
 

 

 

 

 

Laminar Burning Velocity Predictions for C1 and C2 Hydrofluorocarbon Refrigerants with 

Air 

 

 

V.I. Babushok, G.T Linteris 

Engineering Laboratory, National Institute of Standards and Technology, Gaithersburg, MD, 

USA 

 

 

 

 

 

 

Short communication 

 

 

To be submitted to “Journal of Fluorine Chemistry” 

 

 

Corresponding author: G.T. Linteris  

Engineering Laboratory  

National Institute of Standards and Technology  

Gaithersburg, MD, USA 

 

E-mail: linteris@nsit.gov 

Phone: 301-975-2283 

 

 

 

 
 

Keywords: Refrigerant flammability; burning velocity; low-GWP refrigerants; fluorocarbon 

flammability; flame speed. 

 

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0022113919301162
Manuscript_5dd7f3c0e43782672a8dddf8a9ed0291

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0022113919301162


 

 

 

 

Laminar Burning Velocity Predictions for C1 and C2 Hydrofluorocarbon Refrigerants with 

Air 

Gregory LINTERIS*, Valeri BABUSHOK 

 

Engineering Laboratory, National Institute of Standards and Technology 

Gaithersburg, MD, USA 

Phone: 301-975-2283, Email: linteris@nist.gov 

 

* Corresponding Author 

 

 

 

ABSTRACT 
 

Due to their high global warming potentials, many existing working fluids are being phased out.  Their 

replacements will often be slightly flammable, and the burning velocity of refrigerant-air mixtures is a 

metric for ranking their flammability.  To allow estimates of the flammability of new blends of agents, 

predictive tools for the burning velocity are being developed and require a kinetic mechanism.  A 

hydrofluorocarbon (HFC) mechanism was developed 20 years ago to describe hydrocarbon-air flames 

with added trace amounts of hydrofluorocarbon fire retardants.  In the present work, the mechanism has 

been updated slightly to include new HFC compounds, new rate data.  The modified mechanism is used 

to predict steady, planar, 1D, unstretched burning velocities for mixtures of air with one- and two-carbon 

saturated HFC compounds R41 (CH3F), R32 (CH2F2), R161 (C2F5H), R152 (CH2F-CH2F), R152a (CH3-

CHF2), R143 (CH2F-CHF2), R143a (CH3-CF3), R134 (CHF2-CHF2), and R134a (CH2F-CF3), for which 

existing experimental data were available.   

 

Keywords:  Refrigerant flammability; burning velocity; low-GWP refrigerants; fluorocarbon 

flammability; flame speed 

 

1. Introduction 
 

Existing refrigerant working fluids in vapor-compression heating/cooling equipment that have high global 

warming potential (GWP) are being phased down 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 hydrogen atoms 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 and refrigeration 

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.  The laminar 

burning velocity is a useful parameter for quantifying fire risk since it is fundamental parameter that 

combines the effects of energy release, heat and mass transfer, and overall reaction rate.  Moreover, 

predictions of turbulent flame speed are based on the laminar burning velocity, so the overpressure hazard 

and explosion hazard are both tied to the laminar burning velocity. 

 

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.  For optimizing the 

blends, analytical methods exist for predicting 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.  Such a tool would help to accelerate the search for efficient blends that 

minimize the flammability hazard.  

 

There are three parts to the development of the burning velocity predictive ability: 1.) understanding the 

experimental flame features so that the experimental burning velocity data can be accurately reduced and 

compared with the appropriate numerical simulation, 2.) applying and developing the necessary numerical 

simulation tools, and 3.) acquiring or developing the necessary input data to the models so that they can 

be implemented.  The first two parts are dealt with in separate parts of the current project; the third part, 

obtaining the necessary input data, is the subject of the present manuscript.  The necessary input 

parameters consist of: thermodynamic data (enthalpy and entropy as a function of temperature), transport 

data (Lennard-Jones parameters), and gas-phase reaction rate data (Arrhenius parameters; i.e., activation 

energy, pre-exponential, and pressure-dependency term) for all elementary reactions important in the 

combustion of the refrigerant.  In addition, the spectral radiation properties of the refrigerants and 

combustion products, as a function of temperature and pressure for the latter, will eventually be required 

to account for radiation heat losses in the flames. 

 

As a starting point to obtain the necessary input kinetic parameters for flame modeling, an existing model 

for hydrofluorocarbon (HFC) flame behavior is adopted in the present work, and then updated slightly.  

The National Institute of Standards and Technology (NIST) hydrofluorocarbon (HFC) mechanism (and its 

associated transport parameters) was developed 20 years ago to describe the addition of HFC fire 

suppressants to hydrocarbon-air flames.  While some of the one-, two-, and three-carbon HFC compounds 

are the same as those being considered as refrigerants (as pure compounds or in blends), an assumption in 

the original model was that the HFC suppressant was added at small concentrations to stable 

hydrocarbon-air flames.  Hence, the predominant species attacking the HFC reactants were the typical 

hydrocarbon radical pool species (H, O, and OH), and hydrocarbon radicals.  For flames of pure 

refrigerants in air, however, the attack by fluorinated radicals is expected  [1] and these reactions must be 

more thoroughly considered in the reaction set.  The original NIST HFC mechanism is currently being 

updated and extended to apply to new refrigerants added at high concentrations in air, starting with R32 

[2], and will likely require additional reactions and species.  As a first step in this process, however, the 

existing NIST HFC mechanism is applied to predict burning velocities of some pure C1 and C2 HFC 

compounds in air, and the results are compared to existing experimental data for burning velocity.   

 

The NIST HFC mechanism was first tested with no modifications.  Agreement was initially good for 

some compounds and poor for others. Consequently, some improvements were made, including addition 

of new HFC intermediates and their reactions, more recent rate data, and updated thermodynamic data, as 

described below.  The modified mechanism is then used to predict steady, adiabatic, planar, 1D, 

unstretched burning velocities Su
0 for mixtures of each refrigerant with air, over a range of fuel-air 

equivalence ratio ϕ, for comparison with experimental values in the literature. The compounds modeled 

are the saturated C1 and C2 HFC compounds R50 (CH4), R41 (CH3F), R32 (CH2F2), R170 (C2H6) R161 

(C2F5H), R152 (CH2F-CH2F), R152a (CH3-CHF2), R143 (CH2F-CHF2), R143a (CH3-CF3), R134 (CHF2-

CHF2), and R134a (CH2F-CF3), for which existing data are available.    

 

2. Kinetic Model 
 

The starting kinetic model is from the NIST C1-C2 HFC model [3, 4].  That mechanism had subsequently 

been updated and expanded to include larger three-carbon HFC’s (R227ea) and other compounds, as 

described in  [5], and to account for new reactions important for the combustion of pure fire suppressants 

(R23, R125, and R227ea) in air [1].  Since the original work, a rather large amount of new kinetic data on 

the reactions of fluorine containing species has been published.  Hence, the kinetic model has been 

updated to include some new species and recent reaction rate data. The thermodynamic data for fluorine-



 

containing species in the mechanism have also been updated using the data of Burcat and co-workers [6].  

For the hydrocarbon sub-mechanism, GRIMech 2.11  [7] was originally used, and this has been updated 

to GRIMech 3.0 [8].   The successive stages of the previously updated NIST HFC mechanism has been 

validated in numerous studies, comparing predicted and measured laminar burning velocities [9-14], 

counterflow diffusion flame extinction conditions [15], co-flow diffusion flame extinction conditions [16, 

17], and intermediate species profiles in low-pressure premixed flames [18-20] and flow reactors [21, 22].  

 

Although they are not currently used in refrigerant blends, the mono-fluoro alkanes R41 (CH3F) and R161 

(CH3-CH2F) are included in the present study for completeness, and because experimental burning 

velocity data for them are available.  Although the compounds were present in the original HFC 

mechanism, they were not thoroughly treated there because they are not fire suppressants (they are highly 

flammable), and as trace intermediates in fire suppression studies they are present only at very low 

concentrations.  Not surprisingly, for these two compounds, the predicted peak laminar burning velocity 

using the original HFC mechanism was in significant error (35 % low, and 22 % high, respectively) as 

compared to the experimental values.  Hence, additions and changes were made to the NIST HFC 

mechanism to improve the agreement, including, for CH3F, modifications to its heat of formation and to 

reactions of CH2F with O2.; and for C2F5H, modifications to the reaction rates (within their experimental 

uncertainty) of some of its initial decomposition products.  The final mechanism used in the present work 

is referred to below as the updated NIST HFC mechanism, and it has 101 species and 915 reactions.  

 

3. Flame Model 
 

The laminar burning velocities were calculated using the open-source Cantera software package [23].  

The equations of mass, species, and energy conservation are solved numerically for the initial gas 

compositions, temperature (298 K), and pressure (101.33 kPa) corresponding to those in the experiments.  

The solution assumes isobaric, adiabatic, steady, planar, one-dimensional, laminar flow and neglects 

radiation and the Dufour effect, but includes thermal diffusion.  Molecular diffusion is modeled with the 

multi-component transport equations.  The boundary conditions, corresponding to a freely-propagating 

flame, are a fixed inlet temperature of 298 K and specified mass flux fractions at the inlet, and vanishing 

gradients downstream from the flame.  The maximum gradient and curvature parameters in the simulation 

are selected to provide about 150 grid points in the solution, providing the unstretched laminar burning 

velocity that is grid independent.     

 

4. Experimental Data 

 
The experimental burning velocity data for the comparisons are from Takizawa and co-workers.  For all 

of the refrigerants, the following experimental arrangement was used, and for some of the refrigerants, 

additional experiments were conducted.  In the first, an electrical spark ignited the premixed fuel and air 

in a constant volume spherical vessel (3.05 L volume), and a dynamic pressure transducer recorded the 

pressure rise [24, 25].  Using the pressure vs. time data, a two-zone thermodynamic model of the burned 

and unburned gases yielded the burning velocity as a function of temperature and pressure, and curve fits 

to that surface were used to extrapolate to room temperature conditions (298 K, 101.33 kPa), for which 

the data are presented.  The curve fit parameters are also presented in the references, so experimentally-

derived burning velocity data at other pressures and temperatures can be extracted.  

 

For R32, R143, R143a, and R152a, experiments were also conducted in a cylindrical vessel (volume of 

3.92 L) with optical access at the ends, which allowed schlieren imaging of the flame [24].  A high-speed 

camera recorded the increase in flame radius with time (defined as the burned gas burning velocity) and 

multiplying this by the density ratio of burned and unburned gases (calculated by assuming chemical 

equilibrium) produced the burning velocity relative to the unburned gases.  For R32, several other 



 

experiments were also used.  The constant volume, pressure rise method was used with a slightly different 

chamber (cylindrical, volume 2.92 L), and experiments using this chamber were conducted under both 

normal gravity (1g) and microgravity (0g) conditions [26].   

 

It should be noted that while the effects of stretch and radiation were not considered in data reduction, the 

constant-volume experiments have relatively low stretch rates for many of the conditions [27] and the 

burning velocities for all of the refrigerants (except R32 and R143a) are mostly above 10 cm/s, so the 

effects of radiation are less important [28].           

 

5. Results and Discussion 
 

Figure 1 and Figure 2 show, for a range of fuel-air equivalence ratios (ϕ), the adiabatic flame temperature 

Tad (upper curves), and the laminar burning velocities Su
0 (lower curves) calculated with Cantera.  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 [24-26].  In Figure 1 and Figure 2, 

the open symbols denote experiments in the constant volume apparatus in which pressure rise is measured 

[24, 25] in 1g, while the closed circles in Figure 1 are for the same experiment in 0g (R32 only). The 

crosses (in both Figure 1 and Figure 2) denote results from experiments in the constant pressure device 

using schlieren imaging of the flame growth [26].  Although no experimental data are available for pure 

R134a- or R134-air flames, the laminar burning velocities were calculated for illustration purposes.  Table 

1 summarizes the peak Tad and Su
0 from the experiments and simulations for each compound.  Also shown 

are the stoichiometric volume fraction of each compound and the ratio of fluorine to hydrogen atoms in 

the original mixture, 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 maximum Tad are similar for the 

flammable HFCs (R161, R41, R152, R152a, R143, R143a), with the peak value in the range 2100 K <= 

Tad <= 2300 K, which is comparable to, sometimes higher than, that of hydrocarbons.  For the non-

flammable refrigerants (R23, R134a, R134, and R125), the peak Tad is somewhat lower (< 1960 K).   

 

As illustrated by Table 1, the agreement between the measured and predicted burning velocity is 

reasonable for most refrigerants, with the peak burning velocity predicted within 4 % to 8 %, except for 

R143a for which the predicted burning velocity is about 16 % higher than the measured value.  As Figure 

1 and Figure 2 show, the variation in burning velocity with equivalence ratio is generally captured, 

although for  R143 and R143a the simulations predict the peak burning velocity at leaner values of ϕ than 

measured in the experiments.  This leads to significant discrepancies in the predicted and measured 

burning velocity for richer or leaner flames of R143 and R143a.  It is expected that this can be improved 

in future work, once the effects of radiation and other factors have been included in the data reduction, as 

has recently been done for R32 [27, 29]. 

 

The compounds included in the present comparisons are those C1 and C2 compounds for which data were 

available in the literature.  Based on current inclusions in and applications to the ASHRAE Standard 34 

database, the most likely of these C1 and C2 compounds to be incorporated in blends are R32, R152a, 

R143a, and R134a.  For the former two, the model is fairly accurate now, and better mechanisms will be 

published soon [29, 30].  It should be noted that agreement between predictions and measurements for the 

mono-fluoro compounds fluoromethane (CH3F) and fluoroethane (C2H5F) 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 and 

burned gas thermal radiation have not yet been included in the simulations or in the reduction of the 

experimental data, and these might affect the results [27, 31].   
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Figure 1: Burning velocity (left scale) and adiabatic flame temperature (right) for C1 hydrofluorocarbons 

in air.  
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Figure 2: Burning velocity (left scale) and adiabatic flame temperature (right) for C2 hydrofluorocarbons 

in air. 



 

In Table 1, burning velocities and adiabatic flame temperatures are listed from highest value of Su
0 to 

lowest; both Tad and Su
0 decrease with increasing fluorine loading in the refrigerant.  This is also shown in 

Figure 3, which presents Tad (∆ symbols) and Su
0 (• symbols) as a function of the fluorine loading the 

system.  As indicated, the asymmetrical isomers tend to be less flammable than the symmetrical ones, 

having both lower Tad and Su
0. 

 

 

 
Table 1: Burning velocities and adiabatic combustion temperatures for stoichiometric refrigerant-air 

mixtures (initial temperature 298 K, 1 bar). 

 

 

Refrigerant Formula 
Tad  

K 

Su
0 max (Expt.) 

cm/s 

Su
0 max (Calc.) 

cm/s 

Xstoic. 

% 
F/(F+H) 

Flammable:       

R170 C2H6 2265  40.9 43.1 5.66 0.00 

R161 C2H5F 2265 38.3 41 6.54 0.17 

R50 CH4 2230 36.5 38.6 9.5 0.00 

R152 CH2F-CH2F 2278 30.1 32.1 7.75 0.33 

R41 CH3F 2273 28.3 27.2 12.3 0.25 

R152a CH3-CHF2 2227 23.6 24.9 7.75 0.33 

R143 CH2F-CHF2 2248 13.1 13.7 9.5 0.50 

R32 CH2F2 2207 6.7 7.3 17.4 0.50 

R143a CH3-CF3 2115 7.1 6.1 9.5 0.50 

Non-Flammable:      

R134 CHF2-CHF2 1958   4.6 12.3 0.67 

R134a CH2F-CF3 1931   1.8 12.3 0.67 

R125 CHF2-CF3 1793   1.56 (at 400K) 17.4 0.83 

R23 CHF3 1713   0.57 (at 400K) 29.6 0.75 

R116 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.  

 

 

 

Using the calculated flame structures, the variation in radical concentrations with fluorine loading is 

determined.  The peak volume fraction of chain-carrying radicals (H, O, and OH) is typically near the 

point of peak heat release in the flame, or the location reaching approximately 95 % of the peak flame 

temperature.  Figure 4 (note semi-log plot) shows the sum of the peak volume fraction of chain-carrying 

radicals (H, O, and OH) and of F-containing radicals (at location of peak [OH]), 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 increase rapidly.  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 (far downstream in the calculation domain) can be on the order of 

1 %.   
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Figure 4: Volume fraction of total chain-branching radicals (H+O+OH) and F atoms in the flame reaction 

zone (i.e., the point of peak [OH]) as a function of the ratio of fluorine loading. 
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Figure 5: Volume fraction for fluorine radicals (F-radicals) and F atoms in the flame reaction zone, and 

for F atoms at equilibrium as a function fluorine loading. 



 

6. Conclusions 
 

The unstretched, laminar, planar, 1D, adiabatic burning velocities of saturated C1 and C2 HFC refrigerants 

(R41, R32, R161, R152, R152a, R143, R143a, R134, R134a were calculated using the original NIST 

HFC mechanism available in the literature and compared to existing experimental data.  The predictions, 

for a range of fuel-air equivalence ratios, were in significant disagreement for CH3F and C2H5F, 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 is reasonable.   

 

The mechanism is then used to examine the properties of the refrigerant-air flames. Adiabatic 

temperatures of the flammable refrigerant-air flames are comparable to, and sometimes higher than, 

similar hydrocarbons, whereas Tad of the non-flammable refrigerants is lower.  Burning velocity and 

flame temperature decrease as the fluorine to hydrogen ratio in the reactants increase.  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).  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.   

 

The current mechanism has limitations, as demonstrated in the present study, and refinement (and more 

accurate experimental data) will help to further improve the accuracy of the model.  For example, flame 

stretch, radiation, and non-equilibrium in the product gases have not been included in either reduction of 

the experimental data or in the flame modeling, and these should be explored in future work to increase 

the accuracy.  Finally, accurate experimental burning velocity measurements for blends of refrigerants 

will help further validate the mechanism for its intended purpose.   
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ABSTRACT 

 

Due to their high global warming potentials, many existing working fluids are being phased out.  Their 

replacements will often be slightly flammable, and the burning velocity of refrigerant-air mixtures is a 

metric for ranking their flammability.  To allow estimates of the flammability of new blends of agents, 

predictive tools for the burning velocity are being developed and require a kinetic mechanism.  A 

hydrofluorocarbon (HFC) mechanism was developed 20 years ago to describe hydrocarbon-air flames 

with added trace amounts of hydrofluorocarbon fire retardants.  In the present work, the mechanism has 

been updated slightly to include new HFC compounds, new rate data.  The modified mechanism is used 

to predict steady, planar, 1D, unstretched burning velocities for mixtures of air with one- and two-carbon 

saturated HFC compounds R41 (CH3F), R32 (CH2F2), R161 (C2F5H), R152 (CH2F-CH2F), R152a (CH3-

CHF2), R143 (CH2F-CHF2), R143a (CH3-CF3), R134 (CHF2-CHF2), and R134a (CH2F-CF3), for which 

existing experimental data were available.   
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