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Abstract

Poly- and Perfluorinated alkyl substances (PFAS) pose environmental and public health concerns. While incinera-
tion remains the most common PFAS remediation method, the complete combustion and pyrolysis mechanism of
PFAS is unknown. This study aims to expand our understanding of the kinetics of gas-phase PFAS incineration
by measuring the effect of difluoromethane (CH2F2) on propane ignition delay times (IDTs). The ignition delay
times were measured by OH* emission and end-wall pressure time histories behind the reflected shock wave.
Different concentrations of CH2F2 were mixed with fuel-lean propane-oxygen mixtures diluted in argon. Exper-
iments were conducted at a nominal reflected shock pressure of P5 = 1 atm and reflected shock temperatures of
1200 < T5 < 1800 K. A new detailed chemical kinetic mechanism is presented. 135 new rate constants were
computed using RRKM/ME theory, based upon stationary points computed using ANL0. The new mechanism is
in excellent agreement with the measured ignition delay time. A novel sensitivity analysis helps to explain the
elementary steps by which CH2F2 increases the ignition delay time.
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1. Introduction1

Difluoromethane (CH2F2, R-32) is a valuable com-2

pound in the refrigerant industry, serving as a greener3

alternative to chlorofluorocarbons (CFCs). Unlike4

CFCs, CH2F2 and other hydrofluorocarbons do not5

deplete the ozone layer and have lower global warm-6

ing potentials. The increased interest in CH2F2 for7

commercial applications underscored the importance8

of understanding its thermodynamic and kinetic prop-9

erties, particularly in the context of flammability and10

flame suppression. Due to its increased reactivity and11

flammability, CH2F2 presents potential risks to con-12

sumer goods and manufacturing processes compared13

to traditional CFC refrigerant blends. To address this14

issue, the National Institute of Standards and Tech-15

nology (NIST) compiled a comprehensive chemical16

kinetic model for small fluorine-containing refriger-17

ants, including CH2F2 [1], and other fluorinated or-18

ganics [2–4], forming the basis for modeling fluoroor-19

ganic reactions in the gas phase.20

In addition to the work at NIST, other groups have21

investigated the impact of small fluorinated species22

on hydrocarbon combustion, including iodofluorocar-23

bons [5], bromofluorocarbons [6], chlorobromofluo-24

rocarbons [7], and hydrofluorocarbons [8]. Depend-25

ing upon the specifics of (i) the fluorinated species,26

(ii) the base hydrocarbon, and (iii) the reactor con-27

ditions, the dopant either reduced the reactivity, in-28

creased the reactivity, or had little-to-no discernible29

effect.30

Ososio et al. conducted flame speed and shock tube31

experiments for methane, ethane, and propane doped32

with CF3Br (Halon-1301) [6]. They observed that33

CF3Br accelerated the ignition of CH4 but decelerated34

the ignition of C2H6 and C3H8. Mathieu and cowork-35

ers performed similar experiments to quantify the im-36

pact of CF3I (Halon-13001) and CF2BrCl (Halon-37

1211) on methane, ethylene, and propane [5, 7]. Con-38

sistent with their results for CF3Br, both CF3I and39

CF2BrCl reduced the ignition delay time of CH4, in-40

creased the ignition delay time of C2H4, and had a41

modest inhibiting effect on C3H8. As observed in ref.42

8, hydrofluorocarbons tended to enhance the reactiv-43

ity: C2HF5 (HFC-125) and C3HF7 (HFC-227) signifi-44

cantly reduced the ignition delay time of methane and45

had a modest accelerating effect on propane [8]. Most46

recently, Shaik and coworkers studied the thermal de-47

composition of CH2F2 using laser schlieren densito-48

metry and time-of-flight mass spectrometry in a shock49

tube [9]. Their analysis provides important quantifi-50

cation of CH2F2 decomposition kinetics and subse-51

quent cross reactions on a much shorter timescale.52

In addition to their role as potential flame suppres-53

sants, the challenges related to the destruction of per-54

and poly-fluoroalkyl substances (PFAS), prominent55

environmental contaminants, have led to increased in-56

terest in the high-temperature gas-phase kinetics of57

fluorinated compounds. At present, the most com-58

monly used route for destroying PFAS involves in-59

cineration. Unfortunately, the incineration process60

is poorly understood, and incinerator effluent can61

contain products of incomplete combustion that are62

still toxic, e.g. small fluoroalkanes like tetrafluo-63

romethane and hexafluoroethane [10]. Computational64

engineering could help solve the problem of incinera-65

tor design, and several groups have sought to quan-66

tify many of the unimolecular decomposition path-67

ways [11–20]. These thermal decomposition studies68

have demonstrated that perfluoroalkanes undergo a69

complex sequence of dissociation reactions that leads70

to a mixture of smaller fluorinated compounds [21],71

including CH2F2 and other species that are used as72

refrigerants or flame retardants.73

The present work aims to quantify the impact of di-74

fluoromethane on the ignition delay time of propane75

(C3H8) in a shock tube. The ignition delay time76

(IDT, ⌧ ) is a valuable metric for assessing the gas-77

phase kinetics of polyfluorinated compounds under78

incinerator-relevant conditions [22]. The experimen-79

tal ignition delay times are modeled using a newly80

developed, detailed chemical kinetic mechanism. The81

mechanism combines a hydrocarbon core mechanism82

with ab initio rate constants and estimates obtained83

using an automated mechanism generator.84

2. Methods85

2.1. Experimental Setup and Operation86

Experiments were conducted in the Brown Shock87

Tube (BST) [23] near atmospheric pressures over a88

temperature range of 1200 – 1800 K. The current con-89

figuration of the BST has been modified from previ-90

ous publications [23–26]. The original diaphragm-91

less driver was replaced with a double diaphragm92

mechanism. The modifications did not change the di-93

mensions of the driven section (internal diameter of94

10 cm and length of 7 m). The new driver has the95

same internal diameter as the driven section but has96

a length of 3.3 m. A removable stainless steel in-97

sert now isolates the driver and driven section with98

two layers of the polycarbonate diaphragm (McMas-99

ter, 0.020 inches thickness) clamped on either end.100

The diaphragms were scored in a cross pattern before101

loading to ensure consistent and repeatable ruptures102

at the desired loading conditions. The stainless steel103

insert has a port that connects to a removable hose at-104

tached to a 1 L dump tank, roughing pump, and gas105

line. The double diaphragm interface enables higher106

loading pressures in the driver section, allowing for107

higher driver-to-driven pressure ratios. Moreover, the108

double diaphragm set-up provided increased stability109

in post-reflected shock pressures relative to prior con-110

figurations.111

Figure 1 shows the new BST configuration. Shock112

velocities were calculated using the timing intervals113

between six piezoelectric pressure transducers (Dy-114

nasen, CA-1135) with response times of ⇠0.1 µs.115

The Dynasen transducers are spaced 15 cm in series,116

starting from 90 cm and ending 15 cm upstream of117

the test window. The shock velocity was interpolated118
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Fig. 1: Brown Shock Tube double diaphragm configuration.

from the final transducer to the test window, resulting119

in an uncertainty of around 0.2%. The temperature,120

T5, and pressure, P5, behind the reflected shock wave121

were computed using CANTERA [27] and the SHOCK122

AND DETONATION TOOLBOX [28] assuming normal123

shock conditions. The uncertainty of P5 and T5 is124

⇠0.5%, based upon prior work with this system.125

Table 1: Gas Mixture Composition
CH2F2 C3H8 O2 Ar Dopant ratio �
— 1.0% 6.0% 93.0% 0.0 0.83

0.1% 1.0% 6.0% 92.9% 0.1 0.85
0.5% 1.0% 6.0% 93.5% 0.5 0.92
2.0% 1.0% 6.0% 91.0% 2.0 1.17
2.0% 0.5% 3.0% 95.5% 4.0 1.50

Mixtures were made manometrically in a 72 L126

round bottom flask attached to the manifold of the127

BST. The mixtures were allowed to settle for at least128

an hour and were agitated with a magnetic stir bar to129

ensure homogeneity. All compositions contained ar-130

gon (Airgas, 99.9999%), oxygen (Airgas, 99.9999%),131

and propane (Airgas, 99.999%) with varying concen-132

trations of CH2F2 (Airgas, 99.9%) as seen in Table 1.133

The concentration of propane and oxygen were held134

constant, while the addition of CH2F2 was offset by135

a reduction in argon. In Table 1, the “dopant ratio”136

refers to the proportion of CH2F2 relative to C3H8,137

varying from 0.0 to 4.0. All gas combinations were138

prepared in reference to a 1% propane concentration,139

except for the final mixture, which was scaled down140

to 0.5% propane (and thus uses 2% CH2F2) to re-141

duce the proportion of reactant gases to bath gas in the142

driven mixture. These adjustments align with our ex-143

perimental assumptions, which require dilute condi-144

tions for the normal shock equations to remain valid.145

During complete combustion, the fluorine atoms are146

assumed to form hydrogen fluoride. The stoichiomet-147

ric equation used to define the equivalence ratio, �, is148

given by:149

a CH2F2 + b C3H8 + (a+ 5b)O2 !
(a+ 3b) CO2 + 4b H2O+ 2a HF (1)

Rather than focus on a fixed equivalence ratio, we150

maintained a constant O2:C3H8 of 6.0. The resulting151

compositions range from fuel lean at low dopant lev-152

els to fuel rich at high dopant levels. This range of153

equivalence ratios highlights the sensitivity to differ-154

ent submechanisms in the mechanism validation pro-155

cess. More specifically, since our goal is to improve156

model predictions for small fluorinated compounds,157

the fuel-rich experiments at high dopant levels will be158

more sensitive to the kinetics of CH2F2 and its vari-159

ous products. The experimental equivalence ratios are160

provided in Table 1.161

The ignition delay times were measured behind162

the reflected shock using pressure histories and163

OH* chemiluminescence. The pressure history was164

measured at the end wall using a PCB transducer165

(113B21) with a rise time of 1 µs. OH* emission was166

measured with a photo-multiplier tube (PMT) sup-167

plied by Hamamatsu (R928) at the side wall. The168

PMT was attached to a lens tube (Thorlabs, 6.43 cm169

length, �2.54 cm) set with a narrow-bandpass filter170

(Edmund Optics, 313 nm center wavelength, FWHM171

10.00± 2.0 nm) and a semi-planar convex lens (Thor-172

labs, �2.54 cm). The filter and the lens were placed173

at their focal lengths away from the aperture of the174

PMT, 5 mm and 20 mm, respectively. The OH* emis-175

sion detector was then aligned perpendicular to the176

length of the shock tube at the side wall. The distance177

from the aperture of the PMT to the test windows was178

roughly 6.60 cm.179

The ignition delay times were defined by extrap-180

olating the maximum gradient of the relative OH*181

emission signal to the baseline. The gradient was cal-182

culated using a second-order centered difference ap-183

proximation [29]. The error of this calculation scales184

with �t2 ⇠ 10�5 ms. The pressure histories on the185

end wall were processed similarly to OH* IDTs and186

then compared. IDTs with a differential greater than187

1% from both methods were disregarded. Example188

pressure and OH* emission profiles can be seen in189

Figure 2.

Fig. 2: Pressure and OH* emission profiles of propane
(C3H8:1/O2:6/Ar:93) at 1356 K.

190

2.2. Computational Methodology and Mechanism191

Development192

The elementary kinetic mechanism combines two193

pre-existing mechanisms from the literature with194

newly developed rate coefficients. The hydrocarbon195

core was taken from Ref. 29, based on the small-196

molecule chemistry developed at Argonne National197

Laboratory, which we refer to as the “ANL” mecha-198
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nism [30]. As discussed below, additional hydrocar-199

bon mechanisms were considered. The ANL mecha-200

nism was combined with the mechanism taken from201

Ref. 31, which consists of H- and F-abstraction re-202

actions involving fluorinated compounds. The result-203

ing combined mechanism served as an initial starting204

point; the present work builds off this initial mech-205

anism to include the unimolecular decomposition of206

several C1 and C2 species. For comparison purposes,207

the recent CH2F2 mechanism from NIST was addi-208

tionally tested [4].209

REACTION MECHANISM GENERATOR (RMG)210

software [32–35] was used to propose new reactions211

for addition into the initial mechanism. The reaction212

system was simulated in RMG using a range-based213

simpleReactor() from 1000–1800 K and 1–214

10 bar with pressure-dependent chemistry included.215

Proposed reactions were then refined using compu-216

tational kinetics methods described below. Updated217

reactions were then added to the initial mechanism,218

and ignition delays were re-simulated. This process219

was repeated until no new reactions were required to220

simulate the experimental ignition delay times with221

sufficient accuracy.222

All electronic structure calculations were done us-223

ing the ANL0 compound method [36]. When appro-224

priate, torsional scans were performed in 10� incre-225

ments using M06-2X/cc-pVTZ [37], and the resulting226

potential was used to compute the partition function227

for hindered internal rotation via summation over the228

energy levels for the corresponding 1-D Schrödinger229

equation. All density functional theory calcula-230

tions were performed using GAUSSIAN09 [38]. All231

wavefunction methods were performed using MOL-232

PRO [39].233

All RRKM/ME calculations were performed using234

MESS, which is part of the PAPR family of computa-235

tional kinetics software [40, 41]. All elementary re-236

actions with a first-order saddle point were treated us-237

ing fixed transition state theory, according to which238

the transition state is assumed to be the saddle point,239

and the corresponding partition function is assumed240

to be a harmonic oscillator. For the barrierless re-241

actions, variational analysis was performed using the242

semi-empirical PhaseSpaceTheory method in243

MESS [42–44]. The coefficient of the interaction po-244

tential, ↵r�6, was set so that the high-pressure limit245

for the rate coefficient of the radical-radical recombi-246

nation was approximately 3 ⇥ 10�11 cm3/molecule-247

s. In cases with a clear analogy to hydrocarbon248

chemistry, ↵ was adjusted to match (but not ex-249

ceed) the high-pressure limit of the hydrocarbon case.250

For example, for the recombination of difluoromethyl251

radical, CHF2 + CHF2 ! CHF2CHF2, ↵ was ad-252

justed so that the high-pressure limit constant was253

k1(800 K) = 1.2 ⇥ 10�11 cm3/molecule-s and254

k1(1800K) = 1.3 ⇥ 10�11 cm3/molecule-s, based255

upon the corresponding high-pressure limit values256

for CH3 + CH3 ! C2H6 of k1(800K) = 3.9 ⇥257

10�11 cm3/molecule-s and k1(1800K) = 2.0 ⇥258

10�11 cm3/molecule-s. Future work will replace259

this form of variational transition state theory with260

a more rigorous variable reaction coordinate transi-261

tion state theory. Collisional energy transfer was as-262

sumed to follow a simple single exponential model,263

with h�Edowni = 100 (T/298[K])0.85 cm�1 for C1264

species and h�Edowni = 200 (T/298[K])0.85 cm�1
265

for C2 species. The thermophysical properties for all266

fluorinated species were taken from Ref. 31.267

2.3. Simulations and Sensitivity Analysis268

CANTERA was used to compute ignition delay269

times in a homogenous, adiabatic, constant-volume270

zero-dimensional Reactor(). Ignition delays were271

calculated to match the experimental conditions at272

1±0.015 atm, with temperatures of 1282–1887 K, and273

initial mole fractions as described in Table 1. The274

calculation of the modeled IDTs closely mirrored the275

experimental approach, except for the use of the sim-276

ulated OH species histories.277

Sensitivity analyses were performed to determine278

which reactions had considerable influence on the279

simulated ignition delay times. The reference IDTs280

(⌧ref) were calculated without any modification to the281

newly developed mechanism. To quantify the impact282

of the ith reaction on the IDTs, the corresponding rate283

constant, ki, was increased by 1%. The IDTs were284

then recalculated with this single rate constant pertur-285

bation, ⌧i. The resulting normalized sensitivity coef-286

ficient, Si, was computed for each reaction:287

Si =
@ ln ⌧
@ ln ki

=
ki,ref
⌧ref

✓
⌧i � ⌧ref
ki � ki,ref

◆
. (2)

Sensitivities were calculated at a representative low,288

middle, and high temperature (1292, 1467, and289

1818 K, respectively). The sensitivity coefficients, as290

defined by Eq. (2), highlight a large number of hy-291

drocarbon reactions that have little to do with fluorine292

chemistry, many of which are well characterized (e.g.293

H + O2 ⌦ O + OH). While undoubtedly critical for294

ignition, these reactions do not help us understand the295

fire-suppressing behavior of CH2F2. Instead, we wish296

to isolate the reactions most responsible for the in-297

crease in observed ⌧ as the amount of CH2F2 in the298

mixture increases. To do so, we define a new sensitiv-299

ity coefficient, Ssup
i , which takes the ratio of ignition300

delay time with the highest dopant ratio, ⌧4.0, to the301

ignition delay time with the lowest non-zero dopant302

ratio, ⌧0.1, and then see how minor perturbations in303

the rate constants affect this ratio:304

Ssup
i =

ki,ref
⌧4.0
ref /⌧0.1

ref

✓
⌧4.0
i /⌧0.1

i � ⌧4.0
ref /⌧0.1

ref

ki � ki,ref

◆
. (3)

These suppression-focused sensitivity coefficients305

identified which reactions were important in increas-306

ing the ignition delay time when the amount of CH2F2307

was increased. This approach was critical in the iter-308

ative mechanism construction since it allowed us to309
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determine which of the fluorochemical reactions that310

RMG proposed were important.311

3. Results and Discussion312

3.1. Ignition Delay Times313

Fig. 3: Measured ignition delay (symbols) of propane with
dopant ratio CH2F2:C3H8 of 0.0 (black), 0.1 CH2F2 (ma-
genta), 0.5 CH2F2 (cyan), 2.0 CH2F2 (blue), and 4.0 CH2F2
(green) in excess argon at 1 atm. The lines are the cor-
responding regression to the data, in the format ⌧ =
A exp [Ea/RT ], with A in ms and Ea in kJ/mol.

The measured ignition delay times for the differ-314

ent dopant ratios are presented in Figure 3. As an-315

ticipated, the addition of CH2F2 increases the ignition316

delay. To a reasonable approximation, the ignition de-317

lay time increased linearly with increasing dopant ra-318

tio (see Supplemental Materials for details).319

A one-sample t-test using the R software was per-320

formed on the slopes and y-intercept of the linear re-321

gressions from the doped cases, which were tested322

on the slope and y-intercept of the linear regression323

of the neat case [45]. The slopes of the regressions324

were significantly similar (p-value> 0.05, |t| = 2.04),325

while the y-intercepts of the regression were signifi-326

cantly different (p-value < 0.05, |t| = 5.13). As seen327

in Figure 3, the regression slope (Ea in the figure) is328

consistent in all five cases, with less than 3% devia-329

tion from the mean ofEa = 177 kJ/mol. The intercept,330

in contrast, increases approximately linearly with in-331

creasing dopant ratio. For the two lowest non-zero332

dopant ratios, 0.1 (magenta squares) and 0.5 (cyan tri-333

angles), the measured ignition delays were virtually334

identical.335

3.2. Mechanism Validation336

The first step in the analysis was to focus on the337

ignition delay time of undoped propane, with nom-338

inal pressures of 1 atm and excess oxygen. Five339

different mechanisms were selected from the litera-340

ture: ANL [29], San Diego [46], CRECK [47], Aram-341

coMech 3.0 [48], and NUIGMech 1.3 [49].342

Fig. 4: Measured ignition delay of propane (symbols) com-
pared to ANL [29], San Diego [46], CRECK [47], Aram-
coMech3.0 [48], and NUIGMech 1.3 [49] mechanisms.

The simulated IDT is plotted with the measured343

IDT in Figure 4, together with the corresponding co-344

efficient of determination, R2 (in ln ⌧ ). All five mech-345

anisms perform well. The agreement between all five346

models and the data confirms that the new BST diag-347

nostic works as intended. Based on these results, the348

ANL mechanism was selected as the base hydrocar-349

bon mechanism. Similar results were obtained when350

the NUIGMech was used instead (the most recently351

validated propane mechanism); these results are in-352

cluded in the Supplemental Material.353

Fig. 5: Measured ignition delay (symbols) compared to
present work (solid line) and NIST mechanism (dotted line
with ANL as the base hydrocarbon mechanism [4, 29].

The CH2F2 mechanism by Burgess and cowork-354

ers [4] at NIST originally used GRI-Mech for the355

hydrocarbon chemistry subset. To facilitate use in356

propane autoignition, we replaced that portion of the357

mechanism with the ANL mechanism from Ref. [29].358

Although the NIST mechanism predicts trends cor-359

rectly, it fails to predict the ignition delay times quan-360
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titatively, particularly for the higher dopant concen-361

trations (see dotted lines in Figure 5).362

Figure 5 presents the new mechanism, based upon363

the iterative refinement process in which RMG would364

propose a missing reaction, and then transition state365

theory was used to update the results. As part of this366

procedure, RMG highlighted the importance of the367

difluoromethyl radical, CHF2. Of particular impor-368

tance were various recombination reactions involv-369

ing CHF2 and other radicals (both fluorinated and or-370

ganic) that were present before ignition. This pro-371

cess led to a cascade of new reactions to consider.372

Ultimately, radical-radical, unimolecular decomposi-373

tion, and phenomenological (well-skipping) reactions374

were added for the following potential energy sur-375

faces: CH2F, CHF2, CH3F, CH2F2, FCO, CHFO,376

CHF2O, CHF2OH, CF(O)OH, CHF2O2, CHF2OOH,377

CH3CHF2, CH2FCHF2, and CHF2CHF2. Addition-378

ally, RMG suggested two new H-abstraction reac-379

tions, CH2CH + CH2F2 and H + CHF2CHF2, which380

were important for the ignition delay but were not381

considered in Ref. 31. In total, the iterative procedure382

resulted in 135 new rate constants that were added to383

the 85 abstraction reactions in our prior work. Consis-384

tent with our mechanism, the analysis by Shaik et al.385

found that HF elimination was the only unimolecular386

decomposition channel for CH2F2 [9].387

As can be seen in Figure 5, the new mechanism is388

in excellent agreement with the experimental data for389

all five dopant ratios.390

3.3. Sensitivity Analyses391

Fig. 6: Normalized sensitivity coefficients for the mixture
with a dopant ratio of 4.0 at three temperatures.

Figure 6 summarizes the normalized sensitivity co-392

efficients for the mixture with dopant ratio of 4. The393

11 reactions that had the highest average sensitivity394

coefficient for all three temperatures are presented.395

As expected, the reaction O + OH ⌦ H + O2 is396

among the most sensitive, but the importance of this397

reaction is otherwise omitted from the discussion be-398

low. Whereas the sensitivity coefficients for the low399

(1292 K) and intermediate (1467 K) temperatures are400

fairly consistent, the sensitivity coefficients for the401

high-temperature case (1818 K) are different. The ig-402

nition delay time at the highest temperatures is highly403

sensitive to only a few reactions, with the two most404

sensitive reactions being the decomposition of CH2F2405

and H-abstraction from CH2F2 via H atom.406

Fig. 7: Normalized sensitivity coefficients for the
suppression-focused sensitivity analysis, Eq. (3).

Figure 7 presents the suppression-focused sensitiv-407

ity coefficients, Eq. (3), at 1296 K. According to this408

new metric, some reactions will decrease the spread409

between ⌧4.0 and ⌧0.1 (i.e., Ssup
i < 0), whereas other410

reactions will increase the spread between ⌧4.0 and411

⌧0.1 (i.e., Ssup
i > 0). As seen in the figure, the412

two most important reactions involve CH2F2, but they413

have opposite signs.414

The reaction CH2F2+H⌦ CHF2+H2 has a large415

positive Ssup
i , because it consumes H atoms, thereby416

decreasing the rate of important chain branching re-417

actions, such as H + O2 ! O + OH. The larger418

the concentration of CH2F2, the more effective it is419

at scavenging H atoms. In contrast, HF elimination420

from CH2F2 has a large negative Ssup
i because it re-421

moves CH2F2 as an H scavenger and replaces it with422

a more reactive singlet carbene, CHF.423

Under the experimental conditions, the well-424

skipping reaction CHF2 + H ⌦ CHF + HF runs in425

the reverse direction; increasing the rate constant in-426

creases the rate at which H atoms are regenerated, and427

thus it decreases both ⌧4.0 and ⌧0.1. It has a negative428

Ssup
i because it decreases ⌧4.0 more than it decreases429

⌧0.1. The reactions of H and OH with propene,430

CH3CHCH2, also have negative suppression-focused431

sensitivity coefficients but for a different reason.432

These reactions shift the composition of the radical433

pool from the more reactive H and OH to the less434

reactive allyl, CH2CHCH2, and increasing those rate435

constants increases ⌧ across the board. This effect436

is more pronounced for the 0.1 dopant ratio mixture437

than for the 4.0 dopant ratio mixture, and thus increas-438

ing those rate constants increases ⌧0.1 more than it439

increases ⌧4.0.440

One immediate distinction between the present441
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work and the collective work of Peterson and cowork-442

ers is that our ratio of “dopant” to hydrocarbon is443

significantly greater than in refs. 5–8. The compar-444

ative abundance of fluorinated species in the present445

work has a strong impact on the observed sensitivi-446

ties. With this caveat in mind, if we contrast CH2F2447

with other fluorinated compounds, we begin to form a448

more complete picture of the small-molecule chem-449

istry. First, much of the decrease in reactivity ob-450

served with CF3Br and CF3I is due to the formation451

of CF3 as a decomposition product [5]. Although452

CF3 can participate in many reactions, some of which453

could increase reactivity, the net effect of CF3 is to454

act like a radical scavenger. Similarly, for CF2BrCl,455

much of the inhibitory effect comes from the liberated456

Br, which also acts as a radical scavenger – either di-457

rectly (e.g. C2H3 + Br) or indirectly (e.g. HBr + H).458

Other contributions from CF2BrCl to the total re-459

activity come from CF2 as a reactive intermediate.460

Collectively, these results were more pronounced for461

methane than for propane.462

The pyrolysis and combustion of CH2F2, in con-463

trast, does not lead to significant amounts of CF3. The464

main route for CF3 production from CH2F2 is an in-465

direct route via CHF2, but it is comparatively minor466

under the current conditions. Similarly, the net rate467

of CF2 production is quite small. In their investiga-468

tion into the impact of hydrofluorocarbons on alkane469

ignition, Osorio et al. found that neither C2HF5 nor470

C3HF7 had a substantial impact on the ignition de-471

lay time of C3H8, but that the reaction CHF2+OH⌦472

CHFO+HFwas the most significant reaction in terms473

of the inhibition of the C3H8 ignition delay time [8].474

Although our mechanism includes this well-skipping475

reaction, it is not among the most sensitive for our476

conditions, perhaps because the overall yield of CHF2477

is low in our system.478

Collectively, the present work complements the ex-479

perimental and modeling studies of refs. 5–9 regard-480

ing our understanding of small-molecule kinetics for481

fluorine-hydrocarbon combustion. Future work will482

expand the current mechanism to include their valida-483

tion targets.484

4. Conclusions485

The ignition delay times of different mixtures of486

CH2F2, C3H8, and O2 in Ar were measured in a shock487

tube via OH* chemiluminescence. Experiments were488

conducted at a reflected shock pressure of P5 = 1 atm489

and reflected shock temperatures of 1200 < T5 <490

1700 K. Increasing the CH2F2:C3H8 ratio while hold-491

ing the O2:C3H8 ratio constant reduced the reactivity492

of the system, thereby increasing the ignition delay493

time. A new detailed chemical kinetic mechanism494

for CH2F2/C3H8/O2 blends was developed using an495

iterative procedure. The automatic mechanism gen-496

erator RMG was used to propose reactions involving497

fluorinated species, and these reactions were subse-498

quently refined using high-level computational meth-499

ods. The new mechanism is in excellent agreement500

with the measured data. CH2F2 increases the igni-501

tion delay time because it acts as a scavenger of H502

atoms, thereby decreasing the net rate of the most im-503

portant chain branching reaction in high-temperature504

autoignition.505
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