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Abstract
Today’s hydrofluorocarbon (HFC) refrigerants are designed to have a low global warming potential (GWP), re-
sulting in fast atmospheric decomposition and increased reactivity. This causes them to be mildly flammable.
The laminar flame speed SL,u ranks refrigerants by their hazardous fire potential. Slowly propagating refrigerants
are less hazardous. However, they become affected by gravity and radiation, which raises concerns about their
measured flame speeds’ reliability. In the present study, we conducted experiments to obtain SL,u of two represen-
tative refrigerants, 2,3,3,3-tetrafluoro-1-propene (CH2= CFCF3, R-1234yf), difluoromethane (CH2F2, R-32), and
their blends in a drop tower facility providing microgravity to suppress buoyancy. The study reveals that the fire
potential of R-1234yf was underestimated by previous experiments.

Introduction
Refrigerants with a high global warming potential

(GWP) are replaced with low-GWP substitutes. The re-
duced atmospheric lifetimes, however, come with mild
flammability. Therefore, it is essential to understand
their combustion behavior. For safety evaluation, the
laminar flame speed SL,u is an important property con-
sidering the combustion process’s diffusivity, exother-
micity, and reactivity. Using SL,u constrains uncertain-
ties of chemical kinetic models.

Reducing the fire-safety hazards of low GWP refrig-
erants requires flame speeds well below 5 cm/s. Ac-
curate assessment of the combustion characteristics of
these refrigerants places particular demands on laminar
flame speed measurement methods.

Due to the larger time scales of slowly propagating
refrigerant flames, the impact of two physical phenom-
ena dominates: (1) The buoyancy-induced deformation
of the flames, and (2) The radiation heat losses, which
alter the flame not only on a kinematic but also on a
chemical level, disproving conventional flame speed es-
timates. Hence, accurate literature data on flame speeds
for these refrigerants are rare. Generally, it is observed
that the lower the fuel’s burning rate, the less accu-
rately the combustion behavior can be predicted using
chemical kinetic models [1]. Difluoromethane (CH2F2,
R-32) and 2,3,3,3-tetrafluoro-1-propene (CH2= CFCF3,
R-1234yf, short: ”yf”) are two low GWP hydrofluoro-
carbons (HFC) that are of particular interest for the re-
frigeration industry. R-1234yf is abbreviated with ”yf”
to improve clarity in graphs and tables.

A refrigerant’s burning rate is typically studied in
vertical cylindrical tubes (VT) made of glass [2–4] or
closed combustion vessels (CV). The latter typically
derives the laminar flame speed from the radius evo-
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lution of an outwardly propagating flame (OPF) using
optical methods (O) like Schlieren or the pressure-rise
trace (P) during near isentropic compression. Available
flame speed studies on R-32 and R-1234yf are sum-
marized in Tab. 1. The advantages of the CV method
are a well-defined measurement environment capable of
providing highly accurate data and safe internal treat-
ment of harmful combustion residues. Because of that,
it is broadly applied for refrigerant flame speed mea-
surements and will also be used in the present study.
Due to limited data availability, chemical kinetic model
development for HFC combustion prediction, e.g., by
Papas et al. [4] and Babushok et al. [1], partly relies on
flame speed data, where radiation, buoyancy, and often
stretch effects remain unconsidered (see Tab. 1). This
impedes the efforts to develop highly accurate kinetic
models. Fewer flame speed data are available for binary
or ternary refrigerant mixtures, optimized jointly for cy-
cle efficiency, volumetric capacity, material compatibil-
ity, low GWP, low toxicity, and flammability [1].

In our recently published study [11], we focused
on assessing robust flame speed measurement meth-
ods for slowly propagating refrigerant flames, consid-
ering the effects of radiation, stretch, and buoyancy on
optical and pressure-rise data. The methods were ap-
plied under terrestrial (g) and microgravity (µg) con-
ditions for nitrogen-diluted R-32/air mixtures to mimic
the propagation behavior of even slower refrigerants,
such as R-1234yf that was reported with a peak SL,u
of 1.2 cm/s (cf. Tab. 1). The procedures developed in
this study are based on thoroughly identifying data ex-
traction limits and uncertainty estimates for buoyancy,
radiation, and stretch effects.

The present paper aims to extend robust flame speed
measurements to CH2= CFCF3/air mixtures and blends
with CH2F2 and, therefore, continues the investigation
under µg. The results will be used to answer the follow-



Table 1: R-32 and R-1234yf refrigerant studies regarding their flame propagation behavior in the Vertical Tube (VT) and Closed
Vessel (CV) using either the optical (O) or pressure (P) method to determine S0

L,u. g and µg refer to the studies performed under
terrestrial gravity and microgravity, respectively.

HFC GWP MW T �ad S0,�
L,u Configuration Rad. p T φ XO2,air Ref.

refrigerant 100-yr g/mol K cm/s cor. bar K - -
R-32 677 52.024 2207 6.7a VT g N/A 1.01 298 0.89-1.6 0.21 [2–4]
CH2F2 CV-P/O g N/A 1.01 298 0.76-1.5 0.21 [5, 6]

CV-P/O g/µg N/A 1.01 298 0.83-1.27 0.21 [6]
CV-P g OTM 1.01/3 298/400 0.9-1.4 0.21 [7, 8]
CV-O g OTM 1.01-3 298/333 0.9-1.6 0.21 [9, 10]
CV-P/O g/µg OTM 3 333 1.3 0.16-0.21 [11]

R-1234yf 4 114.04 2047 1.2b VT g N/A 1.01 298 1.0 0.21 [4]
CH2=CFCF3 CV-P g N/A 1.01 298 0.8-1.55 0.21-0.5 [12, 13]
short ”yf” CV-P/O g/µg N/A 1.01 298-353 1.05-1.78 0.21 [14]

� At peak laminar flame speed in mixtures with dehumidified air under 1 atm, 298 K
a From ref. [5]; b From ref. [12];

ing research questions: How do stretch and radiation be-
havior differ of R-32 and R-1234yf-blends? How much
is the fire hazardous potential decreased if R-1234yf in-
stead of R-32 is used? How well do chemical kinetic
models predict the blending behavior?

Experimental Apparatus and Procedures
Microgravity experiments were conducted in

ZARM’s (Center of Applied Space Technology and
Microgravity) prototype high-repetition drop tower
facility called the GraviTower Bremen Pro (GTB Pro)
providing up to 2.5 s weightlessness of less than 10�4 g
during drops. The flame speed setup, integrated into a
capsule with a payload height of 953 mm, is accelerated
with a rope drive, describing a parabolic motion. The
capsule is fixed on an air cushion from which it detaches
during the flight. The outer slider protects the capsule
from air drag during flights.

The flame speed setup, illustrated in Fig. 1, con-
sists of a spherical combustion chamber with an in-
ner diameter of 100.5 mm. The Schlieren arrange-
ment was installed vertically in a dual-field configu-
ration with a CMOS camera at the top and a high-
power LED emitting green light at the bottom. The
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Figure 1: Experimental setup for flame speed measurements
using the optical and the pressure method under 1-g and µg
conditions.

interior of the chamber is illuminated by parallel light
via two 50 mm cylindrical windows made from sap-
phire crystal located on opposite sides. Flame im-
ages with a size of 800�832 pixels were recorded at
10000 frames per second (fps), providing a spatial reso-
lution of 17.36 pixel/mm.

The mixture preparation significantly influences the
accuracy of flame speed experiments. Here, the maxi-
mum uncertainty in equivalence ratio is 0.02 and 0.2 %
in XO2 . The oxidizer was prepared from nitrogen and
oxygen, each with a purity of 99.999 %. R-32 and R-
1234yf had a purity of 99.5 %. The gases are carried
along in separate gas cylinders mounted to a mixture
preparation platform.

A vacuum pump is used to evacuate residual gases
from the vessel and tube network, followed by the filling
process via an additional premixing chamber. The pro-
cess is controlled remotely with solenoid valves, MFCs,
and a pressure-regulating valve at the chamber outlet.
They are closed simultaneously once the set-point igni-
tion pressure has been maintained for sufficient mixing
time. An appropriate settling time of 5 min is followed
by ignition. A two-step coil and capacitor ignition sys-
tem provides spark energies up to 5 J. Sparks are dis-
charged through elongated spark plug electrodes with
diameters of 0.3 mm and gaps between electrode tips
of 2 mm. Minimum ignition energies were approached
by gradually increasing ignition energies in the labora-
tory framework to limit the effect on flame evolution.
Earlier studies used thicker electrodes with a diameter
of 1 mm, resulting in more substantial conductive heat
losses. By using much thinner electrodes, ignition en-
ergies and, thus, the influence on the flame propagation
could be reduced.

Toxic combustion products like hydrogen fluoride
(HF) are treated internally in a soda-lime bath. A high-
accuracy Keller 35XHTC and a high-frequency Kistler
4011A pressure transducer were used for measuring the
ignition and combustion pressure, respectively. Pressure
data were recorded at 10000 Hz. The combustion cham-
ber and its periphery can be heated for measurements at
elevated temperatures. The present study obtained re-
sults with varying R-32/R-1234yf blending ratios and
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