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Abstract: Due to their high global warming potentials, many existing working fluids for heating,
cooling and refrigeration equipment are being phased out. Their replacements will often be
flammable or slightly flammable, and the burning velocity of refrigerant-air mixtures is being used
as a metric to rank their flammability. To allow industry to estimate the flammability of new blends
of agents, predictive tools for the burning velocity of refrigerants are being developed, which
requires a kinetic mechanism. The NIST hydrofluorocarbon HFC mechanism was developed 20
years ago to describe hydrocarbon-air flames with added trace amounts of hydrofluorocarbon fire
retardants (primarily CHzF,, CFsH, CF4, CoHoF4, CoHFs, and CaFs). The mechanism has been
modified to include new HFC compounds, more recent rate data, and rate data for new species. The
modified mechanism is used to predict steady, planar, 1D, unstretched burning velocities for
mixtures of each refrigerant with air, over a range of fuel-air equivalence ratio ¢, for comparison
with the available experimental data. Agreement is good, and major kinetic pathways and radical
populations are explored to uncover the general reaction properties of these new flames.
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1. Introduction

Existing refrigerant working fluids in vapor-compression heating/cooling equipment have high
global warming potential (GWP), and are being phased through international treaties (i.e., the
Kigali Agreement, an addendum to the Montreal Protocol.). Low-GWP replacements have been
developed, primarily by adding double bonds or hydrogens to the molecules, which makes them
break down in the troposphere. Unfortunately, these properties also make them more flammable.
Flammable refrigerants are a new challenge for the Heating, Ventilation, and Air-Conditioning
industry, and new building standards are required for the safe use of the new compounds. Burning
velocity has been adopted as part of the standard to characterize the new refrigerants.

To meet the challenges of high efficiency, good volumetric capacity, low toxicity, zero ozone
depletion potential, low GWP, and low flammability, industry will use blends of compounds.
Analytical methods exist for optimizing the blends for all these properties except for flammability.
To allow industry to estimate the flammability of new blends of agents, predictive tools for the
burning velocity of refrigerants are being developed, which requires a kinetic mechanism. The
NIST hydrofluorocarbon (HFC) mechanism was developed 20 years ago to describe the addition
of HFC fire suppressants to hydrocarbon-air flames. It is currently being updated and extended to
apply to new refrigerants added at high concentrations in air, and will likely require additional
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reactions and species. As a first step in this process, the existing NIST HFC mechanism was
applied to predict burning velocities of some pure C; and C> HFC compounds in air. Agreement
was initially good for some compounds and poor for others. Consequently, some improvements
were made, including addition of new HFC intermediates and their reaction rates, more recent rate
data, and updated thermodynamic data. The modified mechanism is then used to predict steady,
adiabatic, planar, 1D, unstretched burning velocities for mixtures of each refrigerant with air, over
a range of fuel-air equivalence ratio ¢, for comparison with experimental data in the literature. The
compounds of interest are the saturated C: and C> HFC compounds with varying fluorine to
hydrogen atom ratio in the reactant stream, which is characterized by F/(F+H), or the (moles
F)/(mole F + moles H).

2. Kinetic Modeling

The starting kinetic model is from the NIST C;-C2 HFC model [1, 2], which was combined with
GRI12.0 [3]. The mechanism has been updated and expanded to include larger HFC’s, CsH2F3Br,
and CeF120, as described in Ref. [4]. Since the original work, a rather large amount of new kinetic
data on the reactions of fluorine containing species has been published. The kinetic model has
been modified to include new species and recent reaction rate data. The thermodynamic data for
fluorine-containing species has been also updated using the data of Burcat et al. [5]. The
CHEMKIN and Cantera packages were used for combustion equilibrium calculations and for
modeling of laminar flame propagation in mixtures of the C;-C>-HFCs in dry air. It should be
noted that the present kinetic model should be considered as a starting point for further
development and refinement. Numerous changes to both the rates and the reactions may be made
once a variety of experimental data and theoretical results are available for testing the mechanism.

3. Results and Discussion

Figure 1 and Figure 2 show, for a range of stoichiometries, the adiabatic flame temperature Tas
(upper curves), and the steady, adiabatic, 1D, planar, laminar, unstretched burning velocities S,°
(lower curves) calculated with the Sandia EQUIL and PREMIX codes. The figures also show the
experimental data (points) of Takizawa and co-workers from outwardly propagating spherical
flames in constant volume and constant pressure experiments [6-8]. Table 1 summarizes for each
compound the peak Tax and S,° from the experiments and simulations. Also shown are the
stoichiometric volume fraction of each compound and the ratio of fluorine to hydrogen atoms,
expressed as F/(F+H).

The stoichiometric concentration of the agents is generally higher than that for hydrocarbons, and
increases as the fluorine loading in the molecule increases. The temperatures are similar for the
flammable HFCs (R161, R41, R152, R152a, R143, R143a), with the peak flame temperatures in
the range 2100 K <= Tar <= 2300 K, which is comparable, sometimes higher, than that of
hydrocarbons. For the non-flammable refrigerants (R23, R134a, R134, and R125), the peak Taf IS
somewhat lower (< 1960 K). As illustrated, the agreement in the measured and predicted burning
velocity is reasonable for most refrigerants. For R143 and R143a, the simulations predict the peak
burning velocity fairly well, although they show a peak value at leaner values of ¢ than measured
in the experiments. It should be noted that agreement between predictions and measurements for
fluoromethane (CHsF) and fluoroethane (C2HsF) using the original NIST model was poor.
Modification of the enthalpy of formation for these compounds and kinetic data for several
reactions was required to improve the predictions. Nonetheless, it should also be noted that stretch
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and radiation have not been included in the simulations or in the reduction of the experimental
data, and these might affect the results [9].
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Figure 1: Burning velocity (left scale) and adiabatic flame temperature (right scale) for Cy
hydrofluorocarbons in air.
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Figure 2: Burning velocity (left scale) and adiabatic flame temperature (right scale) for C»
hydrofluorocarbons in air.
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In Table 1, burning velocities and adiabatic flame temperatures are listed from highest value of S,°
to lowest; both Ta and S,° decrease with increasing fluorine loading in the refrigerant. This is also
shown in Figure 3, which presents Tax and Su° as a function of the fluorine loading the system.
Also, the asymmetrical isomers tend to be less flammable than the symmetrical ones, having both
lower Tar and S,°.

Using the calculated flame structures, the variation in radical concentrations with fluorine loading
is determined. Figure 4 shows the sum of the peak volume fraction of chain-carrying radicals (H,
O, and OH) as well as that for F-containing radicals, as a function of the fluorine loading. As
illustrated, the former drops off rapidly as the number of H atoms in the system becomes close to
that of F atoms F/(F+H)=0.5, while the F radicals steadily increase. Hence, at higher fluorine
loading, the chemistry becomes dominated by fluorine-containing radicals. Figure 5 shows that
with increased fluorine loading, the volume fraction of both F-atoms (at the point of maximum
OH volume fraction) and sum of the peak for F-containing radicals increases steadily, as does the
equilibrium F atom volume fraction, which becomes higher than the value in the flame zone. For
these flames equilibrium F atom volume fraction can be on the order of 1 %.

Table 1. Burning velocities and adiabatic combustion temperatures for stoichiometric refrigerant-
air mixtures (initial temperature 298 K, 1 bar).

Refrigerant  Formula T;zﬂ 57 m:;/(fxpt.) 57 mcamx/(SCaIc.) Xsozic' F/(F+H)
Flammable:

R-170 C2Hs 2265 40.9 43.1 5.66 0.00
R161 CoHsF 2265 38.3 41 6.54 0.17
R-50 CH4 2230 36.5 38.6 9.5 0.00
R-152 CHoF-CHF - 2278 30.1 321 7.75 0.33
R-41 CHsF 2273 28.3 27.2 12.3 0.25
R-152a CHs-CHF; 2220 23.6 24.9 7.75 0.33
R-143 CH2F-CHF2 2248 13.1 13.7 9.5 0.50
R-32 CHaF> 2207 6.7 7.3 17.4 0.50
R-143a CHs-CF3 2115 7.1 6.1 9.5 0.50
Non-Flammable:

R-134 CHF2-CHF, 1958 4.6 12.3 0.67
R134a CH2F-CF3 1927 1.8 12.3 0.67
R-125 CHF2-CF3 1793 1.56 (at 400K) 17.4 0.83
R-23 CHFs 1713 0.57 (at 400K) 29.6 0.75
R-116 C2F6 1389 0 29.58 1.00
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Figure 3: Burning velocity (left scale) and adiabatic flame temperature (right scale) as a function
of the ratio of F atoms to F plus H atoms in the initial refrigerant-air mixture.
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4. Conclusions

The laminar, planar, 1D, adiabatic burning velocity of saturated C, and C, HFC refrigerants (R41,
R32, R161, R152, R152a, R143, R143a, R134, R134a were calculated using the NIST HFC
mechanism available in the literature and compared to existing experimental data. The predictions
were in significant disagreement for CHzF and CyHsF, and mild disagreement for other
compounds. Consequently, the NIST HFC mechanism was modified with additional reactions,
using more recent rate data in the literature, and with updated thermodynamic properties. After
the changes, the agreement for these refrigerants, over a range of equivalence ratio, was good. The
mechanism was then used to examine the properties of the refrigerant-air flames. Adiabatic
temperatures of the refrigerant-air flames were comparable to, and sometimes higher than, similar
hydrocarbons, and were lower for the non-flammable refrigerants. Burning velocity and flame
temperature decreased as the fluorine to hydrogen ratio in the reactants increased. The
symmetrical isomers of the fluoroethanes (R152, R143, R134) have higher adiabatic flame
temperature and laminar burning velocity than the asymmetrical isomers (R152a, R143a, R134a),
consistent with differences in enthalpies of formation. Analysis of the flame structures revealed
that with increasing fluorine to hydrogen ratio, the chain-branching radical concentrations in the
flame decrease, and fluorine-containing radicals, particularly F atom, increase. At high enough
F/H ratio, the F atom equilibrium values are even higher than those in the flame zone.
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