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A B S T R A C T

This study investigates the flame speed inhibition effects in R1234yf and R32 mixtures, two hydrofluorocarbon
(HFC) refrigerants with low global warming potential but mild flammability. The laminar flame speed (𝑆0

L,u)
is a crucial parameter for assessing fire potential, and this research aims to provide high-fidelity flame speed
data for refining chemical kinetic models. The slow flame propagation behavior of these refrigerants poses
a formidable challenge to measurements due to buoyancy and radiation effects. This study simultaneously
obtains 𝑆0

L,u data using optical (Schlieren) and pressure-rise methods under microgravity conditions, allowing
for comprehensive and accurate data acquisition. Initial conditions of 3 bar and 333 K were used to mitigate
contamination by stretch effects. Additionally, data for R1234yf were provided for extrapolation to standard
conditions, enabling comparisons with literature data. Our results reveal substantial nonlinear blending effects
on the laminar flame speed by introducing small fractions of R1234yf into R32 mixtures. While the selected
kinetic model showed promising predictions, it could not fully predict the observed strong nonlinear flame
speed decrease in experiments due to R1234yf addition. Chemical kinetic model analyses, including flux and
sensitivity analyses, were employed to understand the blending interactions. The study highlights that the
addition of R1234yf leads to the formation of HF, trapping radicals and inhibiting chain-branching reaction.
Sensitivity analysis indicates that reactions involving fuel-specific radicals (CHF2 for R32 and CF3 for R1234yf)
play a key role. Specifically, CHF2 supplies H-atoms, while CF3 drains H-atoms. Hence, the introduction
of R1234yf leads to a reduction in flame temperature, the creation of an extended post-flame zone, and a

0
substantial decrease in 𝑆L,u.
1. Introduction

Refrigerants with a high global warming potential (GWP) are being
replaced with low-GWP substitutes. The reduced atmospheric lifetimes,
however, often come with mild flammability. Therefore, it is essen-
tial to understand their level of flammability. For safety evaluation,
the laminar flame speed 𝑆0

L,u is an important property characterizing
the combustion process. Compared to hydrocarbons, the amount of
experimental and modeling studies on these hydroflurocarbon (HFC)
refrigerants is sparse, making accurate experimental data extremely
valuable for constraining uncertainties of chemical kinetic models.
However, obtaining accurate data is also extremely challenging because
of their often very low flame speeds.

✩ Official contribution of NIST, not subject to copyright in the United States. Certain commercial equipment, instruments, and materials are identified in
this paper to adequately specify the procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and
Technology.
∗ Corresponding author.
E-mail address: r.hesse@itv.rwth-aachen.de (R. Hesse).

1 GWP of CO2 over 100 years used as reference.
2 Standard conditions refer to 1.01325 bar and 298 K.

Difluoromethane (CH2F2, R32) and 2,3,3,3-tetrafluoro-1-propene
(CH2 ––CFCF3, R1234yf, short: ‘‘yf’’) are two low-GWP HFCs with esti-
mated 100-year GWPs1 of 809 and 1 (Hodnebrog et al. [1]), respec-
tively. By mixing refrigerants, flammability, refrigerant cycle perfor-
mance, stability, and low GWP properties can be tuned to obtain effec-
tive drop-in solutions for existing systems [2]. However, delineating the
flammability characteristics of marginally flammable refrigerants and
their blends is difficult. For example, R32 and R1234yf were reported
by Takizawa et al. [3,4] with peak laminar flame speeds at standard
conditions2 of 6.7 cm/s and 1.2 cm/s, respectively. Accurate assessment
of the combustion characteristics of these refrigerants places particular
demands on laminar flame speed measurement methods.
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Due to the larger time scales of slowly propagating refrigerant
flames, two physical phenomena dominate: (1) The buoyancy-induced
deformation of the flames and (2) the radiation heat losses. These
alter the flames not only on a kinematic but also on a chemical
level and complicate flame speed estimates employing conventional
methods. The flame speed of a refrigerant is analyzed in vertical
cylindrical tubes (VT) made of glass, e.g., [5,6] or in closed combustion
vessels (CV), e.g., [3,4,7,8]. The latter method determines 𝑆0

L,u by
easuring the radius evolution of an outwardly propagating flame

OPF) using optical methods (O) such as Schlieren diagnostics or the
ressure-rise trace (P) during the near isentropic compression phase.
vailable flame speed studies on R32 and R1234yf are summarized

n the Supplementary Materials in Tab. S1. Only a minority of studies
onsider radiation effects with an optically thin gas model (OTM) and
onduct experiments under microgravity (𝜇𝑔) to suppress buoyancy.
hus, chemical kinetic model development for HFC combustion pre-
iction, e.g., by Papas et al. [6], Needham and Westmoreland [9],
nd Babushok et al. [10], partly relies on flame speed data, where
adiation, buoyancy, and often stretch effects remain unconsidered.
he present work addresses these challenges to provide accurate data.
uch work was related to the flame propagation near the flammability

imits, e.g., by Law and Egolfopoulos [11], Ju et al. [12], Bechtold
t al. [13], and Chen and Ju [14]. These studies address the interplay of
hain branching and breaking reactions [11], the transition to isolated
elf-extinguishing flames due to radiation [13,14], and the presence of
adiation reabsorption in CO2-dominated mixtures [12]. In the present
ork, flames do not self-extinguish because they are sufficiently far

rom the flammability limits, which is demonstrated by the optical and
ressure-rise methods.

These two methods were compared in our previous study [8] ad-
ressing ambiguities in extracting the laminar flame speed for slowly
ropagating R32 flames under terrestrial (𝑔) and microgravity (𝜇𝑔)
onditions. By thoroughly identifying data reduction limits for optical
nd pressure-rise methods, flames with 𝑆0

L,u below 5 cm/s can be in-
estigated, provided that effects of radiation heat losses are estimated
nd corrected. To effectively reduce stretch effects, experiments can be
onducted at elevated pressures. These measures enable the acquisition
f accurate data for kinetic model validation.

For this study, high-fidelity measurements were conducted to inves-
igate the blending behavior of mixtures containing R32/R1234yf/air.
o eliminate uncertainties arising from buoyancy, mixtures with
1234yf were measured under 𝜇𝑔. The collected data provides a solid
asis to answer the following questions: (1) How does the addition of
1234yf affect the flame speed of R32? (2) How can we describe the
lending behavior? (3) What are the chemical processes occurring in
hese blends?

. Experimental framework

Microgravity experiments were conducted in the high-repetition
rop tower facility of ZARM (Center of Applied Space Technology and
icrogravity) called the GraviTower Bremen Pro (GTB Pro) providing

p to 2.5 s weightlessness of less than 10−4 g during drops. For details
f the experimental setup, we refer to our previous descriptions [8].
ncertainties were evaluated following the guide to the expression
f uncertainty in measurement (GUM) [15]. The sensitivities of 𝑆0

L,u
oward the input parameters, such as initial pressure, temperature,
nd mixture composition, were expressed with a simplified power law
odel representing the measured 𝑆0

L,u. The expanded uncertainties for a
evel of confidence of 95 % are depicted as error bars in the results sec-
ion figures. Brief descriptions of the experimental procedures and the
ncertainty analysis are also included in the Supplementary Materials.

This study conducted experiments with dry air and molar
32/R1234yf blending ratios of 𝑋yf ∈ [0, 0.15, 0.3, 0.5, 1] and equiv-
lence ratios of 𝜙=1.1 and 1.3, which are expected to encompass peak
lame speed positions, at a pressure of 𝑝 =3 bar and a temperature
2
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of 𝑇0 =333 K. We previously reported peak laminar flame speeds for
R32/air mixtures at 𝜙 = 1.05 [16]. Takizawa et al. [4] identified a peak
equivalence ratio for R1234yf/air at 𝜙 = 1.3 and with oxygen-enriched
air near 1.1. Thus, a variation in equivalence ratio of 1.1 to 1.3 should
approximately cover peak 𝑆0

L,u. Fuel-air equivalence ratio sweeps were
conducted for pure R32 and R1234yf at the same initial pressure
and temperature. In order to relate our findings at high pressures to
standard conditions, we performed flame measurements of R1234yf/air
for 𝜙=1.3 along the isentropic compression line that corresponds to
standard conditions. The collected flame speed data along this isentrope
was used to determine the flame speed at standard conditions by
extrapolation.

3. Flame speed determination

3.1. Optical method

Flame front extraction is limited to spherically smooth flame fronts
above a critical radius associated with the complete decay of ignition
artifacts and within a quasi-isobaric regime. The temporal evolution of
the flame front radius (𝑅f ) is measured at its iso-temperature surface
of approximately 850 K using Schlieren images. Central differences are
applied to obtain the stretched propagation speed of a burned mixture
𝑆L,b = 𝑅̇f = d𝑅f∕d𝑡, assuming quiescent burned gases. The stretch rate
𝐾 of an OPF is defined as the temporal change of the flame surface
area 𝐴 leading to 𝐾 = 1∕𝐴f ⋅ d𝐴f∕d𝑡 = 2∕𝑅f ⋅ d𝑅f∕d𝑡. The nonlinear
expression provided by Kelley et al. [17] is used to calculate the
unstretched flame speed 𝑆0

L,b denoted with the superscript ‘‘0’’ and
the Markstein length b. The unstretched laminar flame speed of the
unburned gas, 𝑆0

L,u, can be evaluated for adiabatic flames by mass con-
tinuity through a planar unstretched flame, 𝑆0

L,u = 𝑆0
L,b(𝜌b∕𝜌u), where

𝜌b and 𝜌u are the burned and unburned gas densities. A slowly burning
flame can render the assumption of quiescent burned gases invalid due
to radiation heat loss, inducing a contraction velocity (kinematic effect)
and a temperature decrease in the reaction zone (chemical effect),
as discussed by Hesse et al. [16]. Recently, Tavares et al. [18] im-
proved the correction of the kinematic effect, emphasizing an important
coupling of convective terms in the energy and continuity equations.
The model predicts contraction velocities for R32 but deviates for
R1234yf flames due to the slow oxidation of CO to CO2, common in
HFC flames with F∕H > 1. Interpreting the larger fractions of CO in the
burned gas as CO2 leads to overestimating the radiation heat loss due
to the larger Planck-mean absorption coefficients of CO2. Their results
imply that corrections of flame measurements under elevated pressures,
which is the subject of the present study, are less affected because of
their thinner reaction zone. Hence, corrections according to Tavares
et al. are applied to optical method results.

3.2. Pressure-rise method

Several assumptions are invoked to calculate 𝑆L,u from pressure-
rise data, including infinitely thin smooth spherical flame fronts dur-
ing combustion, spatially uniform pressure during combustion, isen-
tropic compression of unburned gases, ideal gases, equilibrium of
burned gases, and negligible radiation and buoyancy effects. In Bariki
et al. [19], we recently discussed this method and its errors in fast-
burning flames using a two-zone model. For slowly burning flames, as
investigated in the present study, a multi-zone model, such as the Mass-
and Energy-Conserving Thermo (MECT) introduced by Elia et al. [20],
is required to incorporate radiation heat losses. Here, we selected the
data reduction tool for spherical constant volume flame experiments of
the National Institute of Standards and Technology (NIST) [21], which
uses the MECT multi-zone model. A detailed validation of the data
reduction method and the aforementioned assumptions for slowly burn-
ing R32/air flames are presented by Hegetschweiler et al. [22]. Pressure

data were processed by applying a moving average scheme. Radiation
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effects were modeled in the burned equilibrated gas for the species
CO2, CO, H2O, CF2O, and HF, using the optically thin model (OTM),
thus assuming the absence of radiation absorption. Handling radiation
in a statistical narrow-band model framework is currently impossible
due to the lack of radiation absorption parameters of some important
species at appropriate combustion temperatures. It is important to
recognize that experimental data obtained in the closed combustion
vessel are always affected by radiation. In slowly propagating flames,
correcting this data using a radiation model, e.g., OTM, is essential to
compare results with adiabatic simulations. We label these corrected
experimental results with ‘rad-corr.’ and the uncorrected results with
‘uncorr.’.

A power law functional relationship is commonly used for ex-
trapolating flame speeds to initial temperatures 𝑇0 and pressures 𝑝0,
expressed as

𝑆L,u = 𝑆L,u,0

(

𝑝
𝑝0

)𝛼
, and 𝑇 = 𝑇0

(

𝑝
𝑝0

)
𝛾−1
𝛾

, (1)

where 𝑆L,u,0 is the laminar flame speed at 𝑝0 and 𝑇0, and the exponent 𝛼
depends on the mixture composition. The corresponding temperature 𝑇
along the near-isentropic compression is given by the second equation,
with 𝛾 being the isentropic exponent with respect to the unburned gas.

3.3. Numerical framework

Flame speed simulations of adiabatic, planar stationary flames and
transient spherically expanding flames were performed using the appro-
priate modules of the open-source code FlameMaster [23]. Predicted
𝑆0
L,u results shown in the following figures were obtained with the de-

tailed kinetic model of Babushok et al. [24], which contains 113 species
and 1064 reactions describing the combustion process of R32, R1234yf,
and other C2-C3 HFC refrigerants.

4. Results and discussion

The reaction stoichiometry used to describe HFC/air (dry) mix-
tures in this study was defined by Takizawa et al. [25] for refrig-
erants containing equal or less fluorine than hydrogen atoms, e.g.,
R32 (CH2F2), and those containing more fluorine than hydrogen atoms,
e.g., R1234yf (CH2=CFCF3), which are combined via the molar frac-
tion 𝑋yf of R1234yf in the refrigerant mixture:

𝑋yf ⋅ CH2−−CFCF3 + (1 −𝑋yf ) CH2F2 + (1 + 1.5𝑋yf ) O2

= 2HF +𝑋yf ⋅ CF2O + (1 +𝑋yf ) CO2. (2)

4.1. Optical method results

First, we analyzed the flame morphology of the optical measure-
ments for all conditions. Fig. 1 depicts representative flame evolutions
of R32 and R1234yf/air mixtures at an equivalence ratio of 1.1. R32/air
flames propagate about three times faster than R1234yf/air flames, as
indicated by the local propagation speeds 𝑅̇f above the flame images.

Flames expand spherically without apparent artifacts caused by the
electrodes. Although the present study was conducted at high ignition
pressures of 𝑝0 = 3 bar, flame wrinkling due to hydrodynamic or
thermodiffusive instability is not an issue, as apparent from the optical
flame evolution data. Particularly, it is not observed for richer flames
of 𝜙 = 1.5 and elevated pressures along the near-isentropic compres-
sion, relevant for pressure-rise data evaluation. Fig. 2 presents the
relationship between the propagation speed 𝑅̇f and the stretch rate 𝐾
of the flame for both neat refrigerants and a blend of 𝑋yf =0.15 with
𝜙=1.1, 𝑝0 =3 bar, and 𝑇0 =333 K. The data represented by symbols
were corrected for radiation-induced contraction velocities using the
code from Tavares et al. [18] and extrapolated using the nonlinear
expression represented by lines to obtain the unstretched value. The
flame propagation can be subdivided into three regimes associated
3

Fig. 1. Flame recordings at 𝜙= 1.1, 𝑋O2 ,air = 20.94 %, 333 K, and 3 bar at the volume
equivalent radius 𝑅f .

Fig. 2. Propagation speed-stretch rate dependence at 3 bar, 333 K, 𝜙 = 1.1 with
increasing R1234yf mole fraction 𝑋yf . Filled symbols: radiation-corrected experiments;
hollow symbols: uncorrected experiments; lines: nonlinear extrapolations; (I) ignition
kernel propagation, (II) transition, and (III) normal flame propagation regime.

with (I) ignition energy decay, (II) transition to self-sustained propa-
gation, (III) self-sustained flame propagation. Only (III) was selected
for extrapolation to zero stretch rates.

Adding a fraction of 𝑋yf =0.15 to R32 drastically decreases the
propagation speeds by 30 % and increases the Markstein length b
from 0.9 mm to 1.4 mm. b further increases for neat R1234yf/air
to 3.2 mm. These findings lead to a pronounced nonlinear blending
behavior of 𝑆0

L,u for R1234yf-addition. The already large Markstein
lengths for neat R1234yf/air flames at 3 bar and 333 K should be even
larger for standard conditions, because b is proportional to the flame
thickness, which increases toward lower pressures. Thus, the small
optically accessible radius of about 2 cm in the present work makes
extrapolations to zero stretch more uncertain, which is the reason
why elevated pressures are beneficial in small combustion vessels, as
discussed by Beeckmann et al. [26]. This also applies to the pressure-
rise method, where stretch, ignition residues, and electrical noise can
influence the lower data range.

4.2. Pressure-rise method results

The measured flame speeds from the pressure-rise method for the
neat R1234yf/air mixtures at 𝜙=1.1 are presented in Fig. 3. These
flame speeds are already converted to the unburned conditions, so
they are referred to as the laminar flame speed 𝑆L,u. Note that 𝑆L,u
is not strictly referring to the unstretched laminar flame speed 𝑆0

L,u,
as it might still be slightly stretch-affected at small flame radii and



Proceedings of the Combustion Institute 40 (2024) 105418R. Hesse et al.

a
e
p
t

c

w
a
d
t

s
𝑇
r
t

Fig. 3. 𝑆L,u of R1234yf/air (𝜙 = 1.1) at 𝑝0 =3 bar, 𝑇0 =333 K, radiation-corrected
nd uncorrected, represented by blue and black points, respectively. Power law
xtrapolation to 𝑝0 and 𝑇0 (dashed lines) with error bars; Optical method results (filled
oints); Simulations (solid red line). (For interpretation of the references to color in
his figure legend, the reader is referred to the web version of this article.)

orresponding low pressures. To prevent 𝑆L,u values from being con-
taminated by stretch effects, data must be selected and extrapolated to
the initial conditions at 𝑝0 and 𝑇u,0. A lower limit of 𝑝 ≳ 1.4𝑝0 to 2𝑝0

as found to satisfy this demand for the present flames. The sensitive
ppropriate ranges for each case were assessed according to the proce-
ures described by Hesse et al. [8] using the Markstein lengths from
he optical data. For cross-validation, the extrapolated results to 𝑝0 and
𝑇0 from the pressure-rise evaluation (denoted with ‘p’) and 𝑆0

L,u from
the optical evaluation (denoted with ‘o’) can be compared, as shown
in Fig. 3. The upper limit for pressure data extrapolation is associated
with the inflection point of the pressure–time history to exclude flame
wall interactions. The symbols in Fig. 3, representing the extrapolated
results, overlap due to the similarity of both method extrapolations,
with the values from the pressure method being slightly higher than
from the optical method. Equivalent visualizations to Figs. 2 and 3 for
the other measurement conditions are provided in the Supplementary
Materials.

To establish a connection between standard conditions that are typ-
ically used for fire-safety assessment of refrigerants, but are less precise
to measure directly due to stretch effects, we conducted tests along
the corresponding pressure and temperature isentrope for R1234yf/air
mixtures with an equivalence ratio of 1.3. The results are shown in
Fig. 4 for 𝑝0 =1.6 bar, 𝑇0 =333 K and 𝑝0 =2.5 bar, 𝑇0 =371 K. Data of
multiple measurements overlap in the 3 bar to 5 bar range. For 𝑝 and
𝑇 below this range, data are affected by stretch since the flames are
still too small and do not resemble a near-planar flame, which becomes
apparent from the downward bend of the data points. After this range,
measurements corresponding to 𝑝0 =1.6 bar are affected by flame wall
interactions, whereas measurements conducted at 𝑝0 =2.5 bar provide
reliable data up to 8 bar. Combining both sets and extrapolating them
to standard conditions yields 𝑆0

L,u =2.9 cm/s. In comparison, Takizawa
et al. [4] obtained 1.4 cm/s under 𝜇𝑔 without considering radiation and
potentially large stretch effects.

Unstretched 𝑆0
L,u of the neat refrigerant/air mixtures as a function

of the fuel-air equivalence ratio are shown in Fig. 5 for the two limiting
cases, data reduction without correction (uncorr.) and including an
OTM radiation-correction (rad-corr.). Estimated radiation effects are in
the order of 14 % for peak R32/air flames to 40 % for rich R1234yf/air
flames, with the uncorrected data being the reference. Data for R32 of
the present study using the pressure-rise method are also compared to
previous results by Hesse et al. [16] using radiation-corrected optical
measurements. Measurement results are consistent up to an equivalence
ratio of 1.4, where the new data are about 0.3 cm/s (6 %) slower, which
4

is within the experimental uncertainties.
Fig. 4. 𝑆L,u of R1234yf/air (𝜙 = 1.3) along near-isentropic compression lines corre-
ponding to 1 atm and 298 K, with radiation correction; Initial condition: 𝑝0 =1.6 bar,
0 =333 K (black), and 𝑝0 =2.5 bar, 𝑇0 =371 K (light blue). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
his article.)

Fig. 5. 𝑆0
L,u of R32/air (dark blue) and R1234yf/air (light blue) over 𝜙 from the

pressure-rise method at 𝑝0 =3 bar, 𝑇0 =333 K, radiation-corrected and uncorrected.
Symbols: experiments; Solid lines: adiabatic planar stationary flame simulations; Dashed
line: transient spherical flame simulations with OTM radiation for R32/air. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6 represents the blending behavior of the two refrigerants
regarding their 𝑆0

L,u at 𝜙=1.1. We observe a strong nonlinear behav-
ior with increasing 𝑋yf . For mixtures 𝑋yf ≥0.5, 𝑆0

L,u changes only
within experimental uncertainty limits. A similar trend was reported
by Takizawa et al. [7] as shown in the figure for peak velocities
at standard conditions without radiation corrections. For comparison,
Takizawa et al.’s results from [7] are also shown with radiation-heat
losses estimated from the present study.

4.3. Predictions with the kinetic model

Fig. 5 compares radiation-corrected measurements (rad-corr.) to
simulation results for several fuel-air equivalence ratios. For reference,
uncorrected measurements representing a lower bound are included.
The comparison illustrates the importance of accounting for radiation
effects when validating kinetic model predictions against slow flame
propagation data. Neglecting radiation may even lead to faulty con-
clusions about the prediction accuracy of a model, as is clear from the
experimental results obtained for lean mixtures. The shape of the exper-
imental and predicted results is well-matched for R32/air flame speeds.
However, compared to the experiments, the predicted peak is shifted
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Fig. 6. 𝑆0
L,u blending effect of R32/air with R1234yf (𝑋yf ) at 𝜙=1.1, 𝑝0 =3 bar,

𝑇0 =333 K (red). Reference from Takizawa et al. [7] for blend peak velocities at
𝑝0 =1.013 bar, 𝑇0 =298 K (black), radiation-corrected and uncorrected. Symbols and
lines show measured and computed results, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

so that 𝑆0
L,u is underpredicted on the lean side while slightly over-

predicted for rich conditions. Deviations observed for mixtures leaner
than 𝜙=1.0 exceed the estimated experimental uncertainties and are
attributed to kinetic model uncertainty. Flame speeds of R1234yf/air
mixtures are underpredicted by the kinetic model for mixture leaner
than 𝜙=1.3.

Predictions for R1234yf/air mixtures along the isentropic compres-
sion lines in Figs. 3 and 4 are compared to radiation-corrected exper-
iments. In the first case, at 𝑝0 =3 bar, 𝑇0 =333 K and 𝜙=1.1, kinetic

odel predictions deviate from the experimental results’ lower uncer-
ainty range by 4 %. The pressure and temperature dependence of 𝑆0

L,u
s matched by the simulations, as evident from the similar slope and
urvature. Predictions for the richer second case along the isentropic
ompression line corresponding to standard conditions (cf. Fig. 4)
re within experimental uncertainties for pressures and temperatures
imultaneously increasing up to 12 bar and 520 K.

Lastly, the blending behavior of R1234yf in R32 is investigated nu-
erically. Simulations show a similar nonlinear flame speed inhibition

s experiments that levels off for 𝑋yf >0.5. For marginal R1234yf-
ddition, experiments indicate a more distinct flame speed inhibition
han model predictions. The overall trend continues for standard con-
5

itions, which is in agreement with Takizawa et al.’s data [7]. Despite p
he retrospective radiation correction, Takizawa’s absolute 𝑆L,u is not
atched by the chemical kinetic model, which may originate from
on-negligible stretch influence, as discussed in the previous section.

.4. Reaction flux and sensitivity analysis

The qualitative flux diagram describing the consumption of
32 (CH2F2) and R1234yf (CH2 ––CFCF3) to form the products HF,
O2, CF2O, and CF4 is shown in Fig. 7(a). The principal pathway

for R32 involves the formation of the difluoromethyl radical CHF2,
hich undergoes subsequent reactions with O and O2 to yield fluoro-
ldehydes. These aldehydes then decompose, producing HF and CO. In
any aspects, difluoromethane pathways resemble methane oxidation,
ith fluorine replacing hydrogen atoms. In contrast, the fuel-specific

hemistry of R1234yf forms (fluoro)-alkynes whose oxidation to alde-
ydes and subsequently CO relies on atomic oxygen due to the higher
tability of the triple bonds. For both fuels, CO2 is predominantly
roduced from oxidizing CO.

The fuel-specific systems of R32 and R1234yf are well-separated,
xcept for two minor interactions. First, R1234yf consumption pro-
uces CF3 radicals, which are subsequently oxidized to CF2O. Second,
1234yf produces C2HF, which reacts with atomic oxygen to form CHF
iradicals. CF4 acts as a fluorine sink, which becomes increasingly im-
ortant for large F/H-ratio refrigerants, such as R1234yf. In contrast to
he formation of CO2, HF is more directly produced by the fuel-specific
hemistry and partly by the reactions of fluoro-aldehydes.

Fig. 7(b) presents how the radical pool and 𝑆0
L,u change with 𝑋yf .

eak radical molar fractions of H, OH, and CHF2 decrease with a
imilar trend as 𝑆0

L,u, whereas O first increases and then follows the
rend of 𝑆0

L,u. In all flames, O-atoms are predominantly produced by
he reactions CHF + O2 = CHFO + O and H + O2 = O + OH.
n a pure R32 flame, O-atom consumption occurs through reactions
ith R32 and its radical CHF2. O-atom consumption decreases more

apidly than the O-production through the reaction CHF + O2 =
HFO + O as R1234yf is added to the fuel, explaining the increasing
-atom mole fraction until reaching the peak O-atom mole fraction
t 𝑋yf = 0.15. For R1234yf, mole fractions larger than 0.15, the O-
onsumption through the reaction C2HF + O = CO + CHF becomes
ncreasingly important, which leads to an O-atom decrease. R1234yf-
ddition lowers the H-atom mole fraction via HF formation, effectively
rapping the radicals and shutting down the chain branching, as ex-
lained below. Thus, fuel consumption must switch to the F-species
adical-driven reactions, which are slower. The lack of available H-
toms also terminates conversions of F so that it remains an equilibrium

roduct, as apparent from the strong rise in the post-reaction zone.
Fig. 7. (a) Schematic reaction flux diagram for HF, CO2, CF2O, and CF4 production. Dark blue pathways are attributed to R32 (CH2F2), light blue pathways to R1234yf (CH2=CFCF3),
nd black pathways to their joint chemistry in blends; (b) Maximum molar radical fraction (left 𝑦-axis) and 𝑆0

L,u (right 𝑦-axis) as function of 𝑋yf for 𝜙= 1.1, 3 bar, and 333 K. Peak
adical molar fractions are reached in the reaction zone, except for F (scaled by 1/10), which increases toward burned equilibrium.



Proceedings of the Combustion Institute 40 (2024) 105418R. Hesse et al.

𝑝

r

n
m

e
a
i
p
r
N
a
i
𝑋

f
t
A
w
I
l
i
t
a
c

s
t
R
c
o
f
k
s
m
u
f
k
c
R
t
s
c
H
t
s

N

f
a
b
e
c
c
c
d
f
R
a
a
o
a
i

C

y
g
A
S
V
S
p
B
W

D

c

Fig. 8. (a) Temperature; (b) H production rate; (c) O production rate as a function
of the flame coordinate 𝑦 with the origin at OH peak concentration. Conditions are
0 =3 bar, 𝑇0 =333 K, and 𝜙 = 1.1.

Fig. 9. Normalized sensitivity coefficients for 𝑆0
L,u with respect to frequency factors of

ate coefficients at 3 bar, 333 K, 𝜙 = 1.1, and varying 𝑋yf .

As in hydrocarbon combustion, the laminar flame speed of fluori-
ated compounds is closely related to the flame temperature in the
ain reaction zone. The 𝑇 -profiles for varying 𝑋yf are depicted in

Fig. 8(a). The length of the post-flame zone increases with 𝑋yf . Differ-
nces in adiabatic flame temperatures between neat R32 and R1234yf
re 103 K. However, the temperatures in the reaction layer vary signif-
cantly more by approximately 290 K (at 𝑦= 0). In Fig. 8(b), the net
roduction rates 𝑐̇ of H highlight not only the reduced amount of H
adicals but also their withdrawal from the fuel-consumption region.
et production and consumption of O radicals, shown in Fig. 8(c),
re also displaced toward larger flame coordinates. However, increas-
ng 𝑋yf first boosts O radicals before they decrease in mixtures with
yf >0.3.

Fig. 9 shows normalized sensitivity coefficients [27] for the laminar
lame speeds of several fuel blends. All flame speeds are sensitive to
he chain branching reaction 38f, which requires H-atoms to take place.
ccordingly, the H-atom-producing reactions 99f and 294f increase 𝑆0

L,u
hile H-atom-consuming reactions, such as 284f and 363f, decrease it.

n particular, the sensitivity coefficients of reactions 284f and 294f il-
ustrate that the availability of H-atoms from fuel-specific intermediates
mpacts 𝑆0

L,u (CF3 for R1234yf, CHF2 for R32). In addition, the sensi-
ivity analyses reveal that unimolecular decomposition reactions (229f
nd 233f) and reactions with O2 and O (317f, 292f, 319f, 295f), which
onvert CF and CF to the product CF O, significantly affect 𝑆0 .
6

3 2 2 L,u i
5. Concluding remarks

In the present study, we explored the nonlinear blending effect on
the laminar flame speed of R1234yf and R32 mixtures by conducting
high-fidelity experiments using the optical and pressure-rise methods
under microgravity and terrestrial gravity and correcting results for
radiation heat losses. To minimize contamination of 𝑆0

L,u values by
tretch effects, we increased the initial conditions to pressure and
emperature of 3 bar and 333 K. However, we also provided data for
1234yf that allows for robust extrapolation to standard conditions for
omparison with literature data. This study underscores the necessity
f implementing the aforementioned measures for slowly propagating
lames to achieve experimental data accuracy suitable for refining
inetic models via comparisons to adiabatic, planar stationary flame
imulations. Despite the promising predictions of the selected kinetic
odel for our measurements involving neat R32 and R1234yf, it was
nable to completely account for the substantial nonlinear decrease in
lame speed observed in the experiments. We analyzed the chemical
inetic model using flux and sensitivity analyses to understand the
hemical interactions involved in blending these refrigerants. With
1234yf-addition, H-atoms react to form HF, trapping them and shut-

ing down the typical hydrocarbon chain-branching reactions. Our
ensitivity analysis highlights key reactions involving fuel-specific radi-
als: CHF2 for R32, providing H-atoms, and CF3 for R1234yf, removing
-atoms. Thus, R1234yf-addition has an attenuating effect on the flame

emperature and produces an extended post-flame zone, which yields a
trong decrease in 𝑆0

L,u.

ovelty and Significance Statement

This research investigates the nonlinear flame speed inhibition ef-
ects in mixtures of R1234yf and R32, two hydrofluorocarbon refriger-
nts known for their low global warming potential but mild flamma-
ility, raising safety concerns. In our study, we employ high-fidelity
xperimental methods under microgravity conditions to overcome the
hallenges posed by these refrigerants’ slow flame propagation. Added
onsideration of radiation and stretch effects, which were not jointly
onsidered for R32/R1234yf/air mixtures before, provides accurate
ata for validating and improving kinetic models. Our experiments
urther highlight the significant flame speed inhibition potential of
1234yf in mixtures with R32. The detailed chemical kinetic model
nalyses reveal key steps in the oxidation chemistry of refrigerants. H-
toms enable reaction pathways that increase the laminar flame speed
f R32. In contrast, R1234yf is oxidized via slower reactions with O2
nd O-atoms. This finding, explained in detail in this work, is essential
n assessing refrigerant fire safety risks.
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