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Abstract

The influence of 1% aerosol of the water solution of potassium ferrocyanide K4[Fe(CN)4] on the flame speed of stoichoimetric methane-
air flame, stabilized over the Mache-Hebra burner, has been studied experimentally and by computer simulation. The flame speed was
measured at atmospheric pressure and the temperature 93 °C. Addition of the aerosol of the water solution of potassium ferrocyanide
results in significantly greater reduction of the flame speed of stoichiometric methane-air flame, compared to aerosol addition without the
salt. Modeling the flame speed with the mechanism GRI-Mech 3.0 shows this effect to be caused by the presence of potassium atoms in
the composition of this salt. The results obtained account for effectiveness of applying fine aerosol of the water solution of K4;[Fe(CN)¢] in
extinguishing fires.
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Nomenclature

U, normal flame velocity (cm/s)
A pre-exponential factor

b temperature constant

E activation energy

Greek symbols

@ stoichiometric coefficient

1. Introduction

Finely dispersed water is widely used in the practice of extinguishing fires and preventing explosions. The main factor
here is reduction of temperature in the combustion zone during evaporation of dispersed water. It is known that the effect of
using finely dispersed water depends on the type of fire and on the dispersity of water droplets. In the methods described,
the range of water droplets is wide, with the main amount of water being in the droplets larger than 100 microns. Therefore
the disadvantage of this method is in the large consumption of water per one unit of flame volume. Raising the effectiveness
of fire extinguishing with water may be reached both by improving water dispersity and by introducing various additives [1-
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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, Lil, CH;COOK, CoCl,, NiCl,, NaOH, NaHCO;, MgCl,, CaCl,, MnCl,, FeCl, and others. It has been found that some
of the above compounds are more effective flame suppressors than the widely used CF;Br, the production of which has been
prohibited by the Montreal Convention. The principle of these additives’ action consists in the fact that, when the aerosol of
the water solutions of these salts is added into flame, evaporation of water, followed by decomposition of salts in flame,
occurs. At that, labile compounds (metal oxides and hydroxides are formed), reacting with H and O atoms and OH radicals,
accounting for chain reactions of combustion, leading to their loss (recombination). As a result, inhibition of the combustion
processes occurs, up to flame extinction. 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)s]. 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)e] on the burning
velocity of CHy/air combustible mixture at the pressure of 1 atm.

2. Experimental

The measure the laminar CHy/air flame propagation velocity, the Mache-Hebra burner [14] was used. A schematic of the
burner and of the system of supplying 1% water solution of potassium ferrocyanide K4[Fe(CN)g] to the combustible mixture
is shown in Fig. 1. 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 °C. With this temperature, the volume flow of the stoichiometric
combustible mixture of methane and air was 104 cm’/s.
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Fig. 1. Schematic of the experiment and a photo of flame with salt additive.

\

The aerosol of the water solution of potassium ferrocyanide was introduced into the flow of the combustible mixture with
an atomizer, the design of which is shown in Fig. 2. The internal diameter of the atomizer nozzle was 0.1 mm, the width of
the capillary walls was 0.04 mm, the annular gap at the exit was 0.05 mm. The solution was introduced with a syringe, the
piston of which was moved by a mechanic drive with a step-by-step motor, which allowed the additive concentration to be
changed in a wide range.
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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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Fig. 2. Aerosol-producing atomizer.

Shown in Fig. 3 are the photographs of the laser-lighted flow at the exit from the burner. It can be seen that the salt
particles get considerably smaller in size or completely disappear in the flame front. As the combustible mixture flows along
the tube of the Mache-Hebra burner, the water aerosol gets practically evaporated. This can be seen in Fig. 4, showing the
photographs of the combustible mixture at the exit from the burner in flame and without flame.

(a) (b)

Fig. 3. Photographs of the flow of combustible mixture with salt aerosol without flame (a) and in flame (b).

(a) B

Fig. 4. Photographs of the flow of combustible mixture with water vapors without flame (a) and in flame (b).

Shown in Fig. 5 are the results of changing the burning velocity on the concentration of water additive and water solution
of salt. 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 0.2 g/m’ with water vapor concentration being 2.3 %, assuming its
complete evaporation. Concentration of salt and the percentage of salt in water was calculated considering losses in the
system of feeding the combustible mixture and on the burner walls.

To calculate the flame speed, the mechanism GRI-Mech Version 3.0 [21] was used, developed for modeling combustion
of natural gas, including the nitrogen chemistry. It contains 325 reactions for 53 flame components. To consider the
influence of K4[Fe(CN)s] on the flame speed, 22 gas phase reactions of transformation of potassium-containing particles
were included into the mechanism [22]. The estimated value of the flame speed U, without additive equal to 54 cm/s is
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close to that measured in the experiment and equal to 55 cm/s. Table 1 shows the reactions included into the mechanism and
their kinetic parameters. The results shown in Fig. 5 demonstrate qualitative agreement of the calculation results and of the
experiment.
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Fig. 5. The experimental results (dots) and modeling results (lines) of the dependence of the relative change in the CH4/air flame speed on the concentration
of the water vapors and on the aerosol of the water solution of the salt.

Table 1. Reactions and their rate constants for potassium-containing compounds, represented as
I=AT"exp(-E/RT)*. The reaction mechanism was borrowed from Marshall’s study [22]

Reaction A b E
1. K+HO, =KOH+ O 1.0E14 0 0
2. K+0,(+M) = KO,(+M) 1.3E14 0 0
3. KO+H,0 = KOH+ OH 1.3E14 0 0
4. KOH+H = K+ H,0 5.0E13 0 0
5. KO, +CO =KO+ CO, 1.0E14 0 0
6. KO, +H = K+ HO, 2.0E14 0 0
7. KO, +H = KO+OH 5.0E13 0 0
8. KO, +H = KOH+O 1.0E14 0 0
9. KO, +O = KO+0, 1.3E13 0 0
10. KO, +OH = KOH+ O, 2.0E13 0 0
1.  K+O+M=KO+M 1.5E21  -1.50 0
12.  K+OH+M =KOH+M 54E21 -1.55 0
13.  K+HO,=KO + OH 3.0E13 0 0
14.  K+H,0,=KOH+ OH 2.5E13 0 0
15.  K+H,0,=KO+ H,0 1.6E13 0 0
16.  KO+H =K +OH 2.0E14 0 0
17. KO+O =K +0, 22E14 0 0
18.  KO+OH =KOH+O 2.0E13 0 0
19.  KO+HO, =KOH+ O, 5.0E13 0 0
20.  KO+H,=KOH+H 1.6E13 0 0
21.  KO+H, =K+ H,0 3.1E12 0 0
22. KO+CO =K +CO, 1.0E14 0 0

*m — reaction order. 4 [(cm*/mol)™'c"]; E [cal/mol].

On adding 2.2 % water vapor, the flame speed decreases by 8 % in the experiments and in modeling. On adding 2.2 %
water vapor and 0.2 g/m’ salt, reduction of the flame speed is observed - 15 % reduction in calculations and 25 % reduction
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in the experiments. It can be seen than small additions of K4[Fe(CN);] essentially influence the flame speed of the methane-
air stoichiometric 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
suppression effectiveness of K4[Fe(CN)g] is higher than we expected on the basis of number of K atoms [23-25]. Therefore,
the presence of Fe atom in the molecule may be responsible for the disagreement between measured and simulated speed of
the doped flames.

3. Conclusions

Small concentrations of the aerosols of the water solution of K4[Fe(CN)e] significantly reduce the methane-air flame
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).
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