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Abstract
The influence of aerosol of the water solution of potassium ferrocyanide
K4[Fe(CN)6] on the flame speed of methane-air and diluted hydrogen-air
flames has been studied experimentally and by computer simulation over a
range of equivalence ratios. The flame speed was measured at atmospheric
pressure and initial temperature 93 оС. Addition of the aerosol of the water
solution of potassium ferrocyanide results in significantly greater reduction
of the flame speed of methane-air and diluted hydrogen-air flames,
compared to aerosol addition without the salt. Modeling performed using
mechanism GRI-Mech 3.0 showed this effect to be caused by potassium
atoms in the salt molecule. The results obtained account for effectiveness of
applying fine aerosol of the water solution of K4[Fe(CN)6] in fire suppression.
1. Introduction
Finely dispersed water is widely used in the practice of extinguishing fires and preventing explosions. Raising the effectiveness of fire extinguishing with water may be reached both by improving water dispersity and by
introducing various additives [1-12]. Recently a number of studies have
been conducted, the purpose of which was to determine the effectiveness of
flame suppression with aerosols of the water solutions of salts [1-12]. As
additives, such compounds were investigated as NaCl, KCl, LiI,
CH3COOK, CoCl2, NiCl2, NaOH, NaHCO3, MgCl2, CaCl2, MnCl2, FeCl2
and others. According to the literature, potassium compounds [13] are the
most effective (per mass) flame extinguishers. Therefore, the study of compounds containing the maximum number of potassium atoms is of interest
because they exhibit the lowest mass extinguishing concentration [13]. One
of such compounds is potassium ferrocyanide K4[Fe(CN)6]. No studies of
the impact of aerosols of the water solutions of this salt on the combustion
of methane-air mixtures have been conducted. The objective of the study is
to investigate the impact of the aerosol of the water solution of K4[Fe(CN)6]
on the burning velocity of CH4/air and H2/O2/N2 combustible mixtures.

Prof. Dr. Frank Behrendt
Fakultät III: Prozesswissenschaften,
Institut für Energietechnik
Chair Energy Process Engineering and
Conversion Technologies for
Renewable Energies (EVUR)
Fasanenstr. 89
10623 Berlin
Contact
info@flame-structure-2014.com
frank.behrendt@tu-berlin.de

2. Experimental
For the measurement of the laminar CH4/air and diluted H2/O2/N2 flames
propagation velocity, the Mache-Hebra burner [14] was used. Burning velocity of hydrogen flame was measured for H2/O2/N2 combustible mixture
with dilution ratio D=[O2]/([O2]+[N2])=0.077. The burner was a glass tube
with the internal diameter of 2 cm and the length of 27 cm, tapering below
to the diameter of 1 cm at the length of 3 cm. Such a shape of the burner
allows flame of correct
cone shape to be produced, as the gas flow velocity at the burner cross
section at the exit from the
burner is constant. The
burner temperature was
maintained to be permanent and was equal to 93
о
С. With this temperature,
the volume flow of the
1 The experimental results (dots) and modeling
stoichiometric combusti- Fig.
results (lines) of the dependence of the relative change in
ble mixture of methane the stochiometric (φ=1.0) CH /air flame speed on the
of the water vapors and on the aerosol of
and air was 104 cm3/s. concentration
the water solution of the salt.
The aerosol of the water
solution of potassium
ferrocyanide was introduced into the flow of the
combustible mixture with
an atomizer. The internal
diameter of the atomizer
nozzle was 0.1 mm, the
width of the capillary
walls was 0.04 mm, and
the annular gap at the exit
was 0.05 mm. The soluti- Fig. 2. The experimental results (dots) and modeling results
on was introduced with a (lines) of the dependence of the relative change in the lean
CH /air flame speed on the concentration of the
syringe, the piston of (φ=0.9)
water vapors and on the aerosol of the water solution of the
which was moved by a salt, T =93 С, 1.2% water solution of the K [Fe(CN) ].
mechanic drive with a
step-by-step motor, which allowed the additive concentration to be changed
in a wide range. The mass-median diameter of the aerosol droplets was
about 10-20 microns whereas after evaporation of water the size of solid
particles became 2 - 4 microns. The burning velocity was measured with the
PIV (particle image velocity) method [15-20]. Burning velocity was measured with an accuracy of ± 5%. The photographs taken were processed with a
cross-correlation method using adaptive algorithms [19].
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3. Results and Discussion
Shown in Fig. 1-3 are the results of changing the burning velocity on the
concentration of water additive and water solution of salt for stoichiometric,
lean and rich methane/air flame. The dots in the graph show the results of
the experiment, the lines show the simulation results. The maximum concentration of the salt in the combustible mixture was 0.07-0.2 g/m3 with
water vapor concentration being 2.3-3.1%, assuming its complete evaporation. Concentration of salt and the percentage of salt in water were
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calculated considering losses in the system of feeding the combustible mixture and on the burner
walls.
To calculate the CH4/air
flame speed, the mechanism GRI-Mech v. 3.0 [21]
was used. The mechanism
includes 325 reactions for
53 flame components. To
consider the influence of
K4[Fe(CN)6] on the flame
speed, 22 gas phase reactions [22] of transformation
Fig. 4. The experimental results of the dependence of the H /O /N
flame speed on the equivalence ratio for undoped flame (circles),
of
potassium-containing
doped with water (squares) and water solution of the K [Fe(CN) ]
particles
were included into
(diamonds and triangles), T =93 С.
the mechanism. The estimated value of the flame
speed Un without additive
equal to 54 cm/s is close to
that measured in the experiment and equal to 55
cm/s. The results shown in
Fig. 1 demonstrate qualitative agreement of the calculation results and of the
experiment.
According to experimental and modeling results, an
Fig. 5. The experimental results of the dependence of the relative
change of the H /O /N flame speed on the concentration of the water
addition of 2.2% by volume
vapors and on the aerosol of the salt K [Fe(CN) ], T =93 С.
of water vapor decreased
the speed of a stoichiometric CH4/air flame for 8%. An addition of 2.2% of
water vapor and 0.2 g/m3 of the salt reduces the flame speed for about 15%
(modeling) and for 25% (experiments). It can be seen than small additions
of K4[Fe(CN)6] essentially influence the flame speed of a stoichiometric
CH4/air mixture both in the calculations and in the experiment. At the same
time, there is some disagreement between calculation and the experiment,
which may be attributed to the fact that the reactions of radicals with other
active products of salt decomposition (for example, with iron and its oxides)
were not taken into account, as
well as the heterogeneous reactions of the loss of active centers on the surface of the salt
particles and condensed products of its decomposition, and
possible incorrectness of the
rate constants of the reactions.
Earlier authors demonstrated
that the
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suppression effectiveness of
K4[Fe(CN)6] is higher than we
expected on the basis of number of K atoms [23-25]. There-
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Fig. 3. The experimental results (dots) and modeling
results (lines) of the dependence of the relative change
in the rich (φ=1.2) CH4/air flame speed on the concentration of the water vapors and on the aerosol of the
water solution of the salt, T0=93 оС, 1.2% water solution
of the K4[Fe(CN)6].
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fore, the presence of Fe atom in the molecule may be responsible for the
disagreement between measured and simulated speed of the doped flames.
The measurements of CH4/air flames speed demonstrated that the inhibition
effectiveness of K4[Fe(CN)6] reduces as when passing from lean to rich
flames.
A
similar
tendency
is
observed
for
N2-deluted
(D=[O2]/([O2]+[N2])=0.077) H2/air flames doped with 1% aqueous solution
of K4[Fe(CN)6] in the equivalence ratio range 1.3-2.3. Figure 4 shows the
results of changing of the H2/O2/N2 flame speed versus the equivalence ratio
for undoped flame, doped with 1.75% water, 1.2% water + 311 mg/m3
K4[Fe(CN)6] and 0.93% water+241 mg/m3 K4[Fe(CN)6]. Basing on data
given in Fig. 4, we calculated a relative decrease in H2/O2/N2 flames speed
versus the equivalence ratio on addition of water or aqueous solution of
K4[Fe(CN)6] to the flames. The experimental results obtained for waterdoped H2/O2/N2 flames as well as the flames doped with 1% aqueous solution of K4[Fe(CN)6] allowed us to determine the effect of water vapors and
“dry” K4[Fe(CN)6]. Figure 5 shows a relative decrease in flame speed for
H2/O2/N2 flames doped with 241 and 311 mg/m3, 1.75% water versus the
equivalence ratio. As one can see in Fig. 5, the inhibition effectiveness of
the hydrogen flames by both water and K4[Fe(CN)6] decreases as the
equivalence ratio increases.
4. Conclusions
Small concentrations of the aerosols of the water solution of K4[Fe(CN)6]
significantly reduce the methane-air and hydrogen-air flames propagation
velocity. The mechanism of this impact is qualitatively described with the
mechanism GRI-Mech 3.0 by entering the transformation reactions of potassium-containing species there. In the experiments, the degree of the salt
influence on the flame propagation velocity has been shown to be higher
than that in the calculations. This may be attributed to both insufficient precision of the values of the kinetic parameters of reactions with participating
potassium-containing species, with possible influence of heterogeneous reactions on the surface of the particles, and to possible reactions of radicals
with the other active salt decomposition products (for example, iron and its
oxides). It was established that the inhibition effectiveness of CH4/air and
H2/air flames by aerosol of aqueous solutions of K4[Fe(CN)6] decreases
when passing from lean to rich flames.
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