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Fire Suppression by Aerosols of Aqueous Solutions of Salts
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Results of laboratory experiments were verified by full-scale tests in which two types
of model fire sources were extinguished by salt-solution aerosols. The tests showed
that short-term action of an aerosol cloud of an aqueous solution of potassium ferri-
cyanide K3[Fe(CN)g] on the flame front of a surface forest fire led to suppression of
the gas-phase combustion, and in the case of a model fire source of class A (burning
wood) to its complete extinction. The minimum extinguishing mass concentration of
K3[Fe(CN)g] in these experiments — 4.5 g/m?> — is close to that measured earlier in
laboratory experiments. It was found that, in fire suppression by an aerosol of the
aqueous solution of K3[Fe(CN);], the volumetric flow rate of this fire suppressant was

UDC 536.46+66.097.74547.241

30 times lower than the standard flow rate of pure water from a fire hose.
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INTRODUCTION

Development and investigation of new effective and
environmentally safe fire suppressants is a priority prob-
lem in fire extinguishing. At present, there are various
methods of fire extinguishing by spraying water [1-15].
The main direct factor in this extinguishing method is
a temperature decrease in the combustion zone due to
evaporation of dispersed water. It is known that the
effectiveness of using a water—gas cloud depends on the
type of fire and dispersity of water droplets. In the
methods described, the size range of water droplets is
constant and wide and most of the water is in droplets
larger than 100 pm. Therefore, a disadvantage of this
method is a high water discharge per unit volume of
the flame.

The effectiveness of extinguishing by water can be
increased by both improving water dispersion and by
adding various additives [16]. Recently, there have been
a number of studies aimed at determining the effec-
tiveness of extinguishing by aerosols of aqueous solu-
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tions [17-28]. Compounds such as NaCl, KCl, Lil,
CH3COOK, COClQ, NiCIQ, NaOH, NaHCO3, MgCIQ,
CaClsy, MnCl,, FeCly, etc., have been studied as addi-
tives. It has been found that some of the compounds are
more effective combustion inhibitors than halons such
as CF3Br. Therefore, they are considered as promis-
ing additives to water for increasing the effectiveness
of fire suppression. Results of laboratory experiments
have shown that the most effective (per unit mass) fire
suppressants are complex compounds of potassium and
iron [29]. However, the effectiveness of fire suppres-
sants determined in laboratory experiments is not al-
ways equivalent to the suppression effectiveness of large-
scale fire sources. Therefore, only full-scale fire sup-
pression tests with flames of various types allow correct
(reliable) conclusions on the prospects of new fire sup-
pressants and on the method of their delivery in the
form of a fine aerosol to a fire source which is proposed
in the present paper.

The purpose of the present work is to compare the
effectiveness of traditional fire suppressant (water) and
a new fire suppressant (an aqueous solution of potas-
sium salt) by performing comparative full-scale field
tests.
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EXPERIMENTAL TECHNIQUE

The full-scale tests aimed at evaluating the sup-
pression of various types of flame were performed us-
ing a transportable aerosol generator with adjustable
size of particles (AGASP) of aerosols for two types of
fire source: (a) a model source of a surface forest fire;
(b) a model fire source of class 0.5A (burning wood).
For each type of source, two series of experiments were
performed: 1) using water without additives; 2) using
aqueous inhibitor solutions.

In the field tests, an aerosol generator [30] mounted
on a truck chassis was used. The aerosol generator com-
prises a compressed air source, tanks for gas-turbine en-
gine fuel and aqueous inhibitor solutions, and a system
for supplying fuel and working fluids. The aerosol gen-
erator is furnished with thermomechanical and techno-
logical air circuits, allowing the aerosol dispersity to be
varied over a wide range. The circuit includes a source
of compressed air, nebulizers with replaceable nozzles
for air and liquid, and a system for measuring and con-
trolling the flow rate of dispersed fluids. For weight
saving, a TA-6A auxiliary aircraft power unit was used
as a single source of compressed air.

The generator with the pneumatic circuit had the
following parameters: an air mixture with water or
a solution as the working body, nozzle jet velocity
330 m/sec, a jet velocity of up to 20 m/sec at a dis-
tance of 6 m from the nozzle, a jet diameter of about
1.2 m at a distance of 6 m from the nozzle, volumet-
ric air flow rate 0.8 kg/sec, maximum flow rate of the
solution or water 20 liters/min, median-mass particle
diameter of the aerosol 20 pm [31].

The model source of a surface forest fire was a
horizontal grassy area of size 3 x 4 m separated from
the surrounding territory by a fire-prevention zone 1 m
wide. The mass of combustible materials (dry grass,
small branches of trees 2 cm in diameter) was 2 kg/m?,
and their moisture content corresponded to natural con-
ditions. The wind speed did not exceed 2 m/sec, and
the air temperature was +14°C. The horizontal velocity
of flame propagation was about 25 cm/min.

The model fire source of class 0.5A corresponded to
State Standard GOST 27586-88. It was a timber stack
of cubic shape consisting of 45 timbers of 40 x 40 mm
square section and 40 cm long. The timbers in the stack
were arranged so that, in each layer, the distance be-
tween the timbers was 40 mm, and the timbers in the
next layer were perpendicular to those in the previous
one. The timber material was pinewood not worse than
3-rd grade with a moisture content of 12-14%. The
outside timbers of the stack were fastened together by
clamps and nails. For ignition of the source we used a

300 x 300 x 100 mm metal pan which was placed un-
der the stack at a distance of 0.5 m from the lower
timbers. The pan was filled with 3 liters of water and
0.6 liters of A-76 (GOST 2084) gasoline. Extinguishing
of the source began in 7 min after ignition of gasoline
in the pan without removing the pan; the source was
uniformly rotated around its vertical axis at a speed
of 10 rpm. The tests were performed in open terrain
at a wind speed of 0-3 m/sec and an air temperature
of +18°C. The distance between the AGASP and the
source was 6 m, and the aerosol jet diameter was not
less than 1.2 m. According to the fire extinguishing test
standards [32], a test is generally considered successful
if extinction is achieved in not less than two of three
attempts, the time of delivery of fire suppressant is not
more than 180 sec, and repeated ignition does not occur
within 10 min after the end of combustion.

The characteristics of the aerosol cloud produced
by the thermomechanical circuit were determined from
the following real-time measurements performed during
suppression of the surface forest fire: measurements of
the aerosol particle size and their mass concentration by
a nephelometer [33]; flame temperature measurements
by a digital thermal imager; digital video recording for
obtaining three-dimensional computer models of time-
space variation of the aerosol cloud shape and the flame
of the ground forest fire by means of digital stereopho-
togrammetry and geoinformation system (GIS) tech-
nologies.

RESULTS AND DISCUSSION

Previously, some inorganic and organic potas-
sium salts (K3PO4, KOOCH3;, KOOCCOOK, and
K4[Fe(CN)g]) were studied [29] as fire suppressants us-
ing the cup-burner technique. Experiments using aque-
ous solutions of these salts to extinguish diffusion n-
heptane flames showed K4[Fe(CN)g] (potassium fer-
rocyanide) and Kj3[Fe(CN)g] (potassium ferricyanide)
to be the most effective fire suppressants. The mini-
mum extinguishing mass concentration of K4[Fe(CN)g]
is 6.6 g/m® [29]. The salts have similar chemical proper-
ties, contain a large amount (3—4 atoms) of potassium in
their molecules, and hence have similar fire suppression
effectiveness. For our full-scale suppression tests using
two types of model fire sources, we chose K3[Fe(CN)g]
since it is better soluble in water than K4[Fe(CN)g].

(A) The flame of the model forest fire source
was acted upon by an aerosol cloud produced by the
AGASP. The fluid flow rate was 0.330 liter/sec, and the
aerosol was supplied to the fire source for about 4 sec. In
the first series of experiments (with pure water), the ac-



18

tion of the aerosol cloud on the flame had no noticeable
effects on the combustion. Thus, water aerosol without
additives did not lead to flame quenching. In the sec-
ond series of experiments, the flame was subjected to
an aerosol of a 30% aqueous solution of K3[Fe(CN)g].
The dry-basis mass concentration of K3[Fe(CN)g] in the
flame zone was about 4.5 g/m3, which is close to the
minimum extinguishing concentration of Ky[Fe(CN)g]
determined in laboratory experiments [29]. Thermal
imaging measurements of the flame temperature showed
that the action of the fire suppressant decreased the
maximum flame temperature from 1000 to 500°C. Thus,
it can be concluded that, when the aerosol cloud passes
through the combustion zone, the flame quenches. How-
ever, some time after the termination of fire suppressant
delivery, the burning resumed. This is due to the fact
that the period of flame suppressant delivery (/24 sec)
is not sufficient for carbon residue (coke) to quench and
cool. Hence, for complete extinction of the model source
of surface forest fire, the time of flame suppressant deliv-
ery should be increased so as to reduce the combustion
zone temperature below the self-ignition temperature
of the combustible wood materials. A forest fire source
containing combustible materials of different structure
and composition (dry grass, small and large branches,
coke, ete.) is a complex object of research from the point
of view of obtaining reproducibility of results on the
effectiveness of fire suppressants. Therefore, the mini-
mum duration of fire suppressant delivery was evaluated
for a more standardized flame source which is used in
tests of fire extinguishers and provide well-reproducible
and reliable results.

(B) The flame of a model fire source of class 0.5A
was exposed to an air flow containing an aerosol of water
or a 30% of aqueous solution of K3[Fe(CN)g]. Accord-
ing to specification requirements [16], for extinguishing
timber stacks with a moisture content of 8-14% by the
conventional method (using a fire hose), the flow rate
of pure water should be 0.45 liter/(m? - sec) for an ex-
tinguishing time of 180 sec. Because, in the literature,
there are no accurate quantitative data on the flame-
suppression effectiveness of various fire extinguishing
means for fire sources of class 0.5A, we assumed that
the suppression effectiveness (total water flow rate) us-
ing a fire hose is equal to unity. This makes it possible
to evaluate the suppression effectiveness of the methods
studied relative to the fire suppression by water from a
fire hose and thus to compare the effectiveness of the
methods with each other.

The total combustion area of the model fire source
with a well-developed surface is 2.37 m?. The total vol-
ume of the source of class 0.5A is 0.058 m?, and half of
its is occupied by timber. Thus, according to the specifi-
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cations, the suppression of this source requires 192 liters
of water, which exceeds the volume of the free internal
space of this source by almost a factor of seven. This
is obviously due to the fact that the extinguishing of
timber stacks involves considerable losses of water due
to poor wetting and water running off from the burning
surface. During fire suppression by water from a fire
hose, large water droplets act only on the upper (and
partly lateral) burning surface of the source. It is there-
fore reasonable to expect that the use of fine aerosol for
fire extinguishing allow a considerable reduction in the
water flow since the aerosol acts on burning surfaces
regardless of their spatial orientation.

During fire suppression by the AGASP, only a small
part of the fire suppressant is delivered to the combus-
tion zone, and the rest is carried away by the gas flow. It
can be assumed that the fire suppressant, together with
the gas flow, is delivered into the model source through
its frontal surface and is distributed in it over the free
space between the wood timbers. From the ratio of the
frontal surface area of the model source (0.144 m?) and
the cross sections of the aerosol jet from the AGASP
(1.13 m?), the portion of the fire suppressant delivered
to the combustion zone is evaluated at 0.127. Thus,
of a total fluid flow from the AGASP of 0.33 liter/sec,
0.33 x 0.127 = 0.042 liter/sec is delivered directly to the
source.

Experiments with a pure water aerosol showed,
that at this fluid flow rate, it was almost impossible to
extinguish the model source by means of the AGASP
within ~170 sec. Extinction occurred when the time of
delivery of the fluid is =280 sec. In this case, the de-
gree of burnout of the combustible material is not less
than 80%. Thus, to extinguish the model source by a
water aerosol, it is necessary to consume not less than
11.8 liters of the fluid, which is ~16 times smaller than
the standard consumption of pure water in extinguish-
ing by the standard method using a fire hose.

Experiments with a 30% aqueous solution of
K3[Fe(CN)g] in the form of an aerosol showed that its
suppression effectiveness was higher than that of a pure
water aerosol. Visible flame disappeared in 76 4 6 sec
after the beginning of suppression. The delivery of the
fire suppressant for 154 &+ 4 sec led to reliable extinc-
tion of the model source without its repeated ignition
within 10 min after the termination of the suppression.
This time interval is specified in the technique of testing
fire extinguishers [32]. At smaller times of suppressant
delivery, repeated self-ignition occurred as a rule. The
flow rate of the K3[Fe(CN)g] solution (delivered directly
to the model fire source) was 0.042 liter/sec, which,
for a fire suppressant delivery time of 154 sec, corre-
sponds to a total discharge of the solution of 6.5 liters.
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The dry-basis mass concentration of K3[Fe(CN)g] in the
flame zone was ~4.5 g/m3, which is close to the min-
imum extinguishing concentration of K4[Fe(CN)g] —
6.6 g/m3 [29]. Visual inspection of the combustible ma-
terial after the extinguishing showed that all residues
of the material were coated with K3[Fe (CN)g]. The
burnout was higher in the middle of the model source
than from the outside. The degree of burnout of the
wooden timbers was ~50%.

Thus, the results of the tests demonstrated the
high effectiveness of the aerosol of a 30% aqueous so-
lution of K3[Fe(CN)g] for suppressing the model fire
source of class 0.5A. At a dry-basis concentration of
K3[Fe(CN)g| of ~4.5 g/m?, the time of fire suppressant
delivery should be not less than 154 sec. Furthermore,
it was found that the flow rate of the aqueous solution
K3[Fe(CN)g] was ~1.9 times lower than that of pure
water for suppression by aerosol and =30 times lower
than the standard flow rate of pure water for suppres-
sion using a fire hose.

CONCLUSIONS

Full-scale experiments were performed to study the
suppression of model sources of a surface forest fire and
a fire of class 0.5A (burning wood) by an aerosol of an
aqueous solution of a potassium salt. The results of the
experiments confirmed that the proposed fire suppres-
sants are effective for suppressing both flame and smol-
dering combustion. The proposed extinguishing method
using fine aerosols of solutions of potassium salts pro-
vides a factor of 30 reduction in the flow rate of the ex-
tinguishing fluid compared to fire suppression by pure
water from a fire hose.

This work was supported by INTAS (Grant No. 03—
51-4724).
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