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Effects of Stretch and Radiation on the Laminar Burning Velocity of R-32-air

Flames"

Experiments are performed for outwardly propagating spherical flames of R-32/air
mixtures at constant pressure. A high-speed video camera captures shadowgraph images
from which the flame radius as a function of time is extracted. Direct numerical
simulations with an optically thin radiation model and detailed kinetics are performed to
predict the flame radius and study the effects of stretch and radiation on the inferred
laminar burning velocity. The simulations accurately predict the observed flame radius as
a function of time. Analyses of the simulation results show that both stretch and radiation
effects are important, occur concurrently, and make extraction of the unstretched adiabatic
laminar burning velocity from the experimental data difficult.

Keywords: refrigerant flammability; burning velocity; R-32; flame speed; FlameMaster;
flame modeling.

Introduction and Background

To overcome the increase in radiative forcing of the Earth from hydrofluorocarbons (HFCs) in
the atmosphere (Velders et al., 2012), new low- global warming potential (GWP) working fluids
are being developed. One approach is to use unsaturated hydrofluorocarbons (alkenes) and
increase the hydrogen substitution in order to increase reactivity; unfortunately, this also makes
them more flammable. Refrigerant flammability is a new parameter that must be considered by
the heating, ventilation, air-conditioning, and refrigeration (HVAC&R) industry, particularly for
residential and commercial applications, and the lack of effective codes and standard for their
safe use is a major impediment to their adoption. Data on the flammability properties of the new

refrigerants is essential for their safe use.

The laminar burning velocity S2 is defined as the rate of propagation of a 1-D, planar,
adiabatic, combustion wave through a mixture of combustible gases. It is a useful flammability
metric since it is a fundamentally-based parameter incorporating the effects of overall reaction
rate, heat release, and molecular transport for the fuel-oxidizer mixture. It is used as a scaling
parameter for turbulent flame speed (Peters, 2000) and as an input to full-scale explosion models

(Hansen et al., 2010; Hisken ef al., 2015). It is correlated with minimum ignition energy, flame
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quenching diameter, and lean flame extinction, and is a metric used in existing and developing

codes and standards for refrigerant flammability (ASHRAE, 2019; ISO, 2017).

Given the planar configuration, infinite extent, and adiabatic definition, the laminar
burning velocity is not realizable in actual laboratory experiments. However, for accurate
comparisons between S measured in different experiments, conversion to these conditions has
proven to be necessary. In particular, the effects of radiation heat losses and flame stretch (the
divergence of flow streamlines through the flame) must be considered, and much progress has
been made by combustion researchers in the past 40 years towards understanding these effects,
primarily for hydrocarbon flames (Chen, 2017; Xiouris et al., 2016). The present work applies
some of these techniques to understand the effects of stretch and radiation on a representative

refrigerant-air flame.

There are many methods of deducing the laminar burning velocity from experiments
(Andrews and Bradley, 1972; Konnov et al., 2018). For refrigerant-air flames, traditional
methods have been applied, such as the nozzle burner (Linteris, 2006; Mache and Hebra, 1941),
the tube method (Clodic and Jabbour, 2011; Mallard and Le Chatelier, 1883; Papas et al., 2017),
the constant volume method (Fiock and Marvin, 1937; Takizawa et al., 2005), and the outwardly
propagating spherical flame (OPF) method at nearly constant-pressure (Dowdy ef al., 1990;
Takizawa ef al., 2013). Nonetheless, for refrigerant-air flames, the measurements are
particularly challenging because the burning velocities are roughly an order of magnitude
smaller than for hydrocarbon-air flames, and each method has advantages and disadvantages.
For example, nozzle burners cannot stabilize flames with low burning velocities, and the results
in the tube method are known to depend upon tube diameter (Jabbour, 2004; Mason and
Wheeler, 1917). The present work focuses on the OPF method since it can provide the
dependence of the measured flame speed on the flame stretch (Dowdy et al., 1990), so that the

unstretched burning velocity can be obtained (via extrapolation).

The ability to calculate the laminar burning velocity of refrigerant-air flames would be
useful to industry. New refrigerants will be blends that are optimized for the simultaneous
requirements of cycle efficiency, volumetric capacity, material compatibility, low toxicity, low-
GWP, and low flammability. Flammability, an important constraint, cannot be calculated or

estimated; hence, the blends cannot be efficiently optimized.
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In recent work, the burning velocity S has been calculated from first principles for one-
and two-carbon HFCs (Linteris and Babushok, 2019; Papas et al., 2017) and for fluoropropenes
(Linteris and Babushok, 2019; Needham and Westmoreland, 2017) and compared to
experimental measurements of Takizawa (2005, 2006). In both the simulations and the
experiments, however, the effects of radiation heat losses and flame stretch were neglected.

That is, the experiments were not corrected for stretch and radiation effects, and the simulations
were for steady, 1-D, planar, adiabatic flames. The purpose of the present work is to conduct
experiments and numerical simulations in which the effects of stretch can be more thoroughly
investigated, to assess their potential importance in such measurements. The radiation heat
losses cannot be varied or measured in the experiments, but in the simulations, they can be either

included or neglected to bound their contributions.

The present work examines the laminar burning velocity of a representative refrigerant
CHyF> (R-32). This compound is widely used as a pure compound in Asia and as a blend
component in other countries. For example, the widely used refrigerant R-410A is a 50/50 mass
blend of R-32 and R-125. R-32 has a moderate GWP100 = 677 (as compared to 1924 for R-
410A and < 1 for R-1234yf (Myhre et al., 2014)), and it has an intermediate burning velocity
relative to other flammable refrigerants. R-32 is a simple HFC molecule and hence is a good
starting point for chemical kinetic modeling. Moreover, a detailed kinetic model for R-32/02/N»
flames has recently been developed (Burgess ef al., 2019; Burgess Jr et al., 2019) based largely
on recent measurements (Burrell ef al., 2019), and R-32 is being used as a calibration metric in
standard tests for refrigerant flammability (ASHRAE, 2019; ISO, 2017). Hence, accurate values
of its burning velocity are important. In the present work, the burning velocity of R-32/air
flames is measured with a constant pressure, outwardly propagating spherical flame experiment
with flame imaging, and predicted via numerical simulations using the open-source flame

modeling program FlameMaster (Pitsch, 1998).

Experiment

Apparatus and procedure

The experiment used in the present work (Figure 1) is based on the design of Faeth and co-

workers (Hassan et al., 1998; Kwon et al., 1992; Qiao et al., 2005; Tseng et al., 1993) and



Takizawa (2005) and has been described previously (Pagliaro, 2015; Pagliaro et al., 2016a). A
small spark-ignited spherically expanding flame develops in premixed gases contained in a large
chamber, such that the flame is studied under quasi-constant pressure conditions (pressure rise
of <1 %). A high-speed video camera and a shadowgraph system (Figure 2) provide images of
the outwardly propagating spherical flame as a function of time, from which the propagation
rate in the laboratory reference frame is calculated. The spherical test chamber has an inner
diameter of 380 mm, a volume of 30 L, and a wall thickness of 6.4 mm. The apparatus has
vertical electrodes, an absolute pressure gauge, a dynamic pressure sensor, a thermocouple, and
a mixing pump. Visual access is provided by two windows (102 mm in diameter and 25.4 mm
thick) along the centerline of the chamber. The windows are polycarbonate (instead of quartz) to
better resist the hydrofluoric acid formed as a product (up to 30 % volume fraction) of CH2F>

combustion.

To reduce the effects of buoyancy, the experimental system was designed (Hassan et al.,
1998; Kwon et al., 1992; Qiao et al., 2005; Tseng et al., 1993) so that the chamber (with added
mirrors) can be dropped while a ceiling-mounted optical system captures images through the
falling chamber. Hence, a shadowgraph system was used rather than the more typical schlieren
system (Takizawa et al., 2005). Nonetheless, in the present work, only normal gravity

experiments were performed, with the chamber fixed to the laboratory optical table.

The premixed reactants are prepared in the chamber via the method of partial pressures.
First, a vacuum reduces the absolute pressure in the chamber below 100 Pa. Gaseous reactants
are then added in order of lowest to highest concentration, with the partial pressure of each
determined by an absolute pressure transducer (Omega PX409, which is periodically calibrated
against a Baratron 627D pressure gage, with a claimed accuracy of 0.12 % of reading). A
bellows pump and external loop circulate the reactant gases for 3 minutes (~8 volume changes),
after which the gases settle for 10 minutes. The reactants are CH»F» (Honeywell, Genetron 32,
99.9 % purity) and house compressed air (treated with a 0.01 um filter, a carbon filter, and a
desiccant bed to remove small aerosols, organic vapor, and water vapor). The relative humidity
of the air was typically less than 2 % (Pagliaro ef al., 2016b). Experiments were run at ambient

conditions of 101 kPa and 296 K +2 K.



The reactant mixtures are centrally ignited with a spark between two vertical tungsten
wire electrodes (0.8 mm diameter) with a 2 mm gap slightly below the center of the chamber. A
capacitive discharge system (similar to that of (Shephard et al., 1999), consisting of a power
supply and a bank of interchangeable capacitors (1 nF to 100 nF), provides variable ignition
energies estimated to range from 0.05 mJ to 500 mJ. For most tests, the ignition energy is
gradually increased until flame propagation occurs, ensuring the deposited energy is within an
order of magnitude of the minimum value for ignition. After each test, the chamber is quickly
vented and purged with nitrogen to reduce heat transfer from the product gases to the chamber.
External fans cool the chamber to ambient temperature (296 K +£2 K) while it is purged with air

and then subjected to vacuum three times to ensure all products are removed before the next test.

A high-speed camera and shadowgraph system provide images of the spherical flame as
a function of time (1750 or 2000 frames/s). Figure 3 shows six sequential images for the R-
32/air flame at an equivalence ratio ¢ of 1.08. As indicated, there is some effect of buoyancy-
induced vortex formation which flattens the flame and gives it a slight toroidal shape.
Experiments and simulations were performed for dry air with R-32 at ¢ = 0.9, 0.96, 1.08, 1.2,
and 1.3. Due to space limitations, however, only the results at the ¢ of peak burning velocity

(¢ = 1.08) are presented here.

Data Reduction

For adiabatic, spherically symmetric flame propagation with flame radius R(¢), the
flame speed in the laboratory reference frame dR;/dt corresponds to the burned gas velocity S,

(relative to the flame) (Dowdy et al., 1990)
Sy = dR;/dt, (1)

and is a function of the stretch rate. For an OPF, the stretch rate xis related to R¢(t) (Williams,
1975) via

2 dRg(D)
" Rp(® dt
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In the simplest formulation, originally developed by Markstein (1964), the burned gas velocity

is linearly dependent upon stretch:

Sb = Sl? - KLb 5 (3)

in which L, the Markstein length, describes the burning velocity response to stretch. Here, the
superscript ° denotes unstretched conditions, so that S is the burned gas velocity under zero
stretch conditions. Finally, the unstretched burned gas velocity is related to the unstretched

unburned gas velocity through continuity

puSS = ppSp. 4)

In the present paper however, we discuss results for S;, since it is the measured parameter in the
experiments and is readily extracted from the simulations. Moreover, we focus on stretched S,

since conversion to unstretched SP introduces complexities beyond the present discussion.

As in previous work (Pagliaro er al., 2016a), R¢(t) is determined from the video images
of the flame using in-house image analysis software. The software tracks the flame edges (right,
left, top, and bottom) illustrated in Figure 4 by the light gray horizontal and vertical lines (as
well as other features as described below). The influence of buoyancy was reduced by
considering flame propagation in the horizontal direction only, as suggested in previous studies
(Pfahl et al., 2000; Takizawa et al., 2005). The system has been validated for CHs-air and
CsHg—air flames (Pagliaro et al., 2016a), although significant vortex formation typically does
not occur for these fast flames. For the present work, we have further refined our data reduction

techniques as described below.

Two changes have been made in the data reduction. We now use averaged data from all
the test runs and employ an improved method to determine the actual flame radius from the
video images. The latter issue is illustrated in Figure 4 which shows an image of the flame with
the present radius tracking methods. The outer rectangle illustrates the previous method based
on outer horizontal flame edges. The green and blue circles illustrate the new method based on

the local curvature of the flame at the outer horizontal edges. Since the stretch k is estimated



from the curvature (as in Eq. 2), we believe that the approach using the local flame curvature
better represents the local strain of the flame edge than the previous approach, which uses the
maximum horizontal extent of the flame edges (left and right) as twice the effective flame radius
(Rnz2). Note that since the flattened flame resembles a toroid, it has three radii: that of the local
curvature of the left and right side (Rr and Rr) and that based on half the horizontal extent Rp.

Thus, the local curvature C is (for the right side)

1 1
Cr= E + Rp/2 )

and the local stretch for the right side Kg is estimated as

dRp(t)
ke = Cg & ©)

Additionally, the centers of curvature of the left and right portions of the flame (i.e., the
blue and green crosses in Figure 4) translate upward and slightly outward due to the developing
buoyancy-induced vortex (note that in Figure 4, the red cross is the initial location of the flame
center at  =0). Hence, for this particlar image, the flame has translated laterally about as much
as it has translated vertically. By tracking Ry (#) from the local curvature, we believe the outward
translation (due to upward flow in the center of the vortex) is more accurately treated so as not
to include this outward translation in the determination of dR/d¢ (as would happen is the case for

the outer edge method of flame tracking).

For averaging of Ry vs. t data, we fit the data to an analytical functional form (3" order)

suggested by Kelly et al.(2011), and align the data at a fixed initial radius. Note that use of

averaged data is necessary for visualization; Sj, requires differentiating of the Ry vs. t data, and

anything showing S; would be too noisy without some data smoothing. In our spline fits, we

have verified that the residuals of the fit are small and randomly distributed.

Uncertainties and measurement accuracy

The estimated uncertainties in the experimental determination of the burning velocity have been

described by Pagliaro et al. (2016a) for the same experimental apparatus (used for hydrocarbon-



air flames highly inhibited by CF3;Br or CH2BrCF3;). The maximum reported expanded relative
uncertainty in S is 13 % (reported as expanded uncertainties U = ku, determined from a
combined standard uncertainty u, and a coverage factor k = 2 corresponding to a confidence
level of 95 %). Note however, that measurement uncertainty is not the only cause of inaccuracy;
buoyancy, radiation, and non-linear stretch effects can cause the inferred value of 2 to differ

from that of an ideal experiment, as described in more detail in Pagliaro et al. (2016a).

Numerical Simulations

Model

The flames are simulated with the open-source code FlameMaster (Pitsch, 1998) which provides
different 1-D flame configurations such as the unstretched premixed flame and spherically
expanding premixed flame configuration. FlameMaster solves the mass-, momentum-, energy-,
and species conservation equation and assumes ideal gas. For efficiency reasons spherical
symmetry is assumed and the equations are transformed in a space where they only depend on
the sphere radius. To calculate the species diffusion velocities the Curtiss-Hirschfelder
Approximation is used with mixture averaged diffusion coefficients. Kinetic, thermal, and
transport properties are calculated from CHEMKIN-like input. All terms are discretized by
upwind- or central differencing schemes, which are of first order in non-uniform grids, and a
Newton scheme is applied to advance in time. The computational domain spans the radius range
0 <r<11.43cm. Zero gradient outflow conditions and a fixed dynamic pressure are applied at
r=11.43cm. At r=0, symmetry is enforced (no flow). A calculation is initialized by a hot kernel
in chemical equilibrium with a radius of 0.5 cm with some reasonable but non-physical
transition profiles to fresh gas conditions. A dynamic grid refinement algorithm redistributes the
grid points such that gradients are properly resolved. For the calculations here, 1500 grid points
are used. The time step size is adjusted dynamically in order to resolve the fastest processes
(usually the fastest proceeding reactions) and is around 10 to 10" seconds. The FlameMaster

code is well-validated and widely used for hydrocarbon flames (Bondi and Jones, 2002).

The R-32/air flames are described by a recently-developed chemical mechanism
(Burgess et al., 2019; Burgess Jr et al., 2019), having 101 species and 420 elementary reactions
and associated thermodynamic and transport parameters. The mechanism was validated using

recent burning velocity data for R-32/0,/N; mixtures in a constant volume experiment (Pagliaro



et al., 2015) in which the pressure rise is used to deduce the burning velocity. The experimental
data were reduced considering optically thin radiation from CO,, CO, H>0O, and HF; stretch
corrections were deemed unimportant since the higher pressure of most of the data make stretch

corrections small for these experiments and reactants (Burrell ez al., 2019).

Radiation Correction

As discussed by Chen (2010) and Yu et al. (2014), the effects of radiation become much more
important for flames with low burning velocity. For example, for hydrocarbon-air flames, the
reduction in the observed burning velocity due to radiative losses can be quite high as the
burning velocity decreases. Using the results of simulations from Yu et al. (2014) for OPFs of
hydrocarbon-air flames, Figure 5 shows the ratio of the adiabatic laminar burning velocity S ,4;
to that with radiation S&md, for outwardly propagating spherical flames. As indicated, at
Seraa = 1cm/s, the adiabatic value S ,4; is 5.5 times higher. While these results are not
directly applicable to flames of R32-air (due to differences in the reactant and products gases

and their radiative properties), they suggest the importance of considering the effects of

radiation for flames with low burning velocities.

Figure 6 illustrates the effects of radiation on outwardly-propagating spherical flames.
At the flame front, there is an acceleration of the gases across the flame due to the change in
density from the temperature rise. The burning velocity (i.e., the gas velocity relative to a
stationary flame front) can be described with respect to either the burned gases SJ or the
unburned gases S2, and these are related by the continuity relationship, p,S2 = p,S?, Eq. (4)
above. The unburned gas velocity S,, is what is usually referred to as the laminar burning
velocity, or S2 if it is corrected to zero stretch conditions. As described above in Eq. (1), the
burned gas velocity is related to the change in radius in time dR;/dt (as in Figure 6, left frame),
which is the same as the observed flame front progress in the laboratory reference frame—if the
burned gases are quiescent. This is typically a good assumption if: 1.) the flame and chamber
are spherical, 2.) ignition is at the center, and 3.) there are no radiative heat losses from the

burned gas region. At this point, we are addressing only the third item, radiation.



Radiation has two important effects on spherical flames: first, the reaction zone is losing
energy leading to lower temperature in the reaction zone and a slower overall reaction rate and
burning velocity. In addition, the burned gas behind the flame front is continuously cooled,
leading to contraction of the burned gases (for a spherical flame); i.e., an inward flow of gases
towards the center with a velocity at the flame front of u; (negative magnitude), as indicated in

Figure 6, right frame. Hence, with radiative losses,
Spraa = dRg/dt — . (7

If the gases are quiescent, u, = 0 and S}, ;.44 = Sp,aai = dR/dt; but with radiative cooling, u,
is negative so that S}, ;.44 > dR;/dt. That is, the observed dR;/dt in the laboratory reference
frame does not account for the inward motion of gases due to radiative cooling, and to get the
true Sj, it must be corrected via subtraction of the (negative) local gas velocity. This is hard to
do in the experiments (since we do not know the inward flow velocity), but the effects can be

investigated via calculations.

In the calculations, with radiation heat losses (here described with the optically thin
model, OTM), the burned gas velocity S; can be expressed either as that observed in the
laboratory reference frame (i.e., not corrected for the contraction velocity of the burned gases, as
in Eq. 1), or alternatively, as the corrected value, that accounts for the burned gas contraction
velocity (as in Eq. 5). In the Figures (9 to 12) discussed below, these are described,
respectively, by the notation OTMyss and OTM.,. For adiabatic flames, these are equivalent
(i.e., Sp,ap1,,s = Sb,apIerr = Sbapr and are labeled ADI). The same notation is used when
referring to Ry (t) from the OTM simulations. That is, R¢(t)orm,,, 1S that predicted in the
calculations (or observed in the experiments) when the radiation-induced contraction is
occurring, while R¢(t) oru,,,, 1 a predicted flame growth that would occur if radiation is

present, but the radiation-induced contraction is excluded. Note that R¢ (t)orpy,,,,. is calculated

by using R¢(¢)orm,,, from the FlameMaster simulation and integrating Eq. (7):

Reorm,orr () = Reorm,,, (D) — fot uy, (t)dt’ (8)
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Results and Discussion

Comparisons of Measurements and Predictions

As an initial validation of the predictive ability of the FlameMaster simulations for R-32/air
flames, the measured and calculated R;(t) are compared. A representative plot is shown in
Figure 7 for ¢ = 1.08. For this equivalence ratio, two experiments were performed, and each has
a left-side and a right-side curvature, providing four experimental data curves (thin red lines in
Figure 7). As indicated, the agreement between the four curves is excellent, and the dashed
maroon line in Figure 7 is the average of the individual R¢(t) curves as described above. Also
shown is the R;(t) from the FlameMaster simulation with the optically thin model (OTMops,
black solid line). Note that this R¢(t) is that in laboratory-reference frame; i.e., not that
corrected for the local burned gas velocity, as described above. Hence, it is the proper R¢(t) to
compare with the experimental observations. As shown, the simulation predicts R¢(t) very
well. Simulations and measurements were compared (not shown here) for all ¢ studied (0.90,
0.96, 1.08, 1.2, and 1.3), and the agreement, between experimental runs and with the simulation,
is excellent. Figure 7 also shows the results of the simulation for adiabatic flames (ADI, light
blue curve). As indicated, the adiabatic simulation significantly overpredicts R (t) as compared

to the experimental results.

Note that the ignition process in the experiments has random variation from run-to-run,
and the spark ignition cannot presently be accurately modeled. Hence, the flame radius
prediction is started at some radius after which ignition disturbances are believed to have died
out (R =1 cm for ¢ = 1.08,1.2,1.3, R = 1.5 cm for ¢ = 0.9 and Ry =2cm for ¢ = 0.96).
By visually inspecting the video images of the growing flames (particularly at $=0.90 and 0.96),
it appeared that the flame propagation was subject to a critical flame radius, as described by
Kelly at al. (Kelley et al., 2009). We selected the starting radius for the comparison to be that

which appeared from the video images to be larger than the critical flame radius.

As an additional test of the predictive capability of the Direct Numerical Simulation
DNS, Figure 8 shows the plots of S, vs Ry from the measurements (i.e., dRy/dt) and from the

DNS simulations (OTM,ss, as discussed above and below). As indicted, the DNS simulations do

a reasonable job at reproducing the observed trends, which are that there is a stretch effect

11



(changing S;, with radius) and it varies with equivalence ratio. The simulated S, values are quite

accurate for richer flames but deviate somewhat from the experimental values as ¢ decreases.

Data for the weak, low-¢ flames have more experimental uncertainties. The low burning
velocities lead to low rates of heat release, making heat loss to the electrodes more important.
The high-Lewis number lean flames are near their critical flame radii (Chen ef al., 2011; Kelley
et al., 2009) and hence must be over-driven by the ignition in order to propagate. The large
ignition energy, together with the lower heat release rate, increases the effects of ignition
disturbances. Finally, due to the low burning velocities, the effects of buoyancy-induced flow
disturbances are greater. Hence, the poorer agreement between simulations and experiments for

the leaner flames is expected.

Nonetheless, since, as shown in Figure 7 and Figure 8, the DNS simulations can predict
the flame radius as a function of time, and the burned gas velocity as a function of flame radius,
both for a range of ¢, we have some confidence in their ability to describe the experiments and
they can be used to explore the effects of stretch and radiation for the present constant pressure
experiments (especially for the richer flames). To simplify the discussion, we focus on just one

equivalence ratio, ¢ = 1.08, which is approximately that for peak burning velocity.

Effects of Stretch and Radiation Predicted by Simulations

Figure 9 shows the calculated Ry vs. t for the R-32/air flames at ¢ = 1.08. The figure is similar
to Figure 7 above but includes the R¢(t) curve that has been corrected for flame contraction due
to radiation (and for clarity, it does not repeat the experimental data). In Figure 9 (as well as in
Figure 10, Figure 11, and Figure 12), the calculated curves are denoted by light blue lines for
results assuming no radiation (ADI); dark blue lines for results employing the Optically Thin
Model, but with S;, corrected to subtract off the contraction velocity (OTM.. ) as in Eq. 7; and
the black lines assuming the Optically Thin Model, but not correcting the burning velocity to
account for the contraction of the flame due to radiative heat losses (OTM,ss). The black line is
what one would observe in the laboratory, but the dark blue line correctly describes the actual
local behavior at the flame front. That is, the curve labelled OTM,,,» describes the flame

propagation history R¢(t) caused by the flame consumption speed, excluding the confounding

12



effects of induced gas velocity. The rate of growth R is higher for the ADI case than for the
OTMcorr case, which in turn is higher than the OTM,ss case. Note that the simulations can be
carried out to very large flame radii since window aperture and buoyancy limitations do not
exist in the simulations, as they do in the experiments. Thus, for the present calculations, flames

are simulated up to Ry = 10 cm, which is much larger than the present experiments, for which

Ry is always less than 4.5 cm.

The derivative of the curves in Figure 9 produces S;, vs. t as in Figure 10. As indicated,
the ADI and OTM,,,,- cases have similar shapes, with S}, continuing to increase with time;
however, for the OTM observed for flame contraction (black line, OTMc.+), S}, is predicted to
decrease after about 70 ms (i.e., about Ry = 3 cm). If we plot S, vs. Ry (Figure 11), we see the

same trend (since Ry and t are roughly linearly related). For these spherical flames the stretch «

can be calculated from R (¢) as in Eq. (2) and Figure 12 shows S, as a function of .

For comparison of burning velocities between different experiments, researchers
typically seek the unstretched burning velocity Sp. This can be obtained by extrapolating the
curves in Figure 12 to zero stretch. Approximately applying such an extrapolation, for either the
ADI curve or the OTMco,- curve, provides a value of Sy is significantly higher (about 20%) than
the value one would measure at an average flame radius of 2.75 ¢cm (a typical average Ry in an
experiment). Thus, either with OTM radiation or without it (ADI), a strong stretch effect is
predicted for these R-32/air flames at $=1.08. This dependence should be configuration
independent. There is also clearly an effect of thermal radiation from the reaction zone, as
indicated by the difference between the ADI and OTM,,, curves in Figure 12. Finally, for this
particular flame configuration (OPF), radiation from the hot burned gases causes contraction of
the flame, as illustrated by the difference between the OTMco and OTM,ss curves. This
contraction opposes the increase in the burning velocity at higher radius caused by effects of
stretch (increase in Ry at lower « for the OTMc, curve). Thus, in this case, these two effects,

stretch—which increase S, as Ry increases, and flame contraction due to burned gas radiation—

which decreases S, as Ry increases, partially offset each other.

The implications of the results shown in Figure 12 are that if one has only the

experimental data (which would resemble the OTM,s curve in Figure 12, but over a limited
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range of experimental radii), it could appear that there was little effect of stretch, as has been
reported for R-32 (Takizawa et al., 2013; Takizawa et al., 2017). That experimental result,
however, may be due to the counterbalancing effects of stretch and radiation as described above.
Moreover, in the absence of a radiation correction from DNS simulations (as done by Yu et al.
for hydrocarbons (2014)), or a measurement of the local gas velocity (Balusamy et al., 2010;
Varea et al., 2015), there is currently no way to obtain the unstretched flame speed from the
experimental data. That is, the traditional method of extrapolating to zero stretch will not work
for refrigerant flames with low burning velocity and significant thermal radiation. Note,
however, that as suggested by Jayachandranet al. (2014)and Chen (2015), a useful approach is to
validate the model via direct comparison of the measured and predicted Ry (¢) data, and then use
the DNS model to determine the value of the adiabatic, unstretched burning velocity. This is
essentially the approach taken in the present work and highlights one of the values of having
good kinetic and flame models.

A similar analysis was performed for other values of ¢ (0.90, 0.96, 1.2, and 1.3). In all
cases, the model predicted the Ry () data very well. The effects of stretch were larger for the
lean flames, and less for the richer flames, while the effects of radiation increased slightly as ¢
increased to 1.5. Note that the present flames show larger effects of radiation than has been
described previously (Jayachandran et al., 2014); however, this is expected based on the lower
burning velocity of the present flames as well as the higher concentration of the radiating
species in the product gases of the R-32/air flames as compared to hydrocarbon flames of

(Jayachandran et al., 2014).

Conclusions

New data are presented for the burning velocity of R-32/air flames in a constant pressure
outwardly propagating flame experiment near the equivalence ratio of peak burning velocity.
The experimental data show a strong stretch effect which varies with the equivalence ratio.
Direct numerical simulations of the unsteady, 1-D, spherical flames, employing an optically thin
radiation model and a detailed kinetic model for R-32 combustion predicted the measured flame
radius and the burned gas velocity as a function of time very well. The simulations predict
significant effects of stretch and radiation. For this refrigerant and flame configuration, these
effects largely offset each other. The DNS simulations show that if only experimental data of
R (t) are available, the stretch effect is underpredicted. Additional research is needed to

14



develop tools to extract the stretch effects and radiation effects from such experimental data

(i.e., low burning velocity with strong stretch and radiation effects).
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Figure 2. Schematic diagram of the shadowgraph optical system (top view).

Figure 3. Shadowgraph images of R-32/air flame (¢ = 1.08) at increasing times.
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Figure 4. Illustration of flame front tracking methods (R-32/air flame). White points: gray-scale
intensity of shadowgraph image; red points: flame location obtained from tracking program; red
cross: initial location of flame center; rectangular box: previous outer flame edge tracking
method; green and blue circles: flame radius of outer edges based on local flame curvature.
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Figure 5. Ratio of laminar burning velocity (for CH4, C3Hg, and i-CgHs flames with air) for
adiabatic conditions relative to those measured with radiation, as a function of laminar burning
velocity with radiation. (results from Eq. (5) of ref. (Yu et al., 2014)).

Flame Zone Flame Zone

\

Radiation Heat Loss
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Figure 7. Measured and calculated flame radius Ry vs. time t, for R-32/air flames at ¢ = 1.08.
Red lines: individual experimental runs; dashed maroon line: average of individual runs; black
line: optically-thin model (OTMops), light blue line: adiabatic model (ADI).
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Figure 8 — Measured Sy (points) and calculated S, (OTMobs ,lines) vs Ry for R-32/air flames at ¢
=0.90, 0.96, 1.08, 1.20, and 1.30.
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Figure 10. Calculated burned gas velocity S vs. time ¢, for R-32/air flames at ¢=1.08.
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Figure 12. Calculated burned gas velocity Sy vs. stretch rate x for R-32/-air flames at ¢=1.08.
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