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ABSTRACT

Combustion of some hydrofluorocarbons (HFC's) and fluorocarbons (FC's) in oxygen was
investigated in closed vessel at room initial temperature and atmospheric initial pressure.
Peculiarities of chemical mechanism of oxidation of HFC's and FC's are discussed in the
paper. For the characteristics of fluorinated compounds as agents for fire extinguishing and
explosion prevention to be improved, it is necessary to introduce an inhibitor of their
oxidation into them. It has been obtained that minimum inertization concentration (MIC) of
the mixed agent (mixture of C3Hg, C4H ;¢ and C3Hg with HFC or FC) for methane — air
mixtures is substantially lower than for HFC (or FC). Minimum fire extinguishing
concentration for the mixture C,FsH — iodinated hydrocarbon is less on 20 % (vol.), than for
C,FsH.

INTRODUCTION

Some fluorinated hydrocarbons (for example, C4F 9, C3F7H, C,FsH etc.) were proposed as
ozone friendly replacement for the brominated halons in fire extinguishing and explosion
prevention. But they are less effective than the brominated agents [1-3]. According to the
conclusions of some papers [4,5], this is due to low chemical activity of HFC's and FC's. But
it was showed [1,3] that the fluorinated hydrocarbons decrease the lower flammability limits
of hydrocarbon or hydrogen in air and that they may change the mixtures of nonflammable
composition to "flammable". It was observed [6,7] that an addition of some fluorinated gases
causes an elevation of pressure of a shock wave at detonation in C,H4 — air — fluorinated
hydrocarbon mixtures due to increase of a heat release at chemical conversion of fluorinated
compound. An additional heat release in diffusion flames inhibited by fluorinated agents was
found in [8]. The effect of a heat release caused by a chemical conversion of fluorinated
hydrocarbons in lean premixed methane — air and hydrogen — air flames has been revealed in
[1]. This effect is appeared as a remarkable elevation of maximum explosion pressure and
maximum explosion pressure rise rate of gaseous mixtures containing HFC or FC. Thus the
experimental results show that HFC's and FC's are not inert diluents; they play an active role
in chemical conversion in a flame front. Because all observed fenomena take place in lean
combustible mixtures, we can conclude that HFC's and FC's are able to oxidation in the
mixtures with hydrogen or hydrocarbon and air and this feature is important for their fire
extinguishing and explosion prevention characteristics. At the same time experimental data
on oxidation of fluorinated hydrocarbons which are used as replacement for the brominated
halons are practically absent. The papers [9-11] should be noted, in which flammability limits
as well as other characteristics of combustion of some HFC's and FC's in air and oxygen were
determined. So it is interesting to continue the investigations of the peculiarities of oxidation
of fluorinated hydrocarbons, because if we know the mechanism of oxidation, we are able to
perevent it by introduction of inhibitor of oxidation into fluorinated compound. This
approach can be fruitful for the improving of characteristics of HFC's and FC's as agents for
fire extinguishing and explosion prevention. This work is aimed on experimental
investigation of above mentioned problems.



EXPERIMENTAL

Experiments were in a set-up "Variant", which scheme is presented in Fig. 1. This set-up is
designed for measuring flammability limits, maximum explosion pressure and maximum
explosion pressure rise rate in the pressure range 0.1-4.0 MPa. A reaction vessel of the set-up
has a spherical form and is made from stainless steel. Its diameter is 20 cm (volume 4.2 1).
The set-up has a system for preparing of gaseous mixtures by partial pressures and vacuum
pumping system. The required gaseous mixture is formed by partial pressures in the reaction
vessel previously evacuated to 0.5 kPa. The gaseous mixtures were ignited in the center of
the reaction vessel by fusing a nichrome wire having diameter 0.2 and length 3 mm (ignition
energy ca. 10 J). Registration of a flame propagation was made by pressure detector

"Saphire-22" with time constant ca. 3 - 107> s with recording on a digital storage ascilloscope.
It was accepted that flame propagation takes place, if a pressure increase exceeds 30 kPa. The
relative error in determination of flammability limits and maximum explosion pressure did
not exceed 10 %; for maximum explosion pressure rise rate the error was 20 %. More detail
description of apparatus and experimental procedure is given in [12,13]. The following
fluorinated substances were used in experiments: CF4, C,F¢, CsFs, C4F19; CF3H, CoFsH,
CsF;7H. Methane was used in some experiments.

~

Fig.1. Diagram of the experimental set-up "Variant".
1 - valve; 2 - steam generator; 3 - pressure detector; 4 - reaction vessel; 5- thermostat; 6 -
ignition device; 7 - control desk; 8 - oscilloscope; 9 - thermocouple; 10 - vacuum pumping;
11 - system for introducing of gases; 12 - vacuumeter.

RESULTS AND DISCUSSION



The results of two experimental series are presented in the paper. Combustion of some HFC's
and FC's was explored in the first. In the second an investigation of an influence of the mixed
agent (fluorinated compound — mixture of alcanes and alkenes) on combustion of hydrogen
and methane in air was executed. All experiments were conducted at atmospheric initial
pressure and room initial temperature. In Table 1 flammability limits of HFC (or FC) with
oxygen are shown. In Figs. 2,3 the dependences of maximum explosion pressure AP, and

maximum explosion pressure rise rate (dP/dt)m.x are presented.

Table 1. Flammability limits of some fluorinated hydrocarbons in oxygen.

Substance Lower Upper Substance Lower Upper

(FC) flammability | flammability (HFC) flammability | flammability
limit, limit, limit, limit,
% (vol.) % (vol.) % (vol.) % (vol.)

CF4 - - CF:H - -
CoFs - - C,FsH 22.0 38.0
CsFg - - C;F,H 9.0 81.0
CsFio 36.0 52.0

You can see from Table 1 that three of saturated fluorocarbons (CF4, C,F¢, CsFs) and CF;H
are noncombustible in presence of oxygen. This is in agreement with available literature data
[10,11]. But in contradiction with the results of [10] it was found that C4F ) is able to
combustion in oxygen. Probably this contradiction is due to difference between experimental
conditions in [10] and in the present work. The microburner apparatus was used in [10]; the
results of the present work were obtained in a bomb of constant volume.
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Fig.2. Dependences of the maximum explosion pressure on HFC (or FC) concentration

in the mixtures with oxygen.
1- CstH; 2— C4F10; 3— C3F7H.
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Fig.3. Dependences of the maximum explosion pressure rise rate on HFC (or FC)
concentration in the mixtures with oxygen.
1- C2F5H; 2— C4F10; 3- C3F7H.

In the case of C,FsH, CsF7H and C4F ;¢ we observed their slow combustion (see Fig. 3). It is
essentially to note that combustion of C3F7H essentially differs from combustion of C,FsH
and C4F . Its flammability limits in oxygen are essentially wider than for C,FsH and C4F:
from 9.0 to 81.0 % (vol.). But the main difference in the experimental results on combustion
of these gases in oxygen is concerned with changing of regime of combustion in the case of
CsF7H. It was revealed in our work that intensive soot formation takes place at combustion of
mixtures of C;F7H with oxygen at concentrations of heptafluoropropane from 9.0 to 30.0 %
(vol.). When the content of CsF7H in the mixture is in the range from 9.0 to 15.0 % (vol.), the
soot is precipitated at surfaces of reaction vessel and ignition source in a form of flakes. At
combustion of Cs;F;H at concentrations from 15.0 to 30.0 % (vol.) we observed formation of
uniform soot layer at the surfaces of the bomb and ignition source; the thickness of this layer
was 0.3-0.4 mm. Extremely high temperatures seem to realize during the combustion of
heptafluoropropane in above mentioned concentration area: ceramic insulation of electrodes
of ignition source is destroyed after several experiments, such effect doesn't occur at
combustion of hydrogen or hydrocarbons. When the concentration of fluorinated substance
exceeds 30.0 % (vol.), the transition to another regime of combustion takes place. The low
intensity of soot formation and substantially lower temperatures characterize the oxidation of
CsF7H at concentrations from 30.0 to 81.0 % (vol.). Described effects doesn't take place for
combustion of C,FsH and C4F;¢. Thus we can conclude that mechanism of oxidation of
C;F-H differs from that of C,FsH and C4F .

Let us consider possible chemical mechanisms of the oxidation of these substances. In the
case of HFC's the most probable initial stages of their oxidation are the following:

CoFoni1tH + Oy = CiFon1 + HOy, (1)

CiFoni1 + Oy = CpF2,110O0. ()



This sequence is in agreement with the results of the paper [14], in which the conversion of
CF;H in flames was investigated. In particular, it was revealed in [14] that in flames
containing fluorinated agents the reaction CF; + O, is important.

In the case of oxidation of C;F7H the reaction (2) gives the following product:

CF;
|

F-C-0-0-
|

CFs

Due to peculiarities of its structure this intermediate substance is essentially unstable and
decomposes with rupture of C — C bonds and significant heat release. For the combustion of
C,FsH the result of reaction (2) is the compound F3C — C — O — O - . Radical C,FsO0 is
substantially more stable than radical C3F;0O0. It is possible to assume that it is consumed in
slow reactions. Realization of higher temperatures at combustion of C;F;H makes the
reactions accompanied with rupture of C — F bonds easier than that for combustion of C,FsH,
so we obtain intensive soot formation in the case of C;F;H. But increase of C3F;/H
concentration in the mixture with O, means appropriate increase of heat losses due to a
heating of the agents and reduction of temperature of combustion. The lower temperatures of
combustion lead to reduction of the rates of the reactions accompanied with rupture of C — F
bonds and increase of stability of radical C3F;00. Thus the intensity of soot formation
decreases.

Above described peculiarities of oxidation of fluorinated hydrocarbons have significant
influence on their characteristics as agents for fire extinguishing and explosion prevention. In
Fig. 4 the dependences of MIC of HFC's and FC's for combustion of methane on number of C
atoms in fluorinated hydrocarbon molecule are presented. As it follows from Fig.4, the MIC
of C;F7H is substantially higher than that of C,FsH.
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Fig.4. The dependences of MIC of HFC's and FC's for combustion of methane on number
of C atoms in fluorinated hydrocarbon molecule. 1 — FC's; 2 — HFC's.



According to [1,15], the main stages of inhibition of combustion by fluorinated hydrocarbons
are the following reactions:

CoFoniiH + H — CyFonir + Hp, 3)
or

CwFoni2 + H— CyFan4 + HF, (4)
and than

CuFont1 + H — CyFans H. (5)

The rate the reaction C;F7H + H is higher than the rate of the reaction C,FsH + H at
temperatures of combustion of methane. So it should be expected that heptafluoropropane is
stronger inhibitor of combustion than pentafluoroethane. But really we observed reverse
situation due to peculiarities of oxidation of CsF;H.

It is necessary to say that the reactions (3) or (4) make the oxidation of fluorinated
hydrocarbons easier. It was mentioned above that CFs;H is noncombustible in oxygen. But it
was obtained in [1], that an addition of CF3H to lean methane — air or hydrogen — air mixture
causes a remarkable elevation of maximum explosion pressure of combustible mixture due to
additional heat release.
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Fig.5. Flammability limits of the mixture CHa/air/agent for explosion prevention.
Agent for explosion prevention: 1 — C4F1¢; 2 - 41.7 % (vol.) mixture of alkanes and alkenes
(40 % (vol.) C3Hg —40 % (vol.) C4Hip — 20 % (vol.) CsHg) — 58.3 % (vol.) C4F



For the characteristics of fluorinated compounds as agents for fire extinguishing and
explosion prevention to be improved, it is necessary to introduce an inhibitor of their
oxidation into them. In the Figs. 5,6 the results of an investigation of an influence of the
mixed agent (fluorinated compound — mixture of alkanes and alkenes (40 % (vol.) CsHg — 40
% (vol.) C4H;o — 20 % (vol.) CsHg)) on combustion of methane in air are presented.
Noncombustible mixtures of HFC or FC with alkanes and alkenes were used in the
experiments.
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Fig. 6. Dependences of MIC of the mixed agent on content of HFC in it.
1-— CF3H; 2— C3F7H; 3- C2F5H.

It was shown that addition of above mentioned mixture of hydrocarbons to CF;H, C,FsH and
C4F 1 results in substantial reduction of their MIC. For example, it has been obtained that
minimum inertization concentration of the mixed agent 41.7 % (vol.) (mixture of alkanes and
alkenes) — 58.3 % (vol.) C4F ) for the combustible system CH, — air — 7 % (vol.) (for
comparison MIC of C4F ) for the mixtures of methane and air is 12 % (vol.), see Fig. 5). The
same results were obtained for CF;H, CsF7H and C,FsH (see Fig. 6). As it follows from
Fig.6, the effectiveness of the mixed agent substantially depends on the ratio between its
components. Thus the method for increase of efficiency of existing gaseous tools for
explosion prevention has been proposed.

Above mentioned mixed agents are not effective for fire extinguishing due to oxidation of
CsHg, C4H, o and C;3Hg in lean combustible mixtures. But it is possible to select another
inhibitor of HFC or FC oxidation, for example, iodinated compound. It was showed in [16]
that minimum fire extinguishing concentration of the mixture C,FsH with C,Fsl is less on 20
%, than for C,FsH.

CONCLUSIONS

1. Flammability limits of C,FsH, C;F7H and C4F o in oxygen were determined.
2. Intensive soot formation was revealed in combustion of lean mixtures of C;F;H with O,.



3. For the characteristics of fluorinated compounds as agents for fire extinguishing and
explosion prevention to be improved, it is necessary to introduce an inhibitor of their
oxidation into them.
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