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To ascertain the underlying thermal promotion mechanism of CF3CHFCF3 in Hp-CHy-air mixture fires, a com-
phensive investigation was conducted using chemical knetic simulation and density functional theory (DFT)
calculation. The findings indicate that promotion or inhibition effects are determined by both time sequence and
thermal characteristics of the main control reactions. As for lean-fuel conditions (® = 0.6 and 0.8), CF3CHFCF3
decompose preferentially by 1,2-elimination reaction pathway generating CFsCH = CF3 rather than C-C bond
cleavage reaction pathway when CF3CHFCF3 volume fraction is less than 4 %. The low-barrier addition reactions
of CF3CH = CF double bond generate fluorine-containing radicals (e.g., ‘CF3 and 'CF5). These fluorine-
containing radicals release heat in the reaction with reactive radicals, thereby increasing the adiabatic flame
temperature at lean-fuel flames. In the context of stoichiometric and rich-fuel (® > 1.0) conditions, the rich
reactant concentrations activate fluorine-containing radicals (e.g., "CHFO, CHFs, and ‘F) to inhibiting explosion
reactions by continueously depleting reactive radicals, absorbing the combustion temperature, and generating
stable molecules. Additionally, the results also show that the generated ‘C3F; presents exothermic properties,
which is more apparently under lean-fuel conditions. Furthermore, it was observed that addition of CF3CHFCF3
can retard the explosive chain raction of Hy-CH4-air mixture by competing 'H with CHy4. These findings provide
theoretical guidance for the selection of halogenation suppressants to address the possible hydrogen-doped
natural gas fires.

possibly leading to distinct consequences (i.e., fire and explosion acci-
dents) in the production, storage, transport, and end-use [1-4]. The
physical and chemical properties of Ho-blended gas mixtures are more
complicated than those mixtures without Hy, particularly regarding
dispersion and explosion [5]. Consequently, there is an urgent demand
to develop an effective agent to suppress possibly triggered fires and

1. Introduction

A promising low-cost, possibly safer solution to introduce hydrogen
(chemical formula: Hy) from end-production to end-users involves

blending Hj into the existing natural gas pipeline networks [1]. How-
ever, the accidental leak of such combustible and explosive mixtures
could happen due to intrinsic characteristics (i.e., low ignition temper-
ature, prompt burning rate, a wide range of explosion limits, etc.) of Ha,
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explosions induced by Hp-CHg4-air mixtures [6].
Currently, halogenated extinguishing agents, especially Halon 1301
(chemical formula: CF3Br) or Halon 1211 (chemical formula: CF,CIBr),
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Nomenclature

A Cross-sectional area of the stream plan encompassing the
flame, [cm?]

[ Constant-pressure heat capacity, [J/K]

Cpk Constant-pressure heat capacity of the ky, species, [J/K]

DFT Density functional theory

Eeglec Electronic energy, [J]

Eor Partition function contribution, [-]

G Gibbs free energy, [kJ/mol]

AG G changes from G; to G, [kJ/mol]

H Enthalpy, [kJ/mol]

AH H changes from H; to Hj, [kJ/mol]

h Planck constant, [J-s]

hy Specific enthalpy of the ky, species

IRC Intrinsic reaction coordinate

Im(v) Imaginary part of the imaginary frequency, [1/cm]

K Total number of species, [-]

k(T Reaction rate constant, [mol/(cm? e s)]

ks Boltzmann constant, [J/K]

M Mass flow rate, [g/(cm?-s)]

1-D One dimensional

P Pressure, [atm]

Qrad Heat loss due to gas radiation, [J]

R Universal gas constant, [m3-atm/(K-mol)]

r Pearson correlation coefficient

S Entropy, [J/(mol-K)]

AS S changes from S; to S,, [J/(mol-K)]

Sib Vibrational degree of freedom, [-]

Srot Rotational degree of freedom, [-]

Strans Translational degree of freedom, [-]

T Temperature, [K]

Vi Diffusion velocity of the ky, species, [cm?/s]
Wi Molecular weight of the ky, species, [-]

w Mean molecular weight, [-]

Xcr,carcrs  Volumetric fraction of CF3CHFCF3, [%]

Xu, Volumetric fraction of Hy, [%]

X Spatial coordinate, [-]

Yk Mass fraction of the ky, species, [-]
ZPE Zero-point correction energy, [kJ/mol]

Greek Letters

[ Equivalence ratio, [-]

p Mass density, [g/cm®]

K Tunneling factor, [-]

A Thermal conductivity, [J/(cm-K-s)]

Wk Molar rate of the production by the chemical reaction of
the ky, species per unit volume, [mol/s]

o Reaction path degeneracy, [-]

oTs Rotational symmetry number of the transition state
structure, [-]

OR Rotational symmetry number of the reactants, [-]

can effectively suppress gas-induced fires and/or explosions. But due to
its unique chemical properties causing high ozone depletion potential,
CF3Br and CF,CIBr have been banned and/or are restricted in use in
various countries, such as China, Turkey, Singapore, India, with the
Montreal Protocol agreement [7-10]. Alternatively, with great fire
extinguishing effect and high diffusivity and thermostability, hepta-
fluoropropane (chemical formula: CF3CHFCF3) could be a translation-
ally ideal fire extinguishing agent that could replace some conventional
suppressants, such as Halon 1301 [11,12]. However, recent

investigations revealed that CF3CHFCF3 enhances the combustible
ability of inflammable lean-fuel gas mixtures [13-16] (e.g., CHy-air, Hp-
CHy-air, Hp-air, and CgHg-air) usually at low volumetric fraction and
lean-fuel conditions. This phenomenon has attracted close attention in
the fire protection and safety engineering research community to
investigate the intrinsic mechanisms of such scenarios.

To investigate the underlying reaction mechanisms governing the
explosive inhibition and promotion by CF3CHFCFs, researchers per-
formed CHEMKIN simulation that the free radicals and the net heat
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Fig. 1. The framework of this study.
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release of lean-fuel explosion increased with low fraction CF3CHFCF3
addition, which resulted in an increase in temperature and promoted
overall combustion [17-19]. Moreover, chemical kinetic simulation was
employed to screen fluorine-containing reactions that facilitate com-
bustion [20]. Notably, the “CF3, ‘CF5, and ‘CFO reacting with "H and ‘OH
contributed significantly to the heat release [21-23]. Nevertheless, the
main reason why CFsCHFCF3 continues to be promoted exclusively
under lean-fuel conditions with low fractions remains inadequately
explained in existing studies. This is due to the limitations of CHEMKIN
simulation with respect to predicting the time sequence and the
exothermic quantities of reactions at the microscopic level. Therefore, in
this study, a combination of chemical kinetic simulation and DFT
calculation was employed to determine the promoting and inhibiting
roles of CF3CHFCF3 within the Hp-CHg4-air mixture. Specifically, as the
presented research pathway in Fig. 1, chemical kinetic simulation was
first conducted to examine CF3CHFCFj3 effects on the combustion char-
acteristics (i.e., flame speed and adiabatic temperature) and identify
main reaction pathways in the Hy-CHy-air mixture. DFT was employed
to establish the intrinsic kinetic properties and time sequence of key
elementary reactions observed in reaction pathway analysis, offering
insights into reaction mechanisms from molecular/atomic perspectives.
The outcomes of the current work clarify CF3CHFCF3 performance (i.e.,
inhibition and promotion) in Hy-CHy-air mixture fires/explosions from
both pathways in chemical kinetic simulation and molecular analysis.
This can assist fire suppression scientists and engineers in finding the
prime CF3CHFCF3 formula to generate appropriate suppressants for such
mixture fires/explosions.

2. Material and methods
2.1. Chemical kinetic simulation theory

The Hy-CHgy-air mixture explosion basically involves deflagration
waves propagating from the burned to unburned mixtures; thus, a 1-D,
planer, stationary, adiabatic premixed flame model was employed to
simulate Hy-CHg4-air mixture combustion scenario. Specifically, the
governing equations are given as Egs. (1) to (4):

M = puA (¢))
.%T_é % (M‘%) +% ngkvkcpk%Jr% kZ::cbkthk +%de -0

2

M%—&-g(pAYka) — AWy =0 3

. I;ITV )

where M is the mass flow rate; p is mass density; A is the cross-sectional
area of the stream plan encompassing the flame; T is temperature; x
represents the spatial coordinate; c, is the constant-pressure heat ca-
pacity of mixtures; A is the thermal conductivity of mixtures; K is the
total number of species; Yy is the mass fraction of the ky, species; Vy is
diffusion velocity of the kg, the species; ¢, is the constant-pressure heat
capacity of the kg, species; @y is the molar rate of the production by the
chemical reaction of the kg, species per unit volume; hy is specific
enthalpy of the k¢, species; Wy is the molecular weight of the k, species;
Qrqq is heat loss due to gas radiation; P is pressure; W is the mean mo-
lecular weight of the mixture; R is the universal gas constant.

To determine the laminar flame speed under lean-fuel and rich-fuel
conditions with various Xcr,curcr,(0-6 %) scenarios, five equivalence
ratios @ (i.e., ®= 0.6, 0.8, 1.0, 1.2, and 1.4) were designated as initial
conditions correspondingly, in which the volumetric fraction of Hy (Xg,)
was designated as 20 % [4,24] in all designated ® values of the Hy-CHjy-
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air mixture. It is worth mentioning that the selection of 20 % of Hy
blended into the mixture was due to such a ratio being commonly
employed in many industrial applications with existing natural gas
pipelines [25-28]. In addition, the mass flow rate was 0.04 g/(cm?s).
Note that @ is calculated based upon the mixtures without suppressant,
illustrated as Eq. (5):

(Fuel/Air)

® = (Fuel /Air) g ®

where Fuel/Air is the volume ratio of the H,-CH4 mixture to air. The air
was assumed to contain 21 % O, and 79 % Ns. All calculations were
performed under initial conditions of 298 K and 1 atm.

The influence of the burning rate on laminar flame speed was
investigated with designated inlet values of 0.01, 0.04, 0.08, 0.2, and
0.4 g/(cm?s). As shown in Fig. S1 in the Supplementary File, the mass
flow rate has nearly no influence on the laminar flame speed under the
same ®. The curvature and gradient were decided as 0.016 by satisfying
the relative difference smaller than 0.01 % in laminar flame speed be-
tween the employed computational mesh and finer mesh. The simula-
tion tasks were performed using CHEMKIN-Pro 2022R1 (ANSYS,
Canonsburg, PA, USA). The Soret effect [29] was considered in the
calculation.

2.2. Chemical kenetic simulation validation

The reaction mechanisms of Hy-CHg-air mixture flame with
CF3CHFCF3 are based upon three distinct sub-mechanisms: Aramco-
Mech 1.3 for removal of uncorrelated reactions, NIST C1-C3 HFC re-
actions, and CF3CHFCF3 decomposition and oxidation reactions.
AramcoMech 1.3 (C3 version) was proposed by Metcalfe et al. [30] to
characterise the kinetic and thermochemical properties of a large
number of C1-C4 based hydrocarbon and oxygenated fuels under a wide
range of experimental conditions, which was validated against a large
number of experimental measurements with the specific data from shock
tubes, flames, jet-stirred, plug-flow reactors, and rapid compression
machines [31]. As described by its name, NIST C1-C3 HFC reactions
were used to track the chemical kinetic reactions associated with HFC
reactions in this study [32], and sub-mechanisms of CF3CHFCF3 reaction
kinetics were developed by Williams et al. [33,34]. The entire reaction
mechanisms for CF3CHFCF3 contain 183 species and 1302 elementary
reactions in this study.

In this work, laminar flame speed is employed to validate chemical
kinetic simulation model by comparing with previous publications
[8,35-39] under various equivalence ratios and volumetric fractions of
CF3CHFCFs3. As shown in Fig. 2, the simulation results have good per-
formance in matching previous data under varying equivalence ratios.
Specifically, the flame speed in this study has a similar trend with the
previous investigations along with the increased equivalence ratio. The
predictions of laminar flame speed of CHy-air mixture at 298 K and 1
atm are close to previous results [8,39] with registered r = 0.9982,
although the results in this study are slightly higher than the experi-
mental values of Vagelopoulos et al. [35] under rich-fuel flames. Simi-
larly, Fig. 3 depicts sound agreement in the results between chemical
kinetic simulation and the data from Osorio et al. [20] and Zhang et al.
[17] under varying volumetric fractions of CF3CHFCF3, with the regis-
tered r = 0.9974 and 0.9995, respectively. Although some discrepancies
still can be observed between chemical kinetic simulation and the pre-
vious work [40] under low volumetric fractions of CF3CHFCF3, because
the experimental results [40] were obtained using a Mache-Hebra nozzle
burner. Such a burner does not take into account the compression ef-
fects, heat loss, and stretching effects [41]. Therefore, based on the good
agreement in laminar flame speed calculations between this study and
previous experimental measurements, the chemical kinetic simulation
model is qualified to investigate flame speed properties and secure key
elementary reactions in Hp-CHg4-air mixture fires with CF3CHFCFs.
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Fig. 3. The relationship of laminar flame speed and CF;CHFCF;3 volume frac-
tion in both CH4-air and H,-CHg-air mixtures fires under various initial tem-
peratures and pressures. Dotted symbols indicate published experimental
results, solid line and dashed line indicate calculated results.

2.3. Density functional theory (DFT)

Through chemical kinetic simulation, key elementary reactions in
the CF3CHFCF3-Hy-CHy-air reaction system were assessed and selected
to further investigate the reaction mechanism at the atomic level using
DFT calculations. DFT has been widely employed in theoretical studies
of organic molecules in terms of molecular dynamics [42-44]. In this
study, the kinetic properties of key reactions were calculated using the
Gaussian 16 W software package with B3LYP-D3 (BJ) functional [45]
and D3(BJ) dispersion correction [46,47], along with the 6-31G(d) basis
set for all atoms [48]. The geometrical configurations of all stationary
points (i.e., reactants, products, and transition states) in the key
elementary reactions were fully optimised at the B3LYP-D3(BJ)/6-31G
(d), and a frequency analysis of the resulting stationary points was

Fuel 381 (2025) 133603

conducted to determine the zero-point corrected energy (ZPE) in the
reaction system. This was compared with a previous study [49] showing
the DFT-based B3LYP-D3(BJ) method can control the errors within 3 %
in bond length calculations for H-H, C-H, H-F, 0O=0, C-F, O-H, and
C=C, respectively, In this study, the theoretically calculated bond
lengths and bond angles are in sound agreement with the experimental
data [49] as well as the Perdew-Burke-Ernzerhof function calculated
values [50,51] (see Figs. S2-S4 in Supplementary file). Thereafter, from
the transition state, its correlations with reactants and products were
confirmed using the intrinsic reaction coordinate (IRC) method [52].
Meanwhile, to gain more accurate single-point energies, the stationary
point energies of optimised configurations were refined using CAM-
B3LYP functional [53] with the basis sets of 6-3114+G(d, p). To vali-
date the reliability of CAM-B3LYP functional and 6-311+G(d, p) basis
sets, the B3LYP-D3(BJ)/6-311+G(d, p), CAM-B3LYP/6-311+G(d, p),
and M06-2X/6-311+G(d, p) methods were used to calculate the reaction
paths of R2, R4, and R8. It is found that all the selected methods show
the same trend of reaction paths and relative level of energy barriers (see
Fig. S5 in the Supplementary File). Accordingly, the commonly used
CAM-B3LYP/6-311+G(d, p) functional was employed for all calcula-
tions in this study. The calculated thermodynamic and kinetic data for
the key elementary reactions can be accessed in the Supplementary file.

In the reaction system, enthalpy, H, entropy, S, and Gibbs free en-
ergy, G, were calculated using Egs. (6)-(8):

H = Eec + ZPE + Eo; (6)
S= Svib + Srot + Strans (7)
G=H-TS (8)

where E,,, is electronic energy; ZPE is zero-point correction energy; Eo
is partition function contribution; S,3; is the vibrational degree of
freedom; S, is the rotational degree of freedom; Syqns is the translational
degree of freedom. Specifically, the change in G determines the chemical
reaction direction when it proceeds at a constant temperature and
pressure. For example, if G changes from G; to Gz, and AG =G2-G; < 0,
the minimum energy to activate the reaction of state 1 is higher than
state 2, indicating that the reaction can happen spontaneously. How-
ever, if AG =G3-G; > 0, the reaction cannot happen spontaneously.
Therefore, based upon AG, the reaction direction under the constant
temperature and pressure can be determined in the CF3CHFCFj3 inter-
action with the Hy-CHy-air mixture, which can be calculated by changes
of enthalpy (AH) and entropy (AS), that is illustrated by Eq. (9):

AG = AH-TAS (C)]

In this study, E, and E, are defined as the Gibbs free energy differ-
ences in transition state vs. reaction state and transition state vs. product
state, respectively. Here, E, is considered the energy barrier for a reac-
tion, and its magnitude shows the difficulty level specifically.

According to transition state theory [54], the reaction rate constants
in the key elementary reaction channels can be calculated by Egs. (10a)
and (10b):

K(T) = k(T)okaTexp (%) (10a)
1 hm(y),
k=14 P (10b)

where ¢ = 615 /0r is the reaction path degeneracy; ors is the rotational
symmetry number of the transition state structure; og is the rotational
symmetry number of the reactants; Boltzmann constant k, =
1.38064852 x 1072 J/K; Planck constant h = 6.6260693 x 10734 J.s;  is
the tunneling factor; Im(v) is the imaginary part of the imaginary
frequency.
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3. Results and discussion
3.1. Chemical kinetics in CFsCHFCF3-H,-CHy4-air mixture deflagration

3.1.1. Laminar flame speed and adiabatic flame temperature

The laminar flame speed and adiabatic flame temperature are two
pivotal parameters in analysing Hp-CHy4-air combustion scenarios,
serving as the key indicators of inhibiting performance [18,55,56]. As
shown in Fig. 4, for all examined equivalence ratios in Hy-CHy-air
mixtures with initial conditions of 300 K and 1 atm, the addition of
CF3CHFCF3 consistently led to a reduction in the laminar flame speed
when Xcpscurcrs increased from O to 6 %, aligning with previous
experimental findings [13,15]. Specifically, when Xcpscurcrs < 4 %, the
flame speed was determined by equivalence ratio. Under ® = 0.6, the
laminar flame speed was 7.2 cm/s when Xcpscurcrs = 4 %, and the
decreasing rate was roughly 46.2 % compared with the flame without
CF3CHFCF3. At the same CF3CHFCF3 volume fraction, the decreasing
percentage was approximately 68.5 %, 84.1 %, 88.3 %, and 80.9 % for
® = 0.8, 1.0, 1.2, and 1.4, respectively. The laminar flame speeds of
different equivalence ratios were close when Xcpscurcrs > 4 %. The
result suggests that the inhibition and promotion effects of CF3CHFCF3
are not affected by the equivalence ratio when the volume fraction is
higher. In addition, the history slope of laminar flame speed is markedly
increased as the hydrogen-methane mixture approaches the stoichio-
metric ratio (® = 1.0). This phenomenon is attributed to the fact that
when the Hy-CH4 concentration nears the stoichiometric ratio, it be-
comes easier for the reactants and oxygen to undergo complete reaction.
Meanwhile, there is a more pronounced dilution effect of CFsCHFCF3 on
oxygen and consumption of ‘CH3 [13], leading to an accelerated
decrease in the rate of laminar flame speed.

As can be seen from Fig. 5, at the lean-fuel conditions considered (®
= 0.6 and 0.8, 300 K and 1 atm), the addition of CF3CHFCF3 exhibits an
adverse effect that the exothermic reaction of the molecule with oxygen
and the fuel augments the heat release and raises the adiabatic flame
temperature. Note that compared with the continuous reduction of
laminar flame speed for each equivalence ratio mixture, the adiabatic
flame temperature increases as more CF3CHFCF3 is added
when Xcrscurcrs < 4%. Specifically, the adiabatic flame temperature
increased to 2349 and 2407 K, with Xcracurcrzs = 4% for @ = 0.6 and
0.8, respectively. The addition of CF3CHFCF3 enhanced the heat release
from the combustion of the Hy-CHy-air mixture, which ultimately led to

50
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[\ (98]
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Laminar flame speed (cm/s)
S
T
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Fig. 4. Laminar flame speed of H,-CHy-air mixture with different CF3CHFCF3
volume fractions.
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Fig. 5. Adiabatic flame temperature of H,-CHy-air mixture with different
CF3CHFCF3 volume fractions.

an increase in the adiabatic flame temperature [17,57]. Simultaneously,
the elevated combustion temperature promoted the combustion process
by accelerating the reaction rate of chain branching reactions and the
concentration of reactive radicals [18]. As the volume fraction of
CF3CHFCF3 increased, fluoride played dominant role in the trapping of
key radicals, such as "H, "OH, and "HO», thus inhibiting the reaction from
proceeding. Under rich-fuel and stoichiometric conditions (® > 1), the
adiabatic flame temperature and Xcr,curcr, presented a linear relation-
ship, and more CF3CHFCF;3 led to a decrease in flame temperature
gradually.

3.1.2. Key heat-releasing elementary reactions

The heat release rate, an inherent characteristic of combustible
mixtures, reflects both the chemical reaction rate and the heat release
from the flames. Hence, to determine the effect of CF3CHFCF3 addition
on the thermal effect of the Hp-CHy-air mixture combustion system and
to reveal the elementary reactions affecting the adiabatic flame tem-
perature of the combustion system, the heat release rate of the Hy-CHy-
air mixture at 300 K and 1 atm, Xcpscurcrs = 4 % and three designated
equivalence ratios, i.e., ® = 0.6, 1.0, and 1.2, were considered. The heat
release rate in Fig. 6 indicates that the primary fluorinated reactions that
contribute to the positive heat release rate are "CF3 + 'H = "CFy + HF,
‘CH3 + ‘CF3 = CH3:CF; + HF, and CF3CHF" + "OH = CF3CHO + HF; these
are exothermic reactions, although they can reduce radical concentra-
tions. When these exothermic reactions become predominant in lean-
fuel flames with lower CF3CHFCF3 additions (Xcpscurcrzs < 4 %),
additional heat is produced. Such a phenomenon can be also explained
by the adiabatic flame temperature increasing gradually when
Xcrscurcrs  changes from 0 to 4 % (see Fig. 5). Among various
fluorinated-reactions and all designated equivalence ratios, the thermal
decomposition process of CF3CHFCF3 (i.e., C3F;H(+M) = ‘CF3 +
CF3CHF' (+M)) consumes the greatest energy among all elementary
reactions (see Fig. 6). It is noteworthy that at ® = 1.2, the fluoride-
containing exothermic reactions CFsCHF" + ‘OH = CF3CHO + HF, ‘CF;
+ "OH = "CFO + HF, ‘CF3 + "OH = CF,0 + HF, CF3CHF" + ‘O = 'CF3 +
CHFO, and "CF + "OH = CO + HF disappeared and the new additional
reactions 'H + ‘CH3(+M) = CH4(+M), HCCO + O; = ‘'H + CO + CO,
released heat, but not as much as the heat release rate from small
fluoride-containing molecules trapping reactive radicals at ® = 0.6. This
is mainly due to the reduced reaction rates of the major exothermic
reactions ‘CF3 + "H <=> "CF, + HF, CF5CHF' + "OH <=> CF5CHO -+ HF,
and ‘CH3 + ‘CF3 <=> CH:CF;, + HF, as shown in Figs. S6 (a—c) in the
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Fig. 6. The contributions of the main elementary reactions to heat release of
Hy-CHy-air mixture flames with ® = 0.6, 1.0, and 1.2, Xy,= 20 %,
butXcr,chrcr, = 4 %.

Supplementary File. As illustrated in Fig. 7, the global heat release rate
decreased with increasing equivalence ratio, and the peak of the global
heat release rate moved downstream. This suggests that the the onset of
the exothermic reactions were delayed as the concentration of the
reacting substrate increased. This finding is in accordance with the
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Fig. 7. Global heat release rate of Hy-CH4-air mixture flames with ® = 0.6, 1.0,
and 12, XHz: 20 %, bUt—XCFchFCFg =4 %.

observed trend in the heat release rate profile as a function of the
equivalence ratio. Overall, the chemical inhibitory effect of the
CF3CHFCF;3 addition gradually led to a decrease in the concentration of
reactive radicals in the combustion system with an increase in reactants,
and the fluoride-containing exothermic reaction was gradually replaced,
resulting in a remarkable decrease in the overall heat release rate.

3.1.3. CFsCHFCFs reaction pathways

To secure the main elementary reactions of CF3CHFCFg in the lean-
fuel flame, which influenced Hy-CHy4-air mixture deflagration, the re-
action pathways of CFsCHFCF3 atXcr,curcr, = 4 % in Hy-CHy-air mixture
systems at ® = 0.6 were investigated based upon the substance con-
sumption rates in the combustion process, as illustrated in Fig. 8. The
primary reaction pathway of CF3CHFCF3 — HF in the explosion process
is the C-C bond cleavage reaction pathway: CF3CHFCF3 — CF3CHF" —
‘CF3 — HF, accounting for 59.2 % of the CF3CHFCFs. As the second
largest CF3CHFCF3 consumer, the 1,2-HF elimination reaction pathway
CF3CHFCF3 — CF3CF=CF; — CF3CHF' — ‘CHFO — HF is also an
important route, encompassing 25 % correspondingly. During the pro-
cess of CF3CHFCF3 decomposition, a large amount of ‘CF3 was gener-
ated, ~25 % of which generated HF and CHy = CF5 molecules with "CHg
in the following reactions. Such reactions can effectively delay the
development of the CH4 — CO; reaction pathway. As depicted in Fig. 8,
the final product of fluoride-containing substances was HF. This re-
flected the fire-extinguishing characteristics of CFsCHFCFg, and the F
atom was like a “disposable” fire-extinguishing medium. If sufficient "H
exists in the reaction system, no matter which reaction pathway is taken,
the final product, i.e., HF molecules, can be generated continuously.

3.2. Key elementary reactions

To investigate the main factors influencing the reaction path changes
during the initial stage of the combustion system, nine elementary re-
actions were selected based upon the results of the reaction pathway
analysis (see Table 1). The reaction rate constants, k(T), for each
elementary reaction were obtained by numerical calculations, as listed
in Table 2.

3.2.1. CFsCHFCFs decomposition mechanisms

As seen in Table 1, the most important elementary reactions of the
CF3CHFCF3 decomposition process in Hj-CHy-air mixtures mainly
consist of reaction (1) (R1) and reaction (2) (R2), i.e., 1,2-HF elimination
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Fig. 8. Decomposition pathways of CF3CHFCF3 to HF at ® = 0.6, withXy, = 20 % andXcr,curcr, = 4 %.
Table 1 Table 2

Key elementary reactions affecting the initial stage.

No. Reaction Thermodynamic property Kinetic
property
Reaction CsF7H => Heat Non- E, > Ep
(€] CsFg + HF absorption spontaneous facilitates
reaction progress
Reaction CgF7H => Heat Non- -
(2) ‘CF3 + absorption spontaneous
CF3CHF’ reaction
Reaction ‘CsF7 + Oy Heatrelease  Spontaneous -
3) <=> C3F;05 reaction
Reaction ‘C3Fy + Oy Heatrelease = Spontaneous Eq <Ep
4 <=> C3F,0 + reaction facilitates
‘0 progress
Reaction Hy + Oy <=> Heat Non- E, > Ep
(5) ‘HO, + 'H absorption spontaneous facilitates
reaction progress
Reaction CHy4 + O4 Heat Non- E, > E
(6) <=>"'CHs + absorption spontaneous facilitates
'HO, reaction progress
Reaction CH,0 + O, Heat Non- E, > E
7) <=>"HO, + absorption spontaneous facilitates
'HCO reaction progress
Reaction CsF,H + 'H Heat release Spontaneous E, <E
(8) <=>"'CgF; + reaction facilitates
Hy progress
Reaction CH4 + 'H<=> Heat Spontaneous E, <Ep
9 ‘CHs + Hp absorption reaction facilitates
progress

and C-C bond cleavage reaction (see Fig. 8). In R1, the H3 atom to be
eliminated was rarely activated, which can be seen from the evidence
that its bond length only increased by 0.33293 A (see Fig. 9). It implies
that the F atom on the edge carbon of CF3CHFCF3 would be activated
first, leading to C-F bond break. F6 atom moved away from the C4 atom,
and the bond length R(C4, F6) increased from 1.33556 to 1.89182 A.
Then, substantial loosening of the H3 atoms occurred after the reaction
reached the transition state (TS1). Owing to the unique electron-
withdrawing ability of the F6 atom [58], the neighbouring H3 atom
detached from the reaction system along with F6 atom elimination until
a stable HF molecule and CF3CF=CF, with carbon-carbon double bonds

Thermodynamic and dynamic data and reaction rate constants of key elemen-
tary reactions.

Reaction rate (mol/ AH(kJ/ AG(kJI/ Eq(kJ/ Ep(kJ/
cm3 es1) mol) mol) mol) mol)
1 4.62x107! 178.70 119.11 306.76 187.66
2 1.40x107% 376.09 338.26 - -
3 9.93x1072 -108.85 —76.55 - -
4 885x10™° ~116.26 —77.40 242.37 319.76
5  4.64x10™* 197.32 195.63 266.80 71.17
6 5.60x107% 223.51 240.27 240.36 2.10
7 3.47x107%° 151.51 147.69 238.98 91.29
8 224x107 -15.73 -3.01 48.25 51.26
9  3.02x107'® 2.45 —-0.45 50.96 51.41
350 1 329.60
/CF;CHF+CF,
300 + (
250 + 20—~ @

Relative energy (kJ/mol)

50 + °
0
CF,CHFCF,
-50

Reaction coordinate

Fig. 9. Energy diagram of CF3CHFCF3 decomposition.
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were formed after TS1. In the R1 channel, Gibbs free energy became
119.1 kJ/mol, and it absorbed heat of 178.7 kJ/mol. In R2, the C-C
single bond break led to the formation of CF3CHF" and "CF3, which is a
simple bond-breaking reaction without a transition state. In addition,
the bond length of R (C2,C4) increased from 1.52342 to 3.47360 A, and
the product dihedral angle D (F5,C2,F6,C4) of 58.08649° was deflected
by nearly 180°. R2 was also an endothermic reaction, 376.1 kJ/mol; its
Gibbs free energy turned out to be 329.6 kJ/mol. It indicates that under
standard temperature and pressure conditions, R1 and R2 cannot
happen spontaneously.

In addition, it needed more energy (i.e., AGgz — Eag; = 31.5 kJ/mol)
to activate C-C bond cleavage reaction than 1,2-HF elimination reac-
tion. The same results can be found by comparing the reaction rate
constants (see Table 2), indicating that 1, 2-HF elimination reaction can
happen easier than C-C bond cleavage reaction under same conditions.
It suggests that at the initial stage of the Hy-CHy-air mixture reaction
system, CF3CHFCFj3 can produce HF to dilute the reactant concentration
and decrease the collision probability between the reactants and
radicals.

3.2.2. Competing Oz mechanisms of CFsCHFCF3 in Hy-CHy4-air mixture

To investigate the inhibiting performance of CFsCHFCFj3 in the Hy-
CHjy-air mixture reaction system (® = 0.6), it was necessary to determine
the mechanisms of how it contested oxygen with Hy and CHy4. As
depicted in Table 1, Reaction (5) (R5) and Reaction (6) (R6) were the
initial stage reactions in the hydrogen-methane oxidation process, and
Reaction (3) (R3) and Reaction (4) (R4) also are required to consume
oxygen. As shown in Fig. 10, R3 had no transition state in which O-0O, a
single bond, was not stable and then formed an inactive radical, i.e.,
C3F,05 with ‘CsF;. It was an exothermic reaction with 108.9 kJ/mol,
and Gibbs free energy became —76.6 kJ/mol. In R4, the O=0 double
bond breaks, forming two oxygen atoms before it connected with C2 and
F6 in TS2 in the same plane. Here, "C3F; was unstable and would accept a
free oxygen atom O11. In this process, R (C2, O11) decreased gradually
from 1.65242 to 1.32530 A, where the bonding condition was satisfied,
resulting in the formation of C3F;O and ‘O Gibbs free energy became
123.4 kJ/mol and the exothermic heat was 116.3 kJ/mol.

Similarly, in R5 and R6, oxygen experienced double bond breakage
and then formed an unstable O-O single bond induced by free radicals.
Meanwhile, the H atom in the stabilised H, and CH4 was attacked by free
radicals and then entered transition states, i.e., TS3 and TS4, respec-
tively. As shown in Fig. 11, the C1-H3 bond can be activated by the
interaction with O7, and R (C1,H3) extended from 1.09180 to 1.93012

250 +
\

200 + N N
~ 150 + \
—g ) \ 12337

/ €2, F6,012) =0/ C;F,0+0

?/ 100 1 , D(O11, C2, F6, 012) = 0.00000 4E
2 /
on
5 501 /
5 /
2 ol 000
= CFA0, = — _
ot - -
e -

=50 -+ .’ =~
W ‘
-100 ) @

-150 +

Reaction coordinate

Fig. 10. Energy diagram for the reaction of “C3F; with Os.
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Fig. 11. Energy diagram for the reaction of CH4 with O,.

A, resulting in the formation of ‘CHs and H. This process has to over-
come a free energy barrier of 242.4 kJ/mol and then absorbed heat of
223.5 kJ/mol. From Fig. 12, H1 in Hy can be activated by 04 in O, and

R (H1,04) decreased from 3.24871 to 0.95346 A to satisfy the bonding
condition, finally forming "'HO; and "H. The process needs to overcome
the free energy barrier of 266.8kJ/mol and absorb heat of 197.3kJ/mol,
specifically. In addition, at standard temperature and pressure, R3 and
R4 can spontaneously happen, while R5 and R6 need extra heat/higher
pressure/or related catalysts to activate the reaction based upon AG
changes in the corresponding reactions (see Table 2). It suggests that the
addition of CF3CHFCF3 to the Hy-CHy-air mixture could effectively
consume oxygen and generate inactive free radical C3F;05 and C3F;0’,
resulting in reducing reactive radical concentrations and oxygen, which
are essential substances in the reaction with CH4 and H,. However, note
that the reaction of the ‘C3F; with O, releases heat. As can be seen from
Fig. 8, 15.8 % of the CF3CHFCF3 molecules decompose into ‘C3F7, and
then 44.8 % of the "C3F; react exothermically, and the heat released from
this process has a non-negligible influence on the global heat release.
A key chain branching reaction in the CH,4 explosion (see Reaction
(7) (R7) in Table 1 and Fig. 13) [59], Hy near oxygen in formaldehyde
was activated first, and R(C1, H2) gradually increased from 1.09110 to
1.39557 A. Then, H, gradually approached 05, forming TS5 in Fig. 13).

R (H2, 05) gradually decreased from 1.17109 to 1.00232 A to form "HO,

266.80
250 + ! 183 A <
1a,, -

= A S ~
g 200 A / L N 195.63
E /  D(H2,H1,04,03)=0.00958 @ H02+H
~ /
> £+ 1056
& 150 /
2 /
o /
E 100 +
= /
2 50 , ) &

€ o730 /

/
0L 0.00 /
H,+0,
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Fig. 12. Energy diagram for the reaction of Hy with Os.
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Fig. 13. Energy diagram for the reaction of CH;0 with O,.

and "HCO. The process required to overcome a free energy barrier of
239.0 kJ/mol and absorb heat of 151.5 kJ/mol. Note that R7 cannot
spontaneously proceed under standard temperature and pressure due to
AG > 0. Nevertheless, it can be discovered that E, = 239.0 kJ/mol and
k(T) = 9.93 x 107! mol/(cm®:s) in R7 are substantially higher than the
values in R3, respectively (see Table 2), revealing that R3 is more likely
to happen than R7. The decomposition product ‘C3F; can prefer to react
with O in the branching chain of the entire Hp-CH4-air mixture explo-
sion system. Previous studies also support such findings that the fire-
inhibiting properties of CF3CHFCFs in the initial stage since its pyroly-
sis process would continuously consume heat and lower temperature in
the combustion system [7,60].

3.2.3. Interactive mechanisms of CF3CHFCF3 with ‘"H

How to alleviate ‘H in the Hp-CHy-air mixture combustion system by
reacting with CF3CHFCFj3 can notably affect its suppression performance
[17]; thus, it is essential to investigate the interactive mechanisms be-
tween CF3CHFCF3 and 'H. Previous investigation showed that "H con-
centration would be increased notably after adding hydrogen into the
mixture, and the generation rate was much faster than the generation
rate of ‘'OH [61], leading to not enough "“OH to consume the extra "H
promptly. In the initial reaction stage, i.e., Reaction (8) (R8), the "H on
CF3CHFCF3 will be activated first, and the C-H bond breaks. R(C2, H3)
increase from 1.09422 to 1.35869 A to form TS6 (see Fig. 14). At TS6,
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Fig. 14. Energy diagram for the reaction of CF3CHFCF3 with H.
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H3 gradually moves towards ‘H to form Hy, and the other active radical
(i.e., "C3F7) will be generated. In this process, AG = —3.0 kJ/mol and
releasing heat of 15.7 kJ/mol. The similar reaction mechanisms can be
found in Reaction (9) (R9), in which ‘H attacks H4 to form TS7 (see

Fig. 15), and R (C1,H4) increases from 1.09239 to 2.74705 A. H5 in-
teracts with H6 to produce ‘CH3 and Hy with AG = —0.5 kJ/mol and
absorption heat of 2.4 kJ/mol. Here, it can be found that R8 and R9 can
happen spontaneously with AG < 0 under standard temperature and
pressure conditions, by overcoming the energy barriers of 48.2 and 51.0
kJ/mol, respectively. Moreover, R8 is more likely to happen than R9,
with a greater reaction rate under the same reacting conditions. In this
process, CF3CHFCF3 can capture 'H quickly and efficiently, reducing the
reaction rate of CH4 and "H to form "CHs. In addition, ‘CgF; generated by
R8 can also rapidly transfer to the next reaction stage, contesting Ox
with other reactive reactants and radicals. Therefore, CF3CHFCF3 plays
an effective role in the initial stage of the Hy-CHy-air mixture reaction
chain.

3.3. Dual roles of CFsCHFCFs3: Promotion and inhibition

Fig. 16 illustrates the interactive mechanisms between CF3CHFCF3
and Hy-CHy-air mixture underXcr,curcr, < 4 % and various @ values,
using reaction pathway analysis and DFT calculations. Fig. 16(a) dem-
onstrates the reaction mechanism by which CF3CHFCF3 contributes to
the thermal promotion of lean Hy-CHy-air mixture explosions. Specif-
ically, because the energy barrier of 1,2-HF elimination reaction is lower
than that of C-C cleavage reaction, partial CF3CHFCF3 will first
decompose into CF3CF = CF; at the initial reaction stage. The rest of
CF3CHFCF3 will be decomposed via C-C bond cleavage reaction and free
radical-induced decomposition, forming ‘CFs, CHF3CHF’, (CF3),CF’,
‘CF3CHO, etc. Although CF3CF = CFy accounts for a relatively small
proportion in the pool of fluorinated radicals, it is a critical intermediate
in the decomposition process. Specifically, with the double bond,
CF3CF=CF; will have additive reactions promptly with ‘H, "O, and "OH
since the energy barriers are extremely low, which has been discussed in
previous investigations [62,63], resulting in the generation of an
immense number of fluoride-containing radicals (e.g., ‘CFs, and ‘CF3).
Note that most reactions between small and fluorinated molecules were
exothermic, which also has been proven by a previous investigation [18]
as well as discussed in Section 3.1.2. As a result, the total heat release
rate will increase during this phase, and the heat in the combustion
system will increase as well, generating a thermal promotion phenom-
enon. Especially under lean-fuel conditions, the concentration of reac-
tive radicals is relatively low, and the small, fluorinated molecules
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Fig. 15. Energy diagram for the reaction of CH4 with "H.
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Fig. 16. Mechanism analysis diagram affecting the explosion: (a) ® < 1.0 andXcr,curcr, < 4 % and (b) ® > 1.0 andXcr,curcr, < 4 %.

generated by CF3CF = CF;, first capture the reactive radicals to react and
then release heat (see Fig. 16(a)). In addition, the reactions associated
with C-C bond cleavages and free radical-induced generation of small,
fluorinated molecules will also consume reactive radicals, absorbing
heat from the combustion system. However, under lean-fuel conditions
(i.e., ® < 1) and low Xcr,curcr,, the absorbed heat is less than the
released heat in the entire reaction system. It means that although the
reactive radicals will be consumed in the combustion system, the total
heat release rate will increase, presenting the CFsCHFCF3; promotion
property withXcg,curcr, < 4 %. In contrast, under ® > 1 condition (see
Fig. 16(b)), the reactive radical concentrations can remain relatively
high, and the heat-absorbing fluoride-related reaction will continue to
consume the reactive radicals and absorb heat, presenting the
CF3CHFCF3 inhibition property. Moreover, the reaction generates an
increasing number of stabilised molecules and stabilised radicals, which
reduces the effective collision of the reactants and thus impedes the
mixture detonation.

4. Conclusions

To reveal the main reasons for the thermal promotion of CF3CHFCF3
within lean Hy-CHg-air mixture explosion with various Xcr,curce, and
designate ®, this study employed chemical kinetic simulation and DFT
calculations from theoretical and molecular perspectives to determine
the promoting and inhibiting roles of CF3CHFCF3 within Hp-CHy-air
mixture. The key conclusions are listed below:

e The addition of CF3CHFCF3 into the H,-CHy-air mixture fire can
decrease laminar flame speed in various ®, and more CF3CHFCF3 can
perform better in flame speed reduction. In addition, the mass flow
rate nearly had no influence on the laminar flame speed under the
same ®. Under ® > 1 condition; adding more CF3CHFCFj3 into the
Hy-CHy-air mixture lowers the adiabatic flame temperature. In
comparison, under ® < 1 condition, the adiabatic flame temperature
increases to a threshold and then decreases gradually, as CF3CHFCF3
is added into mixtures continuously.

In lean-fuel flames, the C-C bond cleavage and 1,2-HF elimination
are two main reaction pathways in the process of CF3CHFCF3
decomposition, with the latter being more favoured. During the
initial stage, the 'H initially interacts with CF3CHFCFj3, forming the
secondary product ‘CsF;, a potent competitor for Oy alongside CH4

and Hy. It is worth noting that the heat generated by the reaction of
the "CgF; with Oy has a non-negligible effect on the global heat
release.

e CF3CF=CF; is a vital intermediate in the process of CF3CHFCF3
decomposition, which can be rapidly broken down by radical addi-
tion reactions, contributing to an increase in the exothermic fluoride-
containing radicals. Interactions between these radicals generated by
CF3CF=CF; addition reactions and reactive radicals are predomi-
nantly exothermic, resulting in an acceleration of heat release rate
and promotion of flame propagation under certain conditions, such
as Xcr,curcr, < 4 % and @ = 0.6. As the concentration of reactants
increases (i.e., ® > 1.0), the non-exothermic fluorine-containing
radicals are capable of mitigating the effects caused by thermal
promotion through cyclically consuming reactive radicals and
absorbing heat, thereby suppressing the hydrogen-methane-air
mixture detonation.
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