests.
The Class B foam concentrate (AFFF) was

designed for application at a concentration
of 6 percent in an air-aspirated nozzle sys-
tem, and the Class A foam was designed
for use at 0.6 percent concentration. This
means that, in our study, Class A foam
concentrate was used at approximately 50
percent strength, and Class B foam was
used at less than 20 percent strength. However,
in the CAF system, both foam concentrates

performed well even at such low concen-
trations.

Figure 9 illustrates the heat release rates
of the heptane pool fires during suppres-
sion using single nozzle systems. It shows
a sharp drop in the heat release rate,
immediately after the CAF system was
activated, with either a 1 percent Class B
or 0.3 percent Class A foam, indicating
quick knock down, control, and extinguishment
of the fire. It clearly indicates that the 0.3
percent Class A foam extinguished the fire
quicker than the lpercent Class B foam.
This figure also shows that water mist
from a 7G-5 nozzle reduced the fire size,
but was not successful in extinguishing
the heptane pool fire.

Foam expansion ratio: Different expan-
sion ratios for Class A and B foams were

compared to determine the impact on the
suppressibility of heptane pool fires. Test
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Figure 9. Suppression Effectiveness of Class A and B Compressed-Air Foams and Water Mist on Heptane Pool Fires
(Single Nozzle). -

results showed that a lower expansion ratio
foam (1:4) extinguished the fire a little
quicker than the higher expansion ratio
foam ( 1:10). A Class A foam with an expan-
sion ratio of 1:4 extinguished the heptane
pool fire in 38 sec, compared to 44 sec with
an expansion ratio of 1:10. For the Class
B foam, the difference was somewhat larger;
a foam with a 1:4 expansion ratio extin-
guished the fire in 1 min 35 sec, compared
to 2 min 55 sec with a 1:10 expansion ratio
foam.

This does not necessarily mean that a lower
expansion ratio foam is more effective than
a higher expansion ratio foam. The differ-
ence in extinguishment times between the
two foam expansion ratios was small, and
one should consider that the 1:4 expansion
ratio foam required 2.5 times more foam
solution than the 1:10 expansion ratio foam.
In fact, considering the water requirement,
a higher expansion ratio foam may be more
efficient in extinguishing a liquid fuel pool

fire. If the expansion ratio is too high
(above 1:10), however, the foam may be too
dry and too light to be able to penetrate
the buoyant plume and reach the fuel surface
to suppress the fire.

The effect of nozzle height above the fuel
in suppressing the fire was also studied.
Tests were conducted with the fuel pan
located either on the floor or on top of a 0.7
m high platform. The nozzle height above
the fire had little effect on suppressibility
using the CAF system. The foam nozzle,
located 3 m above the fuel pan, extin-

guished the heptane fire at approximately
the same time as the nozzle located 2.3 m
above the pan.

Figure 10 shows the heat release rates of
heptane pool fires suppressed using dual
nozzle systems. The fire was hardly sup-
pressed by the water mist from the two
7G-5 nozzles, whereas the Class A CAF,
with a 1:4 expansion ratio, extinguished
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Figure 10. Suppression of Heptane Pool Fire with Water Mist and Class A Compressed-Air Foam in Open Space. The Pool
Fire was Placed Midway between Two Nozzles. -

the fire in 25 sec and, with a 1:10 expan-
sion ratio, foam extinguished the fire in 30
sec. For Class B foam concentrate, extin-

guishment times were 1 min 11 sec and 2
min 45 sec, respectively, for 1:4 and 1:10
expansion ratios. These extinguishment
times are slightly shorter than the ones
obtained using a single foam nozzle.

Suppression of diesel pool fires
Using two foam nozzles, the Class A CAF,
with an expansion ratio of 1:10, extin-

guished a 0.9 m diameter diesel pool fire
within 35 sec. Foam, with an expansion
ratio of 1:4, extinguished the fire in 28 sec.
The CAF was equally effective in suppress-
ing the diesel pool fires (high flashpoint
liquid) and heptane (low flashpoint liquid).

A CAF system extinguishes pool fires by
providing a foam blanket which covers the
fuel surface and reduces the thermal feed-
back to the fuel surface. If the foam blan-
ket is applied rapidly, suppression of the
evolving volatile fuel vapors is less impor-

tant,25 although some effects are obviously
present. It takes slightly longer to extin-
guish fires of low flashpoint liquids. Com-
pare, for example, the extinguishment times
for 1:10 foams, which were 35 sec and 44
sec in the case of high and low flashpoint
liquids, respectively. Therefore, the flashpoint
temperature of the fuel is not as critical as
in the case of extinguishment with water
mist. The water mist system could extin-
guish the diesel fires, but could not extin-
guish the heptane pool fires (see Table 1).

Suppression of wood crib fires
Foam expansion ratio: The Class A CAF,
delivered from a single nozzle above the
fire, was not as effective in extinguishing
wood crib fires as in extinguishing the
liquid fuel fires. The foam, with an expan-
sion ratio of 1:4, controlled the wood crib
fire in less than 1 min and extinguished
all flames at 3 min 10 sec. The foam blan-
ket covered most of the top surface area of
the crib in less than 30 sec; however, due
to the orientation of the nozzle, the side of
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Table 1. Summary of Results Obtained in Open-Space Experiments.

1 Foam expansion ratio of 1:4
2 Foam expansion ratio of 1:10

the crib was not blanketed by foam. There
were persistent flames within the crib which
were eventually extinguished as water slowly
drained from the foam blanket into the
core of the wood crib. The heat release rate
shown in Figure 11 indicates a sharp drop
with the application of a 1:4 expansion
ratio foam.

With a 1:10 expansion ratio foam, the heat
release rate was reduced because the foam
blanket partially covered the top surface
of the crib. However, even after 4 min of
foam application, the foam blanket was
not contiguous, and flames continued through
the top of the crib. Figure 11 confirms

these visual observations as a relatively
high heat release rate was measured dur-
ing the initial 4 min, indicating large flames.

It is clear that, at the expansion ratio of
1:10, the foam performed less effectively
in extinguishing the fire. The foam re-
duced the fire size, but required more than
5 min for complete extinguishment. This
foam is more viscous than the less-expanded
foam and, as a result, has a higher resis-
tance to flow across the solid surface of the
fuel. It also contains less water in thin
films to drain effectively into the core of
the wood crib.
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Figure 11. Effect of the Foam Expansion Ratio on the Extinguishment of Wood Crib Fires with Class A CAFs in Open Space
(Single Nozzle).

Comparison of crib and liquid fuel fires:
Comparing the wood crib results to the
liquid fuel results (see Table 1) indicates
that the Class A CAF performed better on
liquid fuel fires. With liquid fuel pool fires,
the foam expands to completely cover the
fuel surface. This blocks the heat transfer
from the flame to the fuel surface and
decreases the vaporization of the fuel. In
the crib fires, foams cannot reach all of the
interior burning surfaces; however, the
water draining from the foam eventually
penetrates the crib and~ may indeed extin-
guish the fire.

Foam distribution: The importance of a
uniform distribution of foam was illus-
trated by the relative performance of the
dual nozzle configuration compared to a
single nozzle. Two. foam nozzles, located
2.3 m above the crib and 2 m apart, pro-
vided sufficient foam to cover the top and
side of the wood crib, resulting in fire

extinguishment. Figure 12 shows the heat
release rates measured during suppres-

sion with two different expansion ratio
foams. The low expansion ratio foam (1:4)
suppressed the fire in 37 sec. The foam
with an expansion ratio of 1:10 extinguished
the fire in 1 min 42 sec.

As shown in Figure 13, two sprinklers took
4 min 35 sec to extinguish the fire, whereas
water mist from two nozzles could not

extinguish the wood crib fire. The experi-
mental results show that a fixed CAF sys-
tem is very effective in extinguishing wood
crib fires, provided that it is distributed
uniformly and is able to cover all surfaces
of the crib.

Compartment (Enclosed) Fire Tests

Suppression of heptane pool fires
Results for tests conducted with the CAF

system, water mist, and sprinklers are
given in Table 2. There was little differ-
ence in the performance of the CAF system
in extinguishing open-space and enclosed
fires. Class A foam with an expansion ratio
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Figure 12. Effect of the Foam Expansion Ratio on the Extinguishment of Wood Crib Fires with Class A CAFs in Open Space
( Two Nozzles).

Figure 13. Heat Release Rate during Suppression of Wood Crib Fires with Two Water Mist Nozzles and Two Pendant
Sprinklers.
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Table 2. Summary of Results Obtained in Compartment Fire Tests.

of 1:10 immediately controlled the hep-
tane fire in the compartment and extin-
guished it in 25 sec, compared to 30 sec in
the open-space test. There was, however,
a considerable improvement in the effec-
tiveness of the water mist system in the
compartment tests. The water mist sys-
tem was able to suppress both the diesel
and heptane pool fires.

Unlike water mist, there seems to be no
enclosure effect with a CAF system. This
is not surprising since the extinguishing
mechanism in the. compartment remains
the same as in the open-space scenario;
that is, a foam blanket forms rapidly on
the fuel surface reducing the thermal feedback
and diminishing the evolution of volatile
gases.

Suppression of wood crib fires
In order to determine the effect of deep-
seated fires, experiments were carried out
with two sizes of cribs. The smaller cribs
consisted of 5 layers of pine sticks (0.3 m
high and weighing 9.5 kg) and the bigger
cribs contained 10 layers of pine sticks.
The larger wood crib produced a more

challenging fire, because of its size and its
shielding by the top layers of sticks.

The CAF system covered the surface of the

bigger wood cribs with a foam blanket within
1 min of activation. However, there were
persistent flames within the core of the
wood crib until almost 6 min. For compari-
son, water-based systems (sprinklers and
water mist) reduced the size of the wood
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crib fires but could not extinguish the deep-
seated flames. The results shown in Table
2 demonstrate a better suppression per-
formance using fixed overhead CAF sys-
tems, in comparison to the sprinkler and
water mist installations, in extinguishing
deep-seated fires in solid fuels.

CONCLUSIONS
The results showed that compressed-air
foam is an effective suppressant for a wide
range of fire scenarios. The CAF performs
better than water mist in suppressing flam-
mable-liquid pool fires and wood crib fires
in open spaces. In compartments, CAF and
water mist perform equally well in extin-
guishing liquid fuel pool fires, but CAF is
much more effective against crib fires.

CAF installations require a smaller amount
of foam concentrate, compared to systems
based on air-aspirated nozzles, to provide
effective suppression. In the present ex-
periments, 0.3 percent Class A and 1 per-
cent Class B foam solutions were used
without compromising the extinguishment
efficiency of compressed-air foams. This is
compared to 1 percent Class A and 6 per-
cent Class B foam solutions which are normally
recommended for aspirated systems.

Compressed-air foam systems produce foams
characterized by a range of expansion ratios,
and by large injection momenta. For the
latter reason, CAF easily penetrates strong
buoyant plumes. However, a practical
application of CAF systems to protect very
large spaces still requires further studies
to establish good engineering design guidelines
and approaches.

Foams achieve suppression by forming a
physical barrier on the fuel surface. This
barrier blocks the radiation from the flame
from reaching the fuel, and contributes to
the reduction of the evolution of flam-
mable vapors from liquid and solid sur-
faces. Because of these effects, there is no
difference in the performance of CAF sys-

tems in open and enclosed spaces. In other

words, the extinguishment does not rely
on the enclosure effect, as is often the case
with water mist systems.
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NOMENCLATURE
CAF compressed-air foam

E foam expansion, ratio of the foam
volume to the volume taken by
liquid (-)

F(r, t) bubble distribution function (m-1)

K proportionality constant in Eq 4
(m2s-1 )

r radius of a bubble (m)

r12 ratio of second and first moments of
the bubble distribution function (m)

t time (s)

V volume (m3)

Subscripts

a air

fs foam solution

i incoming air
l larger bubble
s smaller bubble
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Greek symbols

6 gas holdup (fraction)

y surface tension (N/m)
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