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Abstract:

Hydrofluorocarbons (HFC), which are mildly flammable and pose potential fire risks, have received greater
attention as a viable low global warming potential alternative to traditional refrigerant and fire-suppressant
compounds. Therefore, there is a demand to accurately quantify their flammability and reactivity to
establish proper safety metrics. This study investigates the effects of radiation heat loss on slowly-
propagating HFC/air laminar flames. Planar 1-D simulations of R-32/air and R-1234yf/air flames show
significant reductions in laminar flame speed due to radiative heat losses from the flame zone. Simulations
of spherically expanding flames (SEF) revealed that the radiation-induced flow needs to be considered
when interpreting data from experiments. To this end, a Spherical-flame RADiation-Induced Flow
(SRADIF) model was developed to estimate the burned gas inward flow velocities in constant-pressure
SEFs, utilizing the optically thin limit assumption to model radiation heat loss. The model was validated
against results from detailed numerical simulations of SEFs, from which radiation-induced inward flow
was derived using a new formulation considering both the radiation heat loss and convective flow effects.
Results show that SRADIF accurately predicts the inward flow velocity for R-32/air mixtures over a range
of conditions and performs significantly better compared to existing analytical models. However, the model
was unable to accurately predict flow velocities for R-1234yf/air flames and the reason for this is discussed.
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Novelty and Significance Statement:

This study: 1) expands the current understanding of the effect of radiation heat loss on hydrofluorocarbon
(HFC)/air flames and analyzes in detail the contribution from fluorinated species and coupling between
radiation heat loss and chemical kinetics; 2) introduces a novel model that can accurately estimate the
radiation-induced inward flow for spherically expanding HFC/air flames; and 3) investigates the limits of
applicability of the model, or the uncertainty that results when using the model for different mixtures and
thermodynamic conditions. The model as well as the knowledge gained can be utilized to accurately
measure laminar flame speeds, and hence quantify the flammability of HFCs, which are used as
environmentally-friendly refrigerants and flame suppressants. (112 words)
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1. Introduction

In the last decade, several major international treaties such as the Kigali Agreement (an
accompaniment to the Montreal Protocol) have promoted the adoption of refrigerants with both
lower ozone-depletion potential (ODP) and lower global warming potential (GWP) [1]. A group
of hydrofluorocarbon (HFC) compounds have been identified with viable ODP and GWP
characteristics [2-6]. However, this particular group of HFCs are mildly reactive relative to
hydrocarbons and obey the general inverse relationship between reactivity and GWP [2,4,6-10].
As these mildly reactive HFCs pose potential fire risks, the reactivity and flammability limits of
these compounds need to be quantified in order to establish proper safety regulations [3,7,8]. The
reactivity of HFCs can be generalized according to the fluorine-to-hydrogen (F/H) ratio, where a
higher F/H ratio is generally associated with lower HFC reactivity [2,4,7,8], although molecular
structure can have a pronounced effect on reactivity (e.g., a relative reduction in reactivity is
observed for H-deficient HFCs containing a CF3 group [11]). Candidate HFC refrigerants have
been shown to possess relatively low F/H ratios (1 < F/H < 2) to minimize GWP (i.e., mildly
reactive HFCs have shorter atmospheric lifetime) and are often blended with non-flammable
compounds to minimize fire risks [2-4]. The flammability characteristics of these candidate HFCs
have been assessed through the laminar flame speed (S?), a fundamental combustion property used
for kinetic model validation and turbulent combustion scaling [9,10,12]. Accurate measurements
of SOs are essential to quantify the reactivity of HFC/air mixtures and develop high-fidelity
chemical kinetic models [9].

Spherically expanding flames (SEF) have been widely used to determine SQ. This
configuration uses small amounts of reactants [10,12,13] and allows for SO measurements for a
wide range of pressures (e.g., [14]). In addition, this configuration effectively contains potentially
hazardous burned gas products of HFC/air mixtures, such as hydrogen fluoride (HF), until they
can be safely evacuated from the chamber [10,15]. However, S2s derived from experimental
measurements of HFC/air flames using the SEF method are often accompanied by large errors and
uncertainties. This is due to difficulties in interpreting the experimental measurements of these
characteristically slow HFC/air flames while accounting for the effects of radiation heat loss
[13,16,17] and buoyancy-induced flow [18,19]. Slowly-propagating spherical flames have
previously been shown to deform due to non-uniform gravitational forces [18,20-22]. This,
however, can be mitigated by performing experiments under free fall, such as those in a drop tower
[18-22]. The constant pressure (CON-P) SEF configuration is particularly attractive for HFC/air
flames as the optical access provides a means to ensure that the flames are spherical and free of
wrinkles.

Reductions in flame propagation speed due to radiation heat loss have been extensively
studied for strongly burning and near-limit hydrocarbon/air flames [23-28]. Flame propagation is
affected by radiation heat loss and conduction from the flame zone, referred to as flame zone losses
henceforth. This results in a reduction of the maximum flame temperature and the overall
reactivity, and consequently the S2 [24,25,28]. For SEFs in particular, cooling of the burned gas
due to radiation heat loss induces an inward flow (radiation-induced inward flow) directed towards
the center of the flame. If such data isn’t interpreted correctly, or corrected for, the radiation-
induced inward flow can result in systematically lower values of derived S0s [24,26,27,29]. Large
flame zone losses are characteristic of weakly propagating flames, where the time scale of burned
gas cooling is comparable to that of flame propagation [23-25,30]. For instance, large flame zone
losses (upwards of 15% reduction in S2 [23]) are often observed in flames of hydrocarbon/air with
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compositions approaching the lower flammability limit [23-25,28,30]. Furthermore, large flame
zone losses were shown to be present for NHs/air flames, with particularly large reductions in S2
at near stoichiometric conditions compared to hydrocarbon/air flames of the same equivalence
ratio [31]. In addition, for weakly propagating flames, the effect of radiation-induced inward flow
has been shown to cause large errors in SOs derived using the SEF experiment [24,29,32].
However, few studies exist that investigated the effect of radiation heat loss on slowly-propagating
HFC/air flames [13,16,17,32]. Specifically, the radiation heat loss contribution from major
fluorinated and burned gas species have yet to be quantified, and percent reductions in SO and
maximum flame temperature (T;,,,) due to radiation heat loss have not been analyzed for a wide
range of initial mixture compositions. Therefore, there is a need to analyze the effects of radiation
heat loss on HFC/air flames.

While simultaneous measurement of flow velocity and expansion rate can enable accurate
determination of S2 [26], such measurements are especially challenging in free-fall experiments.
In this case, radiation-induced inward flow can be accounted for while interpreting SEF data using
analytical or numerical models which utilize the Optically-Thin Limit (OTL) assumption, which
provides an analytical formulation for emission-dominated radiative heat loss flux, g,.q4 (e.g.,
[13,17,32]. Radiation reabsorption is ignored in the OTL model, but this effect may need to be
considered in future work for weak HFC/air flames with relatively large optical thickness [33].
Burgess Jr. et al. [33] have considered radiation reabsorption in spherical HFC/air flames, but
limited their analysis to solely CO» reabsorption, as spectrally-resolved radiation properties are not
available for HFC refrigerants. Estimates for flame speed reductions due to the inward flow in
radiative flames have been performed in previous studies [16,27,29]. For correcting the inward
flow effect in SEFs, Santner et al. [27] derived an analytical model to quantify the radiation-
induced inward flow velocity at the flame (u, = Uyqq f1ame) as a function of flame stretch (K) in
hydrocarbon/air mixtures for the CON-P SEF configuration; where u,,4(7) is the radiation
induced flow velocity which varies as a function of the radial coordinate. This model evaluates
burned gas parameters, including the Planck mean absorption coefficient (i, ), at the equilibrium
state of the gas mixture. Although Santner et al.’s model also includes an analytical method for
estimating flame speed reduction due to flame zone losses, accurate knowledge of kinetic
information such as the sensitivity of burning flux to flame temperature is required [27]. Since
kinetic models for HFCs are in their early stage of development and have large uncertainties, such
estimates can lead to large errors. Santner et al.’s model to estimate inward flow is derived from a
simplified energy conservation equation, which assumes that conductive and convective heat
transfer effects are negligible in the burned gas compared to radiation heat loss. The computed u;,
can then be subtracted from the flame propagation speed (dR/dt) derived from flame radius (Ry)
vs. time (t) data in order to circumvent the inward flow effect, thus giving the stretched burned
flame speed (S,). The unstretched burned flame speed (SJ) can then be derived through
extrapolation to K = 0 to subtract the effects of flame stretch. Santner et al. [27] showed that using
this model to account for the radiation-induced flow effect improved the accuracy of derived S0s
for hydrocarbon/air flames at elevated pressures. Hesse et al. [16] applied Santner et al.’s model
to estimate u, and derive SOs of CHyF, (R-32)/air flames at elevated initial unburned gas
temperatures (T,) and pressures (P). However, it is not clear whether the assumptions utilized in
Santner et al.’s model are valid for weaker, less reactive flames like non-stoichiometric R-32/air
flames at P = 1 bar and T, = 298 K, or for CH2CFCF3 (R-1234yf)/air flames. Models with fewer
assumptions might be necessary to properly quantify u;, for HFC/air flames at various conditions
of interest.



Numerical simulations utilizing detailed chemical kinetic models have been used to
compute the spatial profile for gas velocity (u(r)) as a function of time, from which u; has been
derived as the minimum of the gas velocity profile as often done in the literature [17,24,32].
However, reaction rates involving fluorine chemistry are often estimated within detailed chemical
kinetic models, potentially introducing large uncertainties and inaccuracies in predictions of flame
properties and u(r). Therefore, such models are not suitable for interpreting experimental data.
Xiouris et al. [34] developed a Hybrid ThermoDynamic-Radiation (HTDR) model, which
interprets experimental data by quantifying the effect of radiative cooling for the constant volume
(CON-V) SEF configuration. The HTDR model accounts for finite-rate radiation heat loss using a
time scale derived from experimental measurements. The model thus avoids potentially unreliable
chemical kinetic data and utilizes fewer assumptions compared to analytical models for the CON-
V SEF method, which are reviewed in detail by Faghih and Chen [35]. However, a similar model
does not exist for interpreting experimental data using the CON-P SEF method, leaving Santner et
al.’s analytical model as the only option to interpret experimental data without utilizing chemical
kinetic models.

To properly quantify the reactivity of HFC/air mixtures, S must be accurately derived
accounting for the effects of radiation. To this end, the major objectives of this study were to: (1)
quantify the effects of flame zone losses due to radiation in planar HFC/air flames through
reductions in S and T,,,, for various initial mixture compositions, and (2) develop and validate
a model, one with fewer assumptions than currently available analytical models, that can interpret
CON-P SEF experimental data and accurately quantify and correct for radiation-induced inward
flow to derive S2.

2. Numerical Approach
2.1. Planar flames

To explore aspects of radiation heat loss in planar HFC/air flames, 1-D, steady, freely
propagating flame simulations were performed using the free flame module of Cantera [36]. For
various initial compositions of R-32/air and R-1234yf/air mixtures, simulations with and without
radiation heat loss were performed, allowing flame zone heat losses to be quantified through the
reduction in SO. The equivalence ratio (¢) of R-32/air and R-1234yf/air mixtures was determined
based on the stoichiometric major species models of Womeldorf and Grosshandler [37] and
Takizawa et al. [2], respectively. The stoichiometric combustion reactions, assuming complete
combustion, for R-32 and R-1234yf are expressed by Eqns. (1) and (2), respectively.

CH,F, + 0, —» 2 HF + CO, (1)
CH,CFCF; + 2.5 0, —» 2 HF + COF, + 2 CO, (2)
Detailed chemical kinetic models including fluorine chemistry relevant for R-32/air and R-

1234yt/air flames developed by Babushok et al. [9,38,39] were utilized. The full detailed R-1234yf
chemical model can be found as text in the NIST technical note (i.e., Babushok et al. [39]). The



R-1234yf chemical model was reduced utilizing the Directed Relations Graph (DRG) method, thus
minimizing computational costs for R-1234yf/air numerical simulations [40]. Details regarding
the reduction of the R-1234yf chemical model using the DRG method, as well as validation of the
reduced chemical model, are provided in the Supplementary Material document in subsection G
(SM-QG). Radiation heat loss was accounted for by utilizing the OTL model. The Cantera source
code was modified to include ks for HF, obtained from Fuss & Hamins [41], and COF>, calculated
by Takahashi et al. [42] using data from Modica & Brochu [43]. Adaptive gridding with strict
refinement criteria was used to ensure that all solutions were grid-independent. For lean OTL
radiation cases, the lower flammability limit was estimated by lowering ¢ until a converged 1-D
solution was no longer possible.

2.2. Spherically expanding flames

Transient, 1-D, SEF simulations (henceforth referred to as Detailed Numerical Simulations
or DNS) at constant pressure were performed using the reacting flow code SLTORC, a modified
version of the LTORC code [44], which solves the governing spherically symmetric low Mach
number conservation equations of mass, species, and energy in Lagrangian coordinates [45]. These
equations are described in the Supplementary Material document in subsection A (SM-A).
SLTORC utilizes the simpler balanced operator splitting scheme of Wu et al. [46] to overcome
gridding and initialization difficulties present in previous versions of the code (e.g., TORC [26],
LTORC [44]), which solves governing equations using a fully coupled Differential Algebraic
Equation (DAE) solver. CON-P SEFs are initialized by a kernel of hot burned gas, and a hyperbolic
tangent profile is utilized to transition smoothly between the burned and unburned gas states. The
ignition energy is controlled through parameters specifying the initial kernel radius and
temperature, which were chosen so that ignition-related effects would be minimized, enabling
quasi-steady propagation to be reached at radii relevant to constant-pressure SEF experiments. A
discussion of parameters used to specify ignition energy is provided in SM-C. The time-evolution
of Rf is determined using a user-specified isotherm. Convergence tests were conducted to
determine proper values for parameters controlling grid refinement and time step size to allow for
grid-independent solutions. Solution convergence test results varying spatial and temporal
refinement criteria and isotherm temperature are provided in the SM-C. DNS results were then
post-processed to determine the evolution of dR¢/dt and u, with decreasing K. Validation of
SLTORC through comparison of results with the well-established freely propagating flame module
of Cantera can be found in SM-B.

2.3. Spherical radiation-induced flow model

An open-source Spherical RADiation-Induced Flow (SRADIF) model' was developed to
quantify u,,4(r) in spherically expanding HFC/air flames. u;, can then be derived from u,.,4(7)
thus enabling accurate determination of S from CON-P SEF experimental data. The SRADIF
model is inspired by the HTDR model for the CON-V SEF method developed by Xiouris et al.
[34]. SRADIF uses Ry vs. t data, either from experiments or DNS, as input to estimate Uyqq (7).

I The SRADIF model code can be accessed online and downloaded from: https://github.com/jagan-crl/SRADIF
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The model discretizes the total gas volume into N layers of thin spherical shells of equal width.
SRADIF combines thermodynamic equilibrium and finite rate OTL radiation heat loss calculations
to estimate u;. Thermal conduction between the shells was excluded from the model, as studies
showed that its inclusion caused a negligible change in the results. All thermodynamic calculations
are performed using the thermodynamics toolkit of Cantera [36]. The main overarching loop of
the SRADIF model is described in steps below and also outlined in Algorithm 1. Each iteration
corresponds to the combustion of the i (1 < i < N) unburned gas shell. In Algorithm 1, variables
with the hat symbol (e.g., T;, P, T'] etc.) specify the intermediate state of gas shells after
equilibrium operations (i.e., the combustion of shell i in Step 1 or the dissociation of burned gas
shells j in Step 2) but before radiative cooling operations. For the i iteration of the SRADIF
algorithm, the following operations are performed:

1.

The combustion of the i gas shell is modeled as an equilibrium process under the
constraints of constant P and enthalpy (h). Once equilibrated, the gas shell achieves its
maximum temperature (T;), at which burned gas species mole fractions correspond to those
at the adiabatic flame temperature (i.e., T; = T,4). Due to the constant P and h constraint,
the volume of the combusted gas shell (Vshe”,l-) increases by a factor p;/p;, where p; and
p; denote the densities of gas shell i before and after the equilibrium operation,
respectively. As a result, the total gas volume also increases by the same amount.

All previously burned gas shells j from 1 <j <i— 1 are then allowed to equilibrate under
constant P and h constraints. This step accounts for the change in equilibrium state due to
changes in T due to radiative cooling during the i — 1 iteration. Thus, the changes in extents
of burned gas (i.e., CO2, HF, COF>, etc.) dissociation will be captured. The new burned
gas shell temperatures (T}-) and species mole fractions ()? ;) are recorded, and the new burned
gas shell volumes (Vshell, ;) change by a factor p;/p;, where p; and p; denote the densities
of burned gas shells j before and after the equilibrium (dissociation) operation similarly to
Step 1. The total burned gas volume including gas shell i (Vf,i), is then calculated, from
which the current location of gas shell i before radiative cooling (i.e., the intermediate
flame radius ﬁf,i) is determined.

The rate of change of temperature due to radiative cooling in burned gas shell j
((OT/0t)yqq,;) is calculated for each burned gas shell according to Eq. (3). The radiative
heat loss is calculated using the OTL radiation model, in which individual heat loss
contributions are calculated for major products (CO., HF, H>O, CO, and COF3) using
temperature-dependent functions for k,, for each radiating species k [23,34]. In Eq. (3),
Cp,j 1s mixture-averaged specific heat at constant pressure of shell /, X ik 18 the mole fraction
of radiating species k in shell j, Kjj is the Planck mean absorption coefficient of radiating

species k in shell j, o is the Stefan-Boltzmann constant, and T, is the temperature of the
chamber wall.

oT 1 o A
(—) =— (40})2 Kk (T} — Tg*)) (3)
ot rad,j k

PjCp,j



4. The time scale for radiative cooling (At,q) is deduced from experimental data for Ry vs.
t. This approach is advantageous because it eliminates the dependence on chemical kinetic
models, which may have large uncertainties due to inaccuracies associated with reaction
rates. Specifically, the radiative cooling time is At,.,q = t; — t;_1, where t;_4 is the time
corresponding to Ry ;_; (e.g., the combustion of the i — 1 shell). Subsequently, Ry ; is the
flame radius at t; accounting for combustion of the i shell, as well as radiative cooling
and burned gas contraction over At,qq, during which the flame propagates from Ry ;_; to
Ry ;. Since burned gas contraction due to radiative cooling and flame propagation are
coupled processes, an iterative approach is required to obtain converged values for the pair
(Atyqq, Ry ;). Aninitial guess for At,q is used as input to the radiative cooling algorithm,
in which (0T /0t),4q,; is applied to all burned gas shells to determine the burned gas
volume after radiative cooling (V). It is important to note that Vs ; and subsequently Ry ;
are no longer denoted by hats after radiative cooling has been applied. The iterative
algorithm then solves for a new estimate for At,.q4 by using the Ry vs. t experimental data
and (Rf; — Ry ;—1). Convergence for the pair (At,qq, Ry ;) is achieved when the radiative
cooling time from the previous cooling step iteration (Af,,,) differs from At,.,4 by less
than the specified tolerance (t;,;). This iterative process is a key component of SRADIF,
allowing the time scale for radiative cooling to be determined using just thermodynamics,
OTL radiation heat flux, and the change in Ry measured in experiments.

5. The magnitude of the radiation-induced flow velocity at R ; (up;) is calculated by dividing
the total burned gas contraction due to radiative cooling (i.e., ﬁf,i — Ry ;) by the converged
value of At,.,4. Note that uy, ; corresponds to the minimum of .4 (1) (or maximum in the
absolute sense) and occurs at the location of the flame, which in this model is infinitely
thin.



for 1 <i < N shells :
Equilibrate unburned shell 7 // See Step 1

I:/;'heii,i = shell,i(%)
for 1 < j <i— 1shells:

Equilibrate burned shells j // See Step 2

Vihett j = shell,j(g_j)
end
Vii= 2 i1 Veneutj
Ry = (EVia)'/?
for 1 < j < ishells:

| (S)raag = 5= o P Y, Xk (T = Tp)) // See Step 3
end
while At,ng — Atrag > tio : // See Step 4
do

Alyag = Alyag
for 1 < j < ishells:
;=T — %)’mdsztrad
Vihetr,j = Ashell,j(%)
end
Vii= Z;=1 Viheit,j
Ry = (5 Vi)'?
Estimate At, .4 using interpolation
end
wp; = (Ry; — Ryp;)/Atya /I See Step 5

end

Algorithm 1: SRADIF numerical model. See the numbered list for further details corresponding
to Steps 1-5.

The algorithm is repeated for each subsequent shell until either all N shells have been burned or
simulated burned gas radius exceeds the final radius of the input Ry vs t data. To validate the

model, CON-P SEF DNS results for Ry vs t were used as the “experimental” data. This allowed

for the u;, computed from the SRADIF model to be directly compared to that derived from DNS
results.

2.4. Radiation-induced flow velocity derivation from DNS results

The SRADIF model was validated by testing its ability to estimate u; when provided with
“data” obtained from DNS. Thus, the estimated u; could be compared against the “true” value
obtained from DNS results. In SEFs, the gas velocity is a function of r and t (i.e., u = u(r, t)). At
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a particular t, the gas velocity u(r), which quantifies the total induced flow driven by changes in
p, can be computed using Eq. (4), derived from the continuity equation for CON-P SEFs [45]:

1 fra(pr) X
F2dr (4)
pr2), ot

u(r) =—

The gas velocity u(r) may also be viewed as the flow induced by the contribution of all heat flux
and heat source/sink terms of the energy conservation equation (details regarding the complete
governing conservation of energy equation, as well as a formula for u(r) derived from all heat
terms, is given in SM-F). The value of u; is commonly derived as the minimum of u(r), which
occurs in the burned gas in the proximity of the flame zone [17,24,32]. However, there is an issue
with the conventional method of estimating u;, as the minimum of u(r). The location of this
minimum is determined by the competition between radiation-induced inward flow and heat
release-induced outward flow. Thus, the total gas velocity u(r) may not be the relevant flow
velocity for deriving u;, which should only contain information about flow generated due to
radiation heat loss. By isolating the radiation heat loss term in the governing energy equation, the
radiation losses in the burned gas can be quantified by the radiation-induced gas flow profile
Uyrqq (7). For CON-P SEFs, this corresponds to flow driven by changes in p due to radiative cooling
in the burned gas. To validate the SRADIF model, a formula for u,.,4 () must be derived. Santner
et al. [27] and Yu et al. [29] both derived equations for u; from a simplified energy conservation
equation, in which the terms for convection, conduction, mass diffusion, and chemical heat release
were deemed to be negligible compared to the radiation heat loss term (§,44). Eqns. (5) and (6)
denote the continuity and energy conservation equations, respectively [24]. The energy
conservation equation takes into account changes in temperature solely due to radiation heat loss.

0 1 d(pur?
p 190pur?)

at ' rz oar 0 ®)
oT )
pPCy E = —Qraa (6)

Substituting Eq. (6) into Eq. (5) via the ideal gas law, Eq. (7) for u,.qq (1) was derived.

o
Qrad

— Fdr 7
pr? ), cpTr r )

Urad,no—conv (T) = -

However, this approach ignores a potentially important coupling between the convective terms of
the continuity and energy conservation equations. Eq. (8) shows the conservation of energy
equation including the radiation heat loss and convective terms.

oT oT
Py E + pucy E = —Qrad (8)

A new equation (Eq. (9)) for u,44(7), now including convective term coupling, is thus derived.



——72d7 (9)

Uradq, (r)=-=
rad,conv r2 o pcpT

Detailed derivations for Eqns. (7) and (9) are provided in SM-F.

3. Results and discussion
3.1. Planar HF C/air flames

To quantify the radiative heat loss from the flame zone in HFC/air flames, SO and T4,
were computed for 1-D planar R-32/air and R-1234/air flames for various ¢ using both the
adiabatic and OTL radiation assumptions. T, = 400 K was used for all R-1234yf/air mixtures, as
1-D flame solutions could not be obtained (even for ¢ =1) with the chosen chemical model for T,
=300 K, utilizing the OTL radiation model. These R-1234yf flames (T, = 300 K), simulated using
both the full and reduced chemical kinetic models and OTL radiation model, appear to be not
flammable as a result. The fact that such flames have been experimentally established calls into
question the validity of the models, especially the chemical kinetic model. The fact that such flames
have been experimentally established calls into question the validity of the models, including the
chemical kinetic model and the OTL radiation model. As the OTL model does not consider
radiation re-absorption, the model inherently overestimates the actual radiation heat loss present
in experiments. A more detailed discussion of the “non-flammable” result is given in SM-G. S2
and T4, values as a function of ¢ for P = 1 atm are shown in Figs. 1-2a and Figs. 1-2b for R-
32/air and R-1234/air flames, respectively. In addition, percent reductions in SQ are indicated to
highlight the regions of smallest and largest radiative heat loss effects. S reductions are shown to
be substantial, with percent reductions as large as 40% for the ¢ range of interest. The reduction
in SQ is greatest near the estimated lower flammability limit, which occurred between ¢ values of
0.7 and 0.8 in both R-32/air and R-1234/air flame cases. These lower limits were approximated as
the minimum ¢ for which a grid-independent solution was no longer achievable. Further
reductions in ¢ below these limits gave no steady solution as a flame could not be stabilized,
indicating that the mixture was no longer flammable. For comparison, percent reductions in lean
methane/air flames are no greater than 3% for the same range of ¢ [23]. Therefore, the effect of
radiative heat loss on S is much greater for HFC/air flames compared to typical hydrocarbon/air
flames for the same ¢. Furthermore, reductions in T, are significant over the entire range of ¢
for both R-32/air and R-1234/air flames, with reductions as large as 12% and 21%, respectively.
Large reductions are observed for R-32/air even near stoichiometric conditions due to its relatively
high T,4, which is comparable to that of methane/air flames [23]. Notably, the reduction in Tpy, 4,
for lean and stoichiometric R-1234/air flames is much larger compared to rich conditions. In
addition, the peak T, 4, for radiative R-1234/air flames occurs at a much larger ¢ compared to the
peak T,,,, for adiabatic flames, which occurs at slightly rich conditions similarly to that of
adiabatic and radiative R-32/air flames. This result can be attributed to the slow chemical kinetics
associated with CO oxidation, which will be discussed in Sec. 3.2.3.
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The contribution of each radiating species to the total radiation heat loss flux can be
determined from the OTL model and are functions of k,, and X; for each radiating species k. The
major species X and species contribution to radiation heat loss (G,qq k) for planar R-32/air and
R-1234yt/air flames are shown in Fig. 3a and Fig. 3b, respectively. The major burned gas products
for stoichiometric R-32/air flames are HF and CO,, while the major burned gas products for
stoichiometric R-1234/air flames are HF, CO,, CO, and COF,. In both flames, HF is found in
larger concentrations in the burned gas than CO. However, COz has the largest q,44 ; and is thus
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the greatest contributor to the total radiation heat loss. This is due to the large k,, of CO; at high
temperatures compared to other major radiating species, as shown in Fig. 4. In addition, the heat
loss contribution of COF is significant in the burned gas of the R-1234yf/air flame, with a G,4q4 &
magnitude that is comparable to that of HF. Although, CO is a major product in the R-1234yf/air
flame, it makes a relatively small heat loss contribution due to its smaller k,. These results
emphasize the necessity for accurate values of k,, for the mentioned fluorinated species as they are
shown to significantly contribute to radiation heat loss.
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3.2. Spherically expanding HF C/air flames
3.2.1. Extracting Uyqq(r) from DNS results

DNS results were obtained for rich (¢ = 1.2) SEFs of R-32/air mixtures and stoichiometric
R-1234yf/air mixtures at ambient pressure (P = 1 atm) and high pressure (P = 5 atm) conditions,
while accounting for radiation heat loss in the burned gas. The total g,,4 () was computed at each
time step by summing the heat loss contributions from major radiating species. The variation of
(raq () in the burned gas was examined at specified time instances in which the flame had reached
quasi-steady propagation (i.e., ignition-related effects are negligible). As flow velocities are more
practical for quantifying the effect of radiation heat loss on dRy/dt, Upqq (1) was derived from
Graq () through the two formulations (Eqns. (7) and (9)). Sample results for §,.q4 (1) and w44 (1)
for an R-32/air flame with ¢ =1.2, P = 1 atm, and T}, = 300 K are shown in Fig. 5, in which the
derived u,44 () profiles are compared to that of u(r) (i.e., the total gas velocity induced by density
changes from all heat terms in the conservation of energy equation). The greatest difference occurs
in the unburned gas (r > 5 cm when flame has reached R = 5 cm). Here, Uy4g,cony (7) (including
the convective term) shares the same 1/72 trend as u(r). This trend is to be expected for CON-P
SEFs, for which the thermodynamic state of the unburned gas remains constant and spatially
uniform. Thus, inward flow should be generated in the unburned gas due to burned gas cooling
and shrinkage. Furthermore, the convective term of the energy equation cannot be deemed
negligible in such derivations, as convective term coupling between the continuity and energy
equations is significant in terms of producing expected flow behavior in the unburned gas. Thus,
Urad cony (1) Was chosen as the correct formulation for deriving u;, in CON-P SEFs. Additionally,
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in Fig. 5b, there is an appreciable difference between the minima of ;44 cony () and u(r). Using
the minimum of u(r), which is affected by other heat terms in addition to radiation heat loss (see
SM-F for formula for u(r) derived from heat terms), as the conventional method for computing
u, can potentially underpredict u; by upwards of 30% compared to using the minimum of
Urga.cony(r) as seen in Fig. 5b. Therefore, the minimum of u(r) is inadequate for accurately
estimating u,, in spherical HFC/air flames. Henceforth, u,44 cony () Will be referred to as w44 (1),
from which u,, is derived.
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Fig. 5. Spherical, quasi-steady, R-32/air flame with ¢ =1.2, P = 1 atm, and T;, =300 K: a) ¢,-44 Vs.
r,b) u(r) and u,.q4(r) vs. r. The flow velocities Uyqq no—cony () and Upgq cony () Were computed
using Eqns. (7) and (9), respectively, while u(r) is the total gas flow velocity computed according
to Eq. (4). *Refer to online version for plots with color.

3.2.2. Validation of the SRADIF model

As mentioned in Sec. 2.4, the SRADIF model needs to be validated using DNS results
before it can be used to interpret experimental measurements. Using DNS-generated Ry vs. t as an
input, the SRADIF model was used to compute u,,4(r) for times at which the flame reached
quasi-steady propagation. In addition, DNS results were post-processed directly to compute
Urqq (r) using Eq. (9). Fig. 6a-d and Fig. 7a-d show a comparison of DNS vs. SRADIF model
results for rich, spherical R-32/air flames with P = 1 atm and P = 5 atm, respectively. In Fig. 6a-
c, for P = 1 atm, the model accurately predicts T4, and major species X, near the flame zone,
with small overpredictions compared to those from DNS. The greatest difference occurs in the
heat loss contribution of CO; in Fig. 6b, where the maximum value at the flame zone is
overpredicted by approx. 12%. However, this does not have a large impact on the minimum
Urqq (7) (i.e., the magnitude of uy), which differs from the DNS value by less than 2%, as shown
in Fig. 6d. As for the P = 5 atm case, the DNS flame is notably stronger due to an increase in
overall reactivity, with major species X and T quickly approaching their equilibrium values within
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the flame zone. As the SRADIF model evaluates these properties assuming the equilibrium state
is achieved at the flame location, the model was able to accurately predict profiles for X, (7),
Graax (1), T(r), and u,q4(r) compared to DNS results for this case as shown in Fig. 7a-d.
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Fig. 6. Spherically expanding (Rf = 5 cm), R-32/air flame with ¢ =1.2, P =1 atm, and T,, = 300
K: a) Major radiating species X}, vs. r, b) Major radiating species ¢rqqx VS. 7, €) T vs. 1, d) Upqq
vs. 1. *Refer to online version for plots with color.
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The accuracy of the SRADIF model appears to be correlated to finite chemical kinetic
effects. The model assumes that burning a shell is equivalent to the shell attaining the equilibrium
state, characterized by T,4 and equilibrium Xj,. As evident from Fig. 6a-c, this is not the case for
the P = 1 atm case. For weaker flames with lower overall reactivity, as well as larger radiation heat
loss, a reduction in flame temperature can greatly affect rates of chemical reactions, and
consequently, the time required for species to reach their equilibrium values can be significantly
increased. Since finite chemical kinetics are only considered in DNS, the SRADIF model will
inherently overestimate the maximum radiation heat loss and the magnitude of u;, compared to
DNS results. In any case, the SRADIF model is shown to still accurately predict u;, within approx.
5% for moderately weak flames, such as R-32/air flames with P = 1 atm and T;, = 300 K. For these
conditions, the accuracy of the u, estimate was similar across a large range of equivalence ratios
(0.8 < ¢ < 1.4), where a maximum difference of approx. 5% was observed at ¢ = 0.8 (near the
estimated lean flammability limit), corresponding to an approx. difference of 0.7% in the derived
value for S{. As the CON-P SEF experimental uncertainty is generally much larger [34], small
errors in u;, computed from SRADIF are likely to have a minor effect when deriving S2. However,
finite chemical kinetic effects may need to be considered for the weakest of HFC/air flames when
using the SRADIF model to estimate u;,. This is discussed in more detail in Sec. 3.2.3.

Once uy, is derived, it can then be subtracted from dR;/dt to give S,. Note that dR;/dt is
affected by radiation-induced flow and S, is not. In Fig. 8a-b and Fig. 9a-b, dR¢ /dt, Sy, and u,,
are plotted vs. K for rich, spherically expanding R-32/air flames at P = 1 atm and P = 5 atm,
respectively. The magnitude of u,, in Figs. 8-9b was computed using the SRADIF model and the
model of Santner et al. [27], which were compared to the “true” u,; values derived from DNS
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results. These values of u;,, shown in Figs. 8-9b, were then subtracted from DNS-extracted dR;/dt
to give different estimates for S,. These “radiation-corrected” S, were also compared to S,
assuming adiabatic conditions, as shown in Figs. 8-9a. According to Figs. 8-9b, the SRADIF model
provides a vastly improved estimate for the magnitude of u;, in all cases compared to Santner et
al.’s model, with very good agreement with DNS results. Santner et al.’s model underpredicts u,,
across all cases and was found to differ by upwards of 70% compared to the “true” u,;,. This trend
was also observed by Hesse et al. [16], who showed that u; was underpredicted by approx. 40%
for an R-32/air flame with ¢ = 1.0, P =3 bar, and T, = 333 K. However, the minimum of u;,;q;
was used to derive the “true” u; from DNS results in their analysis [16], which is not correct as
pointed out in Sec. 3.2.1. In addition, Figs. 8-9b show how the SRADIF model better predicts the
magnitude of u,; for high-pressure R-32/air flames compared to R-32/air flames at 1 atm. This
indicates that the SRADIF model provides a better estimate for u; in stronger, more reactive
flames. Furthermore, for quasi-steadily propagating SEFs, S}, derived using the SRADIF model
has a slope approximately equal to that of the adiabatic DNS case, according to Figs. 8-9a. This
trend was to be expected, as the difference between the radiation-corrected S; and adiabatic Sy, is
due to flame zone losses, which are not strongly affected by flame stretch. An extrapolation to
K = 0 for the SRADIF-corrected, Santner-corrected, and adiabatic S, curves for the ¢ =1.2, P =
1 atm, and T,, = 300 K case is depicted in SM-D. The resulting Sp from extrapolation can then be
multiplied by the density ratio (p,/p,,) to obtain derived values for S2. Here, p,, is the density of
the unburned gas mixture and p, is the density of the burned gas mixture, where p, is
approximated as the density of the equilibrated mixture (pggq) at T,q. SOs extracted this way from
SEF DNS results agrees very well with SO obtained from planar freely propagating flame
calculations (see SM-D). Thus, although p, is ill-defined for radiating flames, the density
correction using p, = paq is a practical approach to determine SO. Additionally, the SRADIF model
was used to interpret raw experimental data obtained from Hegetschweiler & coworkers [32] for
an R-32/air SEF with ¢ = 1.2, P =1 atm, and T,, = 300 K. The SRADIF-corrected S; obtained
from interpreting experimental data is shown to agree very well with DNS results for this case,
which are given in SM-E. Note that the procedure to subtract flame zone losses and obtain the
“adiabatic” S2, proposed by Santner et al. [27], and utilized by Hesse et al. [16], is not adopted.
Since experimental measurements are affected by flame zone heat loss, it is better to compare
inward-flow-corrected experimental measurements (non-adiabatic S2s) to numerical simulations
including radiation heat loss, avoiding the potentially erroneous process of subtracting flame zone
losses, which requires accurate knowledge of kinetic information, particularly the sensitivity of S2
to Tyq-
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Fig. 9. Spherical, R-32/air flame with ¢ =1.2, P =5 atm, and T,, = 300 K: a) dR¢ /dt and radiation-
corrected Sj, vs. K, b) uy, vs. K. “Adiabatic” refers to the S, curve derived from DNS with radiation
heat loss neglected. “Radiation” refers to the dRy/dt curve derived from DNS with radiation heat
loss included. “DNS-Corrected” refers to S, and u, curves, in which u; was derived from DNS
results using Eq. (9). “Santner-Corrected” refers to S;, and u;, curves, in which u; was derived
from the analytical model of Santner et al. [27]. “SRADIF-corrected” refers to S, and u;, curves,
in which u;, was derived from the developed SEF radiation model. Solid regions of curves indicate
a range of flame radii applicable to typical CON-P SEF experimental setups (1.0 cm < Ry < 3.0
cm). *Refer to online version for plots with color.

3.2.3. Applicability of SRADIF

To evaluate the limits of applicability of SRADIF, the model was used to interpret DNS
results for R-1234yf/air flames. These are much weaker flames relative to R-32/air flames, with
S2 values of approx. 2-4 cm/s at elevated unburned gas temperatures (T,, = 400 K), as depicted in
Fig. 1b. Figures 10a-d and 11a-d show a comparison of DNS vs. SRADIF model results for
stoichiometric R-1234yf/air SEFs at P = 1 atm and P = 5 atm conditions, respectively. According
to Figs. 10-11a, selected burned gas X; from DNS are shown to greatly differ from those predicted
by SRADIF. The discrepancy between the model and DNS results can be primarily explained by
closely inspecting the CO oxidation kinetics. Needham and Westmoreland [47] studied the flame
structure and kinetics of planar, stoichiometric R-1234/air flames assuming adiabatic conditions.
Their flame calculations highlighted a rather slow conversion of the CO formed in the first zone
of the flame to CO> in the second zone. The end of the first zone was characterized by the total
consumption of R-1234yf, at which a majority of species reached their equilibrium values [47].
CO and CO; mole fractions were shown to slowly approach their equilibrium value at a distance
more than 10 times greater than the thickness of the first flame zone. This slowness was attributed
to the substantially low concentration of H, OH, and O radicals once the source for H, R-1234yf,
is consumed. This behavior is characteristic of combustible mixtures with F/H > 1. However, they
did not analyze radiative R-1234/air flames, for which a large reduction in T,,,, occurs, as shown
in Fig. 2b and Fig. 12a. This could affect CO oxidation kinetics as hypothesized by Needham and
Westmoreland [47]. As seen in Fig. 12a, T decreases significantly downstream of the flame. This
decrease in T significantly slows down the rate of CO to CO2 conversion in the second zone,
essentially freezing the mixture composition downstream. Thus, the X, downstream of the flame
is significantly lower than X, at chemical equilibrium as shown in Fig. 12b. In other words, a
majority of chemical heat released from CO oxidation is suppressed resulting in large reductions
in Tpqy for lean and stoichiometric R-1234/air flames as shown in Fig. 2b. This is the reason for
large differences in T (up to 20%) between adiabatic and radiating R-1234yf/air flames, as shown
in Fig. 2b. This also explains the inability of SRADIF model to estimate radiation-induced flow
velocities for R-1234yf/air SEFs. Utilizing equilibrium considerations, SRADIF overestimates
both T and X, in the burned gas. This leads to an overestimate of the total radiative heat flux,
and consequently, an overestimate of u;,. SRADIF also underestimates X.or, downstream of the
flame, where a large concentration of COF> is predicted from DNS in Fig. 10a due to the slow
removal of COF; in H-deficient HFCs [48]. However, the differences in X-or, between SRADIF
and DNS are shown to cause a minimal difference in COF>’s contribution to radiation heat loss,

19



as shown in Figs. 10b, especially compared to the large differences from that of CO». Even at P =
5 atm, which corresponds to a stronger R-1234yf/air flame relative to 1 atm, the burned gas state
differs from that at equilibrium; see Fig. 11. Although the estimates for u; from SRADIF better
match the DNS results at P = 5 atm relative to P = 1 atm, finite rate kinetic effects, specifically
from slow CO oxidation kinetics, must be included in the SRADIF model to accurately estimate
uy for R-1234yf/air flames. The same could be the case for other HFC/air mixtures with F/H > 1.
This will the subject of future work.
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4. Conclusions

Computational studies were performed to investigate the effect of radiation heat loss on
planar and spherically expanding hydrofluorocarbon/air (HFC/air) flames, which have
characteristically low propagation speeds. The mildly flammable HFCs R-32 and R-1234yf were
chosen as candidate refrigerants for the study due to their differing fluorine-to-hydrogen (F/H)
ratio and key differences in molecular structure. Planar flame simulations, which accounted for
radiation heat loss contributions from major radiating species with the optically-thin limit
assumption, revealed significant reductions in the laminar flame speed compared to
hydrocarbon/air mixtures under similar conditions. Reductions between 8-20% at near
stoichiometric conditions and up to 40% at near-limit conditions were observed. It was shown that
radiation from fluorinated species such as HF and COF; formed a significant fraction of the total
radiation heat flux. Thus, radiation heat loss from these species need to be modeled to accurately
estimate the total radiation heat flux from HFC/air flames.

For spherically expanding HFC/air flames, radiation heat loss from the burned gas is shown
to result in significant inward flow velocities which can introduce systematic errors when
interpreting flame propagation speed measurements to derive the laminar flame speeds. So, a
spherical radiation-induced flow model (SRADIF) was developed to estimate the burned gas
inward flow velocities. This model discretizes the spherical domain into shells and utilizes
thermodynamic and optically thin limit radiation heat loss calculations to estimate the heat loss
and induced flow. Experimental flame radius versus time data is used to estimate the time scale of
cooling, which is required to calculate heat loss, circumventing the need to use chemical kinetic
models that can have large uncertainties. The model is shown to accurately predict the inward flow
velocity for R-32/air mixtures over a range of conditions and performs significantly better
compared to existing analytical models.

SRADIF was, however, unable to accurately estimate the induced flow velocities for R-
1234yf/air mixtures, which are relatively slowly propagating with laminar flame speeds of 2-4
cm/s. Utilizing results of flame simulations, it was shown that for these flames the radiation heat
loss resulted in burned gas compositions different from that at equilibrium. Analysis revealed
incomplete CO to CO; in the burned gas behind the flame. For the R-1234yf/air flame (F/H > 1),
the CO to COz conversion occurs over many flame thicknesses. So, the radiation heat loss induced
temperature drop slows reaction rates governing CO to CO> conversion, freezing the products at a
metastable state before they attain equilibrium. Since SRADIF utilizes thermodynamic
equilibration to estimate the burned gas state, caution must be taken while using the model to
interpret experimental data for R-1234yf/air flames and potentially other HFC/air flames with F/H
> 1.
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