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ARTICLE INFO ABSTRACT

Keywords: The first laminar flame speed measurements of the hydrofluorocarbon refrigerant CH,F-CF; (R-134a) with
Refrigerant flammability oxygen are presented for both dry and humid conditions. Flame speeds were determined from pressure-rise
Laminar flame speed measurements in a spherical combustion chamber using multi-zone data reduction models that account for

Next-generation refrigerants
Hydrofluorocarbons
Humidity

radiation heat losses, and the results were compared with numerical simulations. For dry mixtures, the laminar
flame speed exhibits a maximum near ¢ = 0.7, which is significantly leaner than the peak typically observed
for hydrocarbon flames. Analysis of flame structure and sensitivity coefficients shows that this behavior arises
from changes in the radical pool. Lean mixtures are dominated by OH-driven oxidation chemistry, while
richer mixtures lean towards fluorocarbon reaction pathways that are slightly less effective at sustaining flame
propagation when the equivalence ratio is increased. The influence of water vapor was examined for oxidizer
water mole fractions up to 4 %. Previous studies of halogenated refrigerant flames with F/H ratio>1 have
shown a flame speed increase with added water vapor. Unexpectedly, water vapor affects laminar flame speed
only slightly for the presented conditions. Our experiments indicate a small reduction in flame speed within the
measurement uncertainty, while simulations predict decreases by about 6 %. Although water addition raises
the peak OH concentration by approximately 75% at ¢ = 0.7, the overall heat release rate decreases due
to shifts in reaction pathways. In particular, enhanced OH consumption through CF, + OH = CFO + HF,
together with reduced heat release from fuel decomposition and fluorocarbon oxidation reactions, leads to
a minor inhibition effect. Numerical calculations at higher water vapor concentrations predict a transition
to strong flame speed promotion under ultra-lean conditions, where increased OH production dominates the
reaction network. These results highlight the complex role of water vapor in the combustion chemistry of
hydrofluorocarbon refrigerants.

Novelty and significance statement

This study provides the first experimental flame speed measurements of R-134a/0O, mixtures and offers
new insight into the influence of water vapor on fluorinated refrigerant combustion. While water vapor is
often associated with combustion promotion in halogenated hydrocarbon systems through increased OH radical
production, the present work shows that water vapor has only a very weak effect on laminar flame speed in
R-134a/0, flames, with simulations and experimental trends indicating slight inhibition rather than promotion.
The results show that the additional OH formed in humid mixtures can be redirected into fluorocarbon radical
pathways, particularly through reactions involving CF,, which limit the effectiveness of OH-driven chain
propagation.

These findings highlight the critical role of fluorocarbon radical chemistry in controlling flame propagation
in hydrofluorocarbon refrigerants and demonstrate that increased OH concentrations do not necessarily lead
to enhanced reactivity. The work provides improved mechanistic understanding of the coupling between OH
and CF, pathways in humid R-134a flames, which is important for reliable kinetic modeling and for assessing
combustion behavior of refrigerants in environments where humidity may influence flame propagation.
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1. Introduction

The refrigerant R-134a (CH,F-CFs3, 1,1,1,2-tetrafluoroethane) is
widely used and although it is being phased down, it is increasingly
used as a blend component to reduce the flammability of more reactive
refrigerants [1]. Hence, understanding its reactivity is important for
its safe application, and consequently, it is one of twelve refrigerants
in the National Institute of Standards and Technology (NIST) kinetic
model that is used to predict refrigerant combustion [2]. Unlike most of
the other refrigerants in the mechanism, however, laminar flame speed
data for R-134a has only been measured in blends with R-32 in normal
air [3]. Data for pure R-134a has not been available for refinement of
the elementary kinetic rates related to its reaction.

For fluorinated refrigerants, water vapor in the reactants widens
flammability limits or makes non-flammable refrigerants become flam-
mable when the overall system is deficient in hydrogen atoms. Lin-
teris [1] measured the laminar flame speed of several mixtures of
halogenated hydrocarbons (with varying methane addition) using dry
and moist air and found promotion with added water vapor, varying
with the fluorine to hydrogen atom ratio in the reactants. Kondo
et al. [4-6], Yang et al. [7], and Zhai et al. [8] found that mixtures
of R-1234ze(E)/air were non-flammable with dry air but flammable
with moist air. Takizawa et al. [9] presented experimental flame speed
data on R-1234yf and R-1234ze(E) with increasing amounts of water
vapor in the air and showed a strong promotion effect. Babushok and
Linteris [10] calculated the flame speed of R-1234yf and R-1234ze(E)
with moist and dry air at 0.101 MPa, 333K, as well as for R-134a in air
(0.101 MPa, 298K) and showed a promotion effect by water vapor for
all refrigerants. They found that adding water to mixtures of fluorine-
rich refrigerant (F/H=2) and air can generate OH, H, and O radicals
which in turn raises the reaction-zone temperature and laminar flame
speed.

R-134a is considered a non-combustible refrigerant [11]. How-
ever, Reed and Rizzo [12], Dekleva et al. [13], and Lisochkin and
Poznyak [14] were able to ignite R-134a/air mixtures at elevated
initial temperatures 7, and pressures p,, and at higher levels of the
oxygen volume fraction in the oxidizer, although humidity was likely
not controlled. Moreover, Kondo et al. [5] were not able to ignite
dry mixtures of R-134a at elevated initial temperatures (333K), but
recorded the flammability limits in humid air at the same conditions.

To obtain laminar flame speed data for R-134a, experiments were
performed with R-134a and oxygen, and part of these data were
reported previously by Burrell et al. [15]. Our attempts to obtain self-
sustained flame propagation of R-134a under standard air conditions
were unsuccessful due to its low reactivity. Pure oxygen was therefore
used to increase the flame speed to a measurable range, as commonly
done to obtain combustion data for weakly flammable fluorinated
compounds [16].

The present work uses the raw data collected in Ref. [15] and
expands upon it. Since the previous evaluation used a 2-zone model
without radiation treatment, the data are reprocessed here using a
validated multi-zone model with radiation correction. Additional ex-
periments with water vapor in the oxidizer are analyzed, and the
laminar flame speeds are compared with predictions from a detailed
kinetic model. This work provides the first experimental laminar flame
speed data for R-134a and uses reaction flux and sensitivity analyses
to improve the understanding of water vapor effects in refrigerant
flames. These data serve as validation targets for hydrofluorocarbon
kinetic models that can subsequently be used to analyze refrigerant
flammability under more practical air and humidity conditions.

2. Experimental procedure and data reduction
A constant volume combustion technique was employed, as de-

scribed in previous work [15,17-19]. The 1.85L spherical stainless-
steel combustion chamber has an inner diameter of 15.24cm and
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centrally located tungsten electrodes. The initial mixtures were pre-
pared using the method of partial pressures, and reactants were R-134a
(99.5 %, Honeywell) and O, (99.5 %).

The equivalence ratio for R-134a/0, mixtures was calculated fol-
lowing the global reaction defined by Takizawa et al. [20]:

CH,F—CF; + 1.50, = CO, + 2HF + CF,0 . )

Thus, 1.5 moles of O, are required per mole of R-134a for complete
combustion.

When added, deionized water was injected by a hypodermic needle
via a valved septum at the top into the chamber and the quantity was
verified by the water vapor partial pressure. The maximum water vapor
amount was limited by the 298K saturation pressure of 3.169kPa.
This corresponds to a maximum water volume fraction in the oxidizer
of approximately 5% depending on the equivalence ratio. After each
experiment, the chamber was vented and flushed with air for several
minutes with a high ventilation flow rate of 8500 L/min. Experiments
were conducted at a low frequency of approximately one experiment
per hour. This procedure strongly diluted the exhaust gases, therefore
removing all residual fluorinated combustion products, and reduced
possible adsorption of acidic products such as HF on the chamber
surfaces. The mixture was ignited by a capacitive discharge, and a
dynamic pressure transducer collected pressure rise data at 10kHz.
Repeatability of the pressure measurements is demonstrated in the
Supplementary Material (see Fig. S1) for four R-134a/0, experiments.
The pressure signals were smoothed using a moving average filter with
a window length of 20 to 50 points. Experimental data are presented
over a range of conditions that are summarized in Table 1.

Laminar flame speed was computed from pressure data using the
NIST constant volume data reduction tool (CVDART) [21]. The tool
employs a multi-zone model [22] to divide the flame into shells that
span the unburned, burned, and flame regions. The validity of pressure
rise data reduction has been examined in detail by Hegetschweiler
et al. [23] for R-32/air flames, whose flame speeds are comparable to
those investigated here. They demonstrated the importance of radiation
treatment, stretch effect consideration at small flame radii, selection of
suitable data fitting limits, and use of power-law extrapolation to obtain
flame speeds at initial conditions.

Each experiment was processed considering adiabaticity (ADI) and
additionally with an optically-thin model (OTM) to account for ra-
diation heat loss. These two treatments are interpreted as limiting
cases: the ADI model neglects radiation heat loss, whereas the OTM
model neglects reabsorption and therefore tends to overestimate the
net radiative heat loss. Applying both treatments is recommended
when the exact radiation model is not known [23]. The true value
is expected to lie between the ADI and OTM evaluations, and their
difference is treated as part of the uncertainty associated with radiation
modeling. While data reduction employing a narrow-band model would
be best [24], the required data for the species of interest in HFC flames
at combustion temperatures are not yet available.

Closed-vessel flame speed measurements of mildly flammable re-
frigerants can be affected by buoyancy which has been investigated by
Takizawa et al. [3]. They found that buoyancy effects are negligible for
laminar flame speeds above approximately 5cm/s. The flame speeds

Table 1
R-134a experimental conditions. Oxidizer contains O, and H,O, only.
¢ [-] T, [K] py [MPa] Xu,00x [%]
0.6 298 0.101 0, 2.4, 4
0.7 298 0.101 0, 2.4, 4
0.8 298 0.101 0
0.9 298 0.101 0
1.0 298 0.101 0, 1.7, 2.4, 3.2
1.1 298 0.101 0
1.2 298 0.101 0
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reported in the present work are around 10 cm/s, and thus well above
this threshold.

A previous uncertainty analysis of the present system [17,19] indi-
cates that the maximum uncertainty for a single point measurement of
R-134a/0, flame speed is +12 %, or about +1cm/s. This uncertainty
defines an interval estimated to have a level of confidence of 95 %.
The uncertainty analysis follows the NIST guidelines of Taylor and Kuy-
att [25] and includes uncertainties in initial temperature and pressure,
dynamic pressure rise, reactant mixture preparation, equivalence ratio,
and fitting.

A single experiment provides flame speed data over a range of
temperatures and pressures as the flame propagates into unburned
gases that are compressed near-isentropically. For screening purposes
as well as for input to fire models, however, data at laboratory ambient
conditions are typically desired. In the present work, initial conditions
in the chamber are ambient T;, = 298K and p, = 0.101 MPa but the
early data are unusable due to flame stretch, ignition disturbances,
and noise due to large scatter in the derivatives of p(f) because of
low pressure rise for very small flame radii. Hence, to obtain the
unstretched laminar flame speed S](lu at the initial conditions (75, py),
Spu(p) data are fitted to a curve, e.g. power-law or Arrhenius-type,
obtained at higher pressure and temperature and extrapolated to p,
T, [23]. In the present work, a power-law fit was used because it has
been found to be more accurate than the Arrhenius-type for R-32/air
flames [23]. The power-law reads

a
SL,u=SEu<£> : @
u \ Do
Spu(p) is fitted to pressure only because the temperature in the com-
pressed unburned gas is directly connected to pressure via the isen-
tropic relationship:
r=1
T=T, <£> T 3
Po

The near-isentropic relation is consistent with the multi-zone constant-
volume formulation.

To apply the power-law fit in Eq. (2), a data range must be selected.
Fig. 1 shows p(r) data for three values of equivalence ratio. The pressure
rise is small in the early stages because the flame radius is small relative
to the chamber size. The rate of pressure rise increases as the flame
radius increases until the flame starts to lose heat to the chamber walls
which usually coincides with the inflection point in the pressure curve
at max{p}. As discussed previously [23], only a portion of the p(t) data
are used for the power-law fit. Cropping of Sy ,(p) data at the lower
end eliminates ignition disturbances as well as stretch effects, which
are more important at small radii. Chen et al. [26] demonstrated that
the influence of stretch on laminar flame speed is negligible when
the chamber pressure exceeds 2 times the initial value. We therefore
selected a lower bound of 2p, for all the cases in this study. We showed
the suitability of this value already for R-32/air flames with similar
flame speed and composition to the present flames in our previous
study [23].

The upper end of S} ,(p) data eliminates effects from flame insta-
bilities and wall heat loss. In Fig. 1, the inflection point is indicated
by the black triangles, and the symbols (s, —, and -) indicate values of
40, 60, and 80 % of the inflection point pressure for that curve, respec-
tively. Depending on the fuel, mixture, and conditions, cellular flame
instabilities can cause flame acceleration and an increase in slope prior
to the advent of wall effect, for example those discussed by Moghaddas
et al. [27] for R-152a/air flames. To avoid fitting to unstable S , data,
we apply our approach presented by Bariki et al. [28] which analyzes
the pressure signal to identify the onset of instabilities. In this way, an
upper cropping limit at the appearance of the first instance of flame
acceleration is selected.

In Fig. 1, the section of data used in the power law fit is indicated by
the thick portion of each curve. More details on the fit range selection
and sensitivity of the extrapolated Sﬁu are given in the supplementary
material.
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Fig. 1. Experimentally measured dynamic pressure in the chamber (solid
lines) as a function of time for R-134a/0, mixtures for the indicated value
of ¢. The data used for fitting are indicated by the thick lines. The curves are
marked at specific fractions of p of the inflection point: 0.4, 0.6, 0.8, 1.0, given
by the symbols », —, —, and v, on each curve, respectively.

3. Numerical framework

Flame speed simulations for planar, stationary flames are performed
using the appropriate modules in FlameMaster [29] as well as Can-
tera [30]. The equations of mass, species, and energy conservation
are solved numerically. Simulations are conducted for adiabatic (ADI)
flames (no radiation) and for flames computed with an Optically Thin
Model (OTM) for radiation. In FlameMaster, the global reaction (see
Eq. (1)) was explicitly defined to compute the equivalence ratio. For
Cantera calculations, the mole fractions were calculated beforehand
and used to define the unburned mixture. Reaction mechanism analysis
is performed with the graphical post-processing Xsenkplot [31] as
well as in-house MATLAB routines. The kinetic model is that devel-
oped previously by Babushok et al. [2] for predicting the flame speed
of hydrofluorocarbon (HFC) refrigerants (R-32, R-41, R-125, R-134,
R-134a, R-143, R-152, R-152a, R-227ea, R-1234yf, and R-1234ze(E))
and their blends in air for which experimental data were available
in the literature (typically for ambient conditions with data reduction
performed with a two-zone model and neglecting thermal radiation
heat losses). The mechanism has 1064 reactions with 113 species and
was developed based on earlier work [32-34].

4. Results and discussion
4.1. Flames in dry air

Fig. 2 shows the measured flame speed of the R-134a/0, flames as
a function of pressure in the spherical combustion chamber for three
values of equivalence ratio ¢. Thin solid lines show the experimental
data, the thick portions of these lines mark the data used for the curve
fit, and the dotted lines show the power-law curve fit. The triangles at
p = 0.101 MPa show the extrapolated values of S| , at Ty, p, using the
power-law. Other symbols in the figure (e, —, -, and v) denote 0.4, 0.6,
0.8, and 1.0 of the inflection point pressure as in Fig. 1.

The lean flames (¢ = 0.7) have the highest values of S; ,, while
those of stoichiometric and rich are lower. As time progresses and
unburned gas temperature and pressure increase, all three curves show
flame acceleration at pressure values below the inflection point. At
pressures slightly higher than p,, the experimental data are subject
to large scatter due to the influence of the ignition and the pressure
measurement uncertainty far below the full-scale value of the pressure
transducer. At later times, the ignition energy has decayed and the
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Fig. 2. Experimental S|, calculated from the measured pressure rise as a
function of the unburned gas pressure (Initial conditions: 298K, 0.101 MPa).
Data are radiation-corrected using OTM. The curves are marked at specific
fractions of p of the inflection point: 0.4, 0.6, 0.8, 1.0, given by the symbols
e, —, —, and v, on each curve, respectively.

influence of stretch diminishes due to the larger flame radius and higher
pressure.

The importance of radiation heat losses to the propagation of near-
limit, outwardly propagating spherical flames has been discussed in
previous works [24,35-40]. To illustrate the importance of the data
reduction radiation model on the inferred value of the flame speed, Fig.
3 shows the extrapolated value of S0 for dry R-134a/0, flames from
the present data reduction using the 2 -zone model, which is adiabatic,
together with results using the multi-zone ADI model and the multi-
zone model employing OTM for radiation-correction. The 2-zone model
and the multi-zone ADI model yield nearly identical S0 values while
the multi-zone OTM model is about 7.6 % higher than the ADI models.

While it may seem counterintuitive that the OTM data is higher than
the ADI data, the label refers to the correction for radiation effects used
in the data reduction as has been previously discussed [23]. Radiative
heat losses from the burned gases reduce the measured pressure rise
and therefore lead to lower apparent flame speeds if they are neglected.

10 f

B 2-Zone ADI
@® Multi-Zone ADI

m
= A Multi-Zone OTM
S, Simulation ADI 12300
Oj [ — — Simulation OTM T
12200 2
&~
12100
0.6 0.8 1.0 1.2
¢ [-]

Fig. 3. Laminar flame speed and adiabatic flame temperature versus equiva-
lence ratio at 298K, 0.101 MPa. Symbols represent experimental laminar flame
speed values of dry R-134a/0, mixtures for data reduction employing the
2-zone ADI, Multi-zone ADI, and Multi-zone OTM models. Lines represent
numerical predictions (steady, planar) for ADI and OTM configurations.
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Correcting for this effect increases the inferred flame speed, which
explains why the OTM-corrected values are higher than the ADI results.

Laminar flame speed predictions with ADI and OTM radiation as-
sumptions are shown by the solid and dashed lines, respectively. The
numerical predictions for ADI and OTM are very close because they
exclusively depict the effect of radiation on chemistry. In the experi-
ment, flames are also subject to a kinematic deceleration effect caused
by the inward motion of cooling burned gas as has been observed
for other refrigerant flames [41,42]. In the development of the kinetic
model, some of the elementary rate expressions were adjusted within
their uncertainty to match the numerically calculated adiabatic flame
speed with literature experimental values, obtained exclusively from
pressure rise experiments without consideration of radiation in the data
reduction (i.e., using a 2-zone, adiabatic model).

For all data reduction models and numerical predictions shown in
Fig. 3, the maximum value of SOu occurs near ¢ = 0.7, which is
significantly leaner than the peak typically observed for hydrocarbon
flames. In addition, the decrease in reactivity away from this max-
imum is less pronounced than in hydrocarbon systems, a behavior
previously reported for other halogenated hydrocarbon flames [34,43].
The computed adiabatic flame temperature plotted on the secondary y-
axis reaches its maximum close to stoichiometry and does not coincide
with the laminar flame speed trends. This observation suggests that
the controlling chemistry differs from classical hydrocarbon oxidation
due to the unique nature of fluorocarbon pathways. To understand the
origin of this behavior, the flame structure, radical pool composition,
and sensitivity of the flame speed to key reactions are analyzed.

Fig. 4 shows flame profiles of key species mole fractions X;, together
with the local temperature T and heat release rate § for adiabatic
flames. The zero-value is located at the peak of the heat release rate 4.
At stoichiometric conditions, ¢ reaches its maximum with respect to
equivalence ratio and is only slightly lower at ¢ = 0.7, while it
decreases substantially at ¢» = 1.2. At the same time, the temperature at
the location of peak heat release is lowest for ¢» = 0.7. This suggests that
the peak in laminar flame speed is not governed solely by temperature
or global heat release, but rather by changes in the radical pool and
the dominant reaction pathways as the equivalence ratio varies.

The mole fraction profiles of OH (scaled by a factor of 100), CF,,
and CF; reveal a significant restructuring of the radical pool with
equivalence ratio. The peak mole fractions of CF, and OH exhibit
nearly mirrored behavior: CF, concentrations increase towards richer
mixtures while OH concentrations decrease, with intermediate values
at stoichiometric conditions. The CF; mole fraction increases from lean
to stoichiometric mixtures and then approaches a plateau at richer
conditions.

0.03 . . . . . 3000

0.01+

0 . ZEE DD S eSS, 0
2006 -0.04 -0.02 0 002 004 006

Fig. 4. Flame structure of R-134a/0, mixture at initial conditions: p, =
0.101 MPa, T, = 298K for varying equivalence ratios.
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The sensitivity analysis shown in Fig. 5 indicates that the laminar
flame speed is most sensitive to reactions involving these species and
that their relative importance depends on equivalence ratio. It should
be noted that the normalized sensitivity coefficients describe the re-
sponse of SE’H to individual rate constants, whereas the overall role of
a pathway depends on the absolute reaction flux through that pathway.

Under lean conditions, hydrocarbon-like oxidation chemistry be-
comes more influential. The reaction OH+CO = H+CO,, which strongly
promotes flame propagation, exhibits its highest positive sensitivity
near ¢ = 0.7. This is consistent with the elevated OH concentrations ob-
served in the lean flame. As the mixture becomes richer, fluorocarbon
chemistry becomes more important due to the increased availability
of CF, and CF3. Although several normalized sensitivity coefficients
associated with fluorocarbon reactions slightly decrease in magnitude
at richer conditions, the absolute flux through many fluorocarbon path-
ways increases due to the higher concentrations of these intermediates.
Flame-speed-promoting oxidation reactions such as CF, + O, = CF,0 +
O and CF3 + O, = CF30 + O become more relevant and reactions
of the fuel decomposition products involving CHF-CF, and CHF-CF;
contribute more to flame speed reduction. These reactions generate
additional CF, and CF5 radicals and shift the chemistry towards slower
fluorocarbon pathways.

A key link between the hydrocarbon and fluorocarbon pathways is
the reaction CF, + OH = CFO + HF, which couples CF, and OH chem-
istry and removes reactive radicals from the system. As the equivalence
ratio increases and CF, concentrations rise, this pathway becomes more
active and reduces the availability of OH for flame-speed-promoting
reactions. The OH mole fraction depends on the availability of oxygen
and is therefore strongly limited under richer conditions, whereas CF,
and CF; originate solely from the fuel and therefore always increase
with ¢. Consequently, the balance between OH-driven oxidation chem-
istry and CF, radical chemistry governs the dependence of laminar
flame speed on equivalence ratio. Under lean conditions, the higher
OH concentration favors reactions that accelerate flame propagation,
whereas at richer conditions the increasing importance of CF, chem-
istry and associated radical-consuming pathways reduces the overall
reactivity.

317f: CFy+0,=CF,0+0

99f: OH+CO=H+CO,

292f: CF3+0,=CF30+0

724f: CHF-CF,+F=C,F,+H

319f: CF,+0=CFO+F

38f: H+-0,=0+0H

323f: CF,+OH=CFO+HF

594f: CHF-CF3+0=CF3+CHFO

734f: CHF-CF,+0=CF,+CHFO

31f: 0, +CO=0+CO,

1
0 0.1 0.2 0.3

Sensitivity coefficient

Fig. 5. Normalized sensitivity coefficients for S ~with respect to frequency
factors of rate coefficients for R-134a/0, flames. The initial conditions vary
in equivalence ratio at constant pressure and temperature of 0.101 MPa and
298K.

Combustion and Flame 294 (2026) 115340
4.2. Flames with water vapor

The effect of water vapor on the laminar flame speed is shown in
Fig. 6, where experimental measurements and numerical predictions
are compared for mixtures containing up to 4% H,O in the oxidizer
stream. Unexpectedly, water vapor affects laminar flame speed only
slightly. The experimental data indicate a decrease in Sﬁu with added
water vapor, although the magnitude of this change remains within
the combined measurement uncertainty. Therefore, the experiments do
not establish a statistically unambiguous inhibition effect. Numerical
simulations predict a similar trend, with reductions in laminar flame
speed of about 6%. The deviation between experiments and simula-
tions at lean conditions is largest and almost outside the measurement
uncertainty. Considering the additional uncertainty associated with the
overestimation of radiation heat loss by OTM, the lean experimental
data are still consistent with the numerical predictions. The weak
response to water vapor contrasts with other humid hydrofluorocarbon
and hydrofluorolefin flames, where water vapor commonly produces
strong laminar flame speed promotion [10].

The computed adiabatic flame temperature, plotted on the sec-
ondary y-axis of Fig. 6, changes by less than 8 K with water vapor
addition and its maximum remains at stoichiometry. This emphasizes
the decoupled nature of laminar flame speed and adiabatic flame
temperature. To separate dilution and chemical effects, an additional
simulation was performed at ¢ = 0.7 in which the 4% water vapor
in the reactant mixture was replaced by an artificial inert species with
the thermodynamic properties of water. The dry flame has 7,4 = 2130K
and SE’U = 10.87 cm/s. Adding normal chemically active water increases
the adiabatic flame temperature slightly to T,; = 2138 K, but decreases
the laminar flame speed to S]‘lu = 10.17 cm/s. The inert water case gives
the same adiabatic flame temperature, T,4 = 2138 K, but a higher flame
speed of SE,u = 10.38cm/s. Thus, the slight decrease in SE,u is only
partially caused by dilution, while the additional reduction observed
with water is caused by changes in the reaction chemistry. To unravel
the minor water vapor effect, the following analysis looks at changes
in flame structure, radical pool composition, and the influence of water
on the initial fuel decomposition reactions and associated heat release.

The flame structure for dry and humid mixtures at ¢ = 0.7 is
shown in Fig. 7. Mole fractions of OH, CF,, and CF; all peak within
the main reaction zone. Adding 4 % water vapor increases the peak
OH mole fraction by approximately 75% whereas the peak CF, mole
fraction decreases by 30 % and remains largely insensitive to variations

12300
12200 2
=

42100

0.6 0.8 1.0 1.2
¢ []
Fig. 6. Laminar flame speed and adiabatic flame temperature versus equiva-
lence ratio at 298K, 0.101 MPa with and without added water vapor. Symbols
represent experimental laminar flame speed values of dry R-134a/0, mixtures

for data reduction employing the Multi-Zone OTM model. Lines represent ADI
numerical predictions (steady, planar).
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Fig. 7. Flame structure of R-134a/0, mixture at initial conditions: ¢ = 0.7,
py = 0.101 MPa, T, = 298 K. Dry and wet (4% H,O in the oxidizer) reactant
mixtures are shown as solid and dashed lines, respectively.

in rate constants, indicating that its concentration is controlled by
quasi-equilibrium within the reaction zone.

In many halogenated hydrocarbon flames with global F/H ratio > 1,
the addition of water vapor would typically promote flame propagation
through the reaction

H,O + F = OH + HF,

which converts F radicals into OH radicals [10,44]. Although the
mixture approaches saturation at Xy,o,, = 4.58% for ¢ = 0.7, the
absolute amount of water remains small compared to the fuel and
oxygen because the mixture contains no inert diluent such as N,.
Consequently, the classical H,O-promotion pathways are activated but
do not dominate the reaction network.

In the present system, the peak heat release decreases by about 8 %,
closely matching the reduction in laminar flame speed. The tempera-
ture profiles of the dry and wet flames are nearly identical, except for a
slightly earlier temperature rise in the preheat region of the wet flame,
which increases the thermal flame thickness by approximately 9 %.

Sensitivity coefficients shown in Fig. 8 show that most reactions
governing the laminar flame speed are only weakly affected by water
addition. Two reactions play an exceptionally important role: the flame-
speed—promoting reaction OH + CO = H + CO, and the reaction CF, +
OH = CFO + HF, which becomes a stronger sink for OH radicals in the
wet flame. The latter reaction removes both OH and the fluorocarbon
species CF,, thereby acting as a chain-terminating pathway that limits
the effective radical pool sustaining flame propagation.

The balance of OH formation and consumption in the reaction zone
is summarized in Table 2. The values correspond to rates integrated
over one flame thickness around the peak temperature gradient. Details
of the localized production of OH are provided in the supplementary
Figure S6.

With water addition the total OH formed and consumed increases
substantially because the reaction H,O + F = OH + HF becomes a
major OH formation pathway. In contrast, the absolute rate of the
classical chain-branching reaction H + O, = O + OH remains nearly
unchanged, reducing its relative contribution to OH formation. Al-
though the distribution of OH consumption pathways changes only
slightly, the increased OH concentration leads to a higher reaction flux
through CF, + OH = CFO + HF. The OH-consuming pathways involving
the fuel radicals CHF-CF, and CHF-CF; are increased. Consequently,
a significant fraction of the additional OH radicals produced from
water is rapidly consumed through fluorocarbon pathways rather than
contributing to chain-branching reactions.
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317t: CFy+0,=CF,04+0

99f: OH+CO=H+CO,

292f: CF;+0,=CF;0+0

38f: H+0,=0+OH

724f: CHF-CF,+F=C,F,+H

323f: CFy+OH=CFO+HF

319f: CFy+0=CFO+F

734f: CHF-CF,4+0=CF,+CHFO

594f: CHF-CF3+0=CF3+CHFO

588f: CHF-CF3+0,=CyF+HO,

. .
0 0.1 0.2
Sensitivity coefficient

Fig. 8. Normalized sensitivity coefficients for .S‘E_u with respect to frequency
factors of rate coefficients for CH,F-CF; (R-134a)/0,/H,0 flames. The initial
conditions vary in water vapor mole fractions at constant pressure, tempera-
ture, and equivalence ratio of 0.101 MPa, 298K, and ¢ = 0.7.

Table 2

OH formation and consumption reactions sorted by amount
formed/consumed in the reaction zone of a dry flame and
a wet flame with 4% water vapor in the oxidizer. Detailed
production rates are shown in the supplementary material
Figures S6 (a) and (b).

OH converted

Reaction . .

in reaction zone

[mol/m?3/s]

dry wet

formation:
H+0, =0+ 0OH 0.367 0.386
H,0 +F = OH + HF 0.181 0.441
CH,F-CF; + O = CHF-CF; + OH 0.082 0.072
CHF-CF, + HO, = CF, + CHFO + OH 0.048 0.047
CF, + HO, = CF,0 + OH 0.036 0.031
CHFO + O = CFO + OH 0.033 0.031
total amount formed 0.831 1.098
consumption:
OH + CO = H + CO, -0.182 —0.252
CF, + OH = CFO + HF -0.164 —0.195
CH,F-CF; + OH = CHF-CF; + H,0 -0.162 -0.229
OH+F =0 +HF -0.118 -0.138
CHF-CF; + OH = CHO-CF; + HF —-0.089 -0.115
CHF-CF,, + OH = CHFO + CHF, —0.024 -0.039
total amount consumed —-0.828 -1.096

Water addition further modifies the initial fuel decomposition path-
ways, as illustrated in Fig. 9. The decomposition of R-134a proceeds
through both thermal decomposition and radical attack. With wa-
ter present, the balance of radical attack shifts slightly from F-atom
reactions towards thermal decomposition and OH-initiated reactions.
Because F-atom attack pathways contribute significantly to the heat
release during the early stages of fuel conversion, this shift reduces the
heat released during the fuel breakup process. Further down in the fuel
break-up process, similar observations can be made. CHF-CF3 + CF5
pathways are almost halved in the humid flames while CHF - CF; + OH
increases by 50 %. Reactions of CHF-CF, with F are lessened and the
oxidation pathway via O radicals slightly grows to produce most of the
smaller fluorocarbon species.

The impact of these pathway changes on the heat release is illus-
trated in Fig. 10, which compares the total net heat release rate with
contributions from different groups of reactions.
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Fig. 9. Dominant reaction pathways for decomposition of R-134a at initial
conditions of 0.101MPa, 298K, ¢ = 0.7, and varying Xy o, Each arrow
connects a reactant and product of interest; for each reaction route, the
reaction partner and the percentage of the reactant that goes through that
route are indicated.
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Fig. 10. Net heat release rates and temperature at 0.101 MPa, 298K, ¢ = 0.7,
and varying Xy .. Bell-shaped curves correspond to specific sums of heat
release rates.

Each curve, except the net total, corresponds to a unique set of
reactions to avoid double counting of heat release contributions. The
yellow curve plots the release rate from reactions involving the top
three species shown in Fig. 9 which are the fuel (R-134a) and the
two fuel decomposition products (CHF-CF, and CHF-CF3). The red
curve represents the heat release of CF, and CF; reactions excluding
those of the fuel and fuel decomposition products. Finally, the blue
curve corresponds to the heat release from OH reactions excluding
reactions with the fuel, fuel decomposition products, CF,, and CFs.
A detailed breakdown of the individual heat release rates for the
dominant reactions is provided in the supplementary material (see
Fig. S7).

The comparison shows that the contributions associated with fuel
decomposition decrease noticeably in the humid flame. This reduction
reflects the shift in the initial fuel conversion pathways discussed
above, where radical attack moves partially from F-atom reactions
towards OH-initiated reactions with water added to the reactants.
Because F-atom attack pathways are strongly exothermic during the
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early stages of fuel oxidation, their reduced importance lowers the heat
released during fuel breakup.

In addition, the oxidation of fluorocarbon radicals contributes less
heat release when water is present. Several reactions involving CF,
species, such as

CF, + 0, =CF,0+0,
CF, 4+ 0 =CFO +F,
CF;4+0 =CF,0+F

are less active in the wet flame. These reactions represent important
exothermic oxidation pathways in the dry flame and contribute sig-
nificantly to the overall heat release within the main reaction zone.
Their reduced activity therefore leads to a further decrease in the total
heat release rate. At the same time, reactions involving OH become
more active due to the increased OH radical pool generated through
H,0 + F = OH + HF. While these reactions locally enhance reactivity
and contribute to additional heat release, their overall contribution is
insufficient to compensate for the reduced energy release associated
with the consumption of the fuel and highly reactive fluorocarbon
fragments. Consequently, the combined effect of these pathway shifts is
a lower total heat release rate in the humid flame, which is consistent
with the slight reduction in laminar flame speed.

4.3. Effects at higher water vapor concentrations

So far, inhibition effects in R-134a/0, flames have been analyzed
at low water vapor concentrations, but interesting phenomena emerge
when humidity levels are significantly higher. At 298K and 0.101 MPa,
water mole fractions above 3.169% (3.4% < Xy, < 6.2% for 0.1 <
¢ < 1.5) exceed the saturation limit, yet investigating elevated water
contents provides valuable insights into flame propagation because
they are more comparable to refrigerants that have higher stoichiomet-
ric oxygen coefficients such as R-1234yf. For R-1234yf, 4 % water in the
oxidizer corresponds to 1.7 times more water relative to the fuel than
in the R-134a mixtures. Similarly, the ratio between water and fuel is
five times higher when normal air is used instead of pure oxygen.

To explore these effects, higher water vapor concentrations were
examined via numerical calculations. Here, the behavior changes sig-
nificantly and numerical simulations predict strong flame speed pro-
motion under certain conditions. This underlines that the influence of
water depends on the balance between competing reaction pathways
and can shift as the radical pool changes with humidity and equivalence
ratio. The evolution of laminar flame speed and changes in the OH
radical pool and the corresponding temperature are examined over a
wide range of equivalence ratios and water concentrations to clarify
this transition.

Fig. 11 (top frame) shows laminar flame speed predictions for
equivalence ratios in the range 0.1 < ¢ < 1.5 and water vapor mole
fraction Xy,0,, from 0% to 20%. Substantially lower ¢ values are
included to capture the pronounced flame speed enhancement observed
under ultra-lean conditions (¢ < 0.6) . The promotion effect with added
water vapor on the ultra-lean side is striking, with a distinct flame
speed peak forming. For mildly rich flames, there is always inhibition
while for 0.5 < ¢ < 1.0, the behavior switches depending on Xy, ¢ o«
and ¢. At Xy, 0,0, = 4%, flames with ¢ = 0.3 and ¢ = 0.7 yield nearly
the same flame speed. Increasing the humidity further enhances this
lean flame speed peak and shifts it slightly towards richer mixtures.

Fig. 11 (bottom frame) plots the maximum OH mole fraction and
the corresponding temperature at that location for super-saturated
R-134a/0,/H,0 flames. As indicated, the OH radical pool dominates
in the lean region with increasing water vapor content. The flame
zone temperature remains relatively unchanged at low humidity levels
but eventually scales with the peak OH mole fraction. The water
content must exceed an initial threshold in lean R-134a flames until the
additional OH production controls the flame speed. On the rich side,
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Fig. 11. Numerical predictions of R-134a/0, mixtures (initial conditions:
298K, 0.101 MPa) with increasing molar fractions of water vapor in the
oxidizer. Laminar flame speed over equivalence ratio (top) and peak OH mole
fraction and corresponding temperature over equivalence ratio (bottom).

OH levels only increase slightly because of the additional consumption
with CF,.

Fig. 12 traces the peak laminar flame speed across different water
concentrations. The peak flames speed decreases before shifting to the
promotion region. As mentioned before, the inhibitory effects at low
water contents (0 < Xy,0, < 4%) predicted for equivalence ratios
above ¢ = 0.6 are comparatively subtle and therefore difficult to
confirm experimentally given that the uncertainties exceed the magni-
tude of the inhibition itself. Future investigations focusing on mixtures
with higher water content, particularly at ultra-lean conditions, could
provide additional information on the mechanism of humidity influence
on the combustion of hydrofluorocarbon refrigerants.

5. Conclusions

Experiments were performed in a spherical combustion chamber
at 298K and 0.101 MPa to obtain the first laminar flame speed mea-
surements of R-134a/0, mixtures. The results were compared with
numerical simulations to investigate the influence of equivalence ra-
tio and water vapor on flame propagation. Overall, the simulations
reproduce the experimental trends and provide useful insight into the
governing reaction pathways.
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Fig. 12. Extracted peak Sﬁu plotted over Xy o, for initial conditions: p, =
0.101 MPa, T, = 298 K.

For dry mixtures, the laminar flame speed exhibits a maximum near
¢ = 0.7, which is significantly leaner than the peak typically observed
for hydrocarbon-air flames and other hydrofluorocarbon-air flames.
In addition, the decrease in flame speed away from this maximum
is less pronounced than in hydrocarbon systems. Computed adiabatic
flame temperature peak near stoichiometry highlighting the decoupled
nature of laminar flame speed and adiabatic flame temperature in
hydrofluorocarbon flames. Analysis of flame structure and sensitivity
coefficients shows that the dependence of laminar flame speed on
equivalence ratio is not governed primarily by temperature or global
heat release, but by changes in the radical pool and the dominant
reaction pathways. Lean mixtures exhibit higher OH concentrations and
stronger hydrocarbon-like oxidation chemistry, particularly through
the flame-speed—promoting reaction OH+CO = H+CO,. As the mixture
becomes richer, the chemistry shifts towards fluorocarbon pathways
characterized by increased formation and consumption of CF,. Because
these fluorocarbon reaction pathways are generally less effective at
sustaining chain propagation than the OH-driven oxidation chemistry,
this shift leads to a gradual reduction in laminar flame speed with
increasing equivalence ratio despite higher flame temperatures.

The addition of small amounts of water vapor (1.7-4% in the
oxidizer) unexpectedly have almost no effect on laminar flame speed.
Experiments indicate a slight decrease in laminar flame speed within
the measurement uncertainty, while simulations predict reductions of
up to approximately 6 %. Although the addition of water substantially
increases the OH radical concentration by about 75 % at ¢ = 0.7, this
does not enhance flame propagation. Instead, the peak heat release
rate decreases and the thermal flame thickness grows slightly. Reaction
pathway analysis shows that water alters the dominant OH formation
routes by introducing the reaction H,O + F = OH + HF as a major OH
source. However, the additional OH is largely consumed through flu-
orocarbon pathways rather than contributing to chain propagation. In
particular, the reaction CF, +OH = CFO + HF acts as an effective chain-
terminating pathway and competes with the flame-speed-promoting
reaction OH + CO = H + CO,. At the same time, water shifts the initial
fuel decomposition chemistry from exothermic F-atom attack towards
OH-initiated pathways and reduces the activity of several exothermic
CF, oxidation reactions. The combined effect of these changes is a
modest reduction in the overall heat release, which explains the slight
inhibition of laminar flame speed observed in humid R-134a/0, flames.

Numerical calculations performed for higher water vapor concentra-
tions reveal that the influence of water depends strongly on equivalence
ratio. At moderate humidity levels, the minor inhibition observed
experimentally persists for ¢ > 0.6. However, at substantially higher
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water concentrations, a pronounced promotion effect appears under
ultra-lean conditions. In this regime, increasing water vapor signifi-
cantly enhances the OH radical pool and leads to the formation of a new
flame speed maximum at very lean equivalence ratios. Future experi-
ments at elevated initial temperature can test this transition directly,
since higher temperatures allow larger water vapor mole fractions in
the mixture.
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