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ABSTRACT
To preserve the Earth's environment, new refrigerant materials with low GWP are needed. Predicting laminar
burning velocity (LBV) is important for assessing their safety. While LBV for hydrofluorocarbon refrigerants has been
calculated using the NIST Fluorine model, mixing chemical species not included in the model (e.g., NH3) requires
quantum chemical calculations, which are resource intensive. This study proposes a method to add elementary reactions
to the NIST Fluorine model based on graph network analysis, enabling rapid prediction of LBV for new refrigerants.

Keywords: Low GWP, Laminar Buring Velocity, Graph Network, Reaction Model

INTRODUCTION

To protect the global environment, there is a demand
for refrigerants with low Global Warming Potential
(GWP). In the development of refrigerant materials, safety
must be ensured alongside cooling performance. One of
the safety indicators is the safety group defined by the
ASHRAE standard, which is primarily determined by the
laminar burning velocity (LBV). As shown in Table 1, the
maximum LBV (LBVma) of R-32, a refrigerant
commonly used in household packaged air conditioners,
is approximately 7 cm/s, and it belongs to safety group
A2L. However, its GWP is 675, necessitating alternatives
with lower GWP. On the other hand, natural refrigerant R-
290 has a low GWP, but it falls into safety group A3 and
has a high LBV nax. Thus, the development of refrigerant
materials that simultaneously achieve low GWP and low

flammability is an urgent task.
In hydrofluorocarbon (HFC) refrigerants, the LBVs are
calculated using the NIST Fluorine model [1], and

refrigerants have been reported. It is possible to predict
LBVmax of HFC refrigerant materials using this model,
although low flammability can sometimes complicate
LBV calculations. For new chemical species (e.g., NH3),
it is necessary to develop a reaction model corresponding
to the specific species. Developing such a reaction model
requires high-precision quantum chemical calculations
and combustion experiments, which are time-consuming.
In this study, we propose a method to rapidly develop
reaction models by adding elementary reaction data
generated by the Reaction Mechanism Generator (RMG)
[2] to the NIST Fluorine model, based on graph network
analysis. We developed a reaction model for a refrigerant
mixture of R-290 and R-717, and validated the proposed
method by comparing it with previous studies [3-7].
Subsequently, we built a reaction model for a refrigerant
mixture of R-152a [8], which is being researched as a
substitute for R-134a, by adding R-717, and evaluated its
potential by calculating its LBV.

comparisons with experimental data for various
TABEL 1: Properties of Refrigerants
Refrigerants Chemical Formula  Boling Point (°C) GWP Safety Group

R-32 CHyF» -51.7 675 A2L
R-290 C;3Hg 42.1 3 A3
R-134a C,HyF4 -26.5 1300 Al
R-152a C,H4F> -24.1 124 A2
R-717 NH;3 -33.4 0 B2L




METHODS

In this study, reaction models corresponding to new
chemical species were constructed using graph network
analysis, and LBV values of the new refrigerants were
calculated using Chemkin [9]. The refrigerants
considered in this study are R-290/R-717 and R-152a/R-
717 mixtures. For the new chemical species, such as NHs,
or R-717, the reaction models were generated using
RMG. RMG can automatically generate reaction models
for user-specified reactants based on reliable elementary
reaction database. However, the elementary reaction data
generated by RMG can be extremely large in volume,
which can increase the computational load for LBV
calculations in Chemkin. To address this, only the most
significant elementary reactions were extracted and
added to the NIST Fluorine model. During this process,
graph network analysis was employed to ensure the
connectivity of reaction pathways. A graph network is a
data structure that treats chemical species as nodes and
reactions as edges. Figure 1 illustrates the reaction
network for the case where R-152a, or CH3;-CHF>, reacts
with Os (gray nodes) within the NIST Fluorine model,
producing CO», H,O, and HF (dark gray nodes).
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Fig.1 Graph Network of R152a Combustion Reaction

The elementary reaction data involving NH3 were
added to the NIST Fluorine model using graph network
analysis. These NHs-related elementary reactions were
generated with RMG, and to reduce the computational
load for LBV calculations, only the most significant
elementary reactions were extracted and incorporated.
Sensitivity analysis was performed using Cantera [10] to
evaluate the sensitivity of the reactions relative to
reactant quantities, allowing for ranking of the
elementary reactions based on their importance. The
calculation conditions for RMG and Cantera are
summarized in Table 2.

TABLE2: RMG and Cantera Conditions

) o Temperature Pressure  Target Species
Refrigerants Reactant Kinetic Models o
(K) (bar) for Sensitivity
R-290/R-717 CsHs, NH;, O2 GRI-Mech3.0-N 2200 1.0 CsHs
NIST Fluorine,
R-152a/R-717 C2H4F2, NH3, Oz 2200 1.0 C2H4F2

GRI-Mech3.0-N

The reactants were the refrigerant components and
oxygen. For the reaction models used in RMG, GRI-
Mech 3.0-N was employed for the R-290/R-717 mixture,
while NIST Fluorine and GRI-Mech 3.0-N were used for
the R-152a/R-717 mixture. The temperature was set to
2200 K, corresponding to the ignition temperature in
LBV calculations for pure R-290 and R-152a, and the
pressure was fixed at 1 bar. The species subjected to
sensitivity analysis using Cantera [10] were C3;Hs and
C,H4F; for the R-290/R-717 and R-152a/R-717 mixtures,
respectively. The top-ranked elementary reactions based
on their absolute sensitivity coefficient were
incorporated into the NIST Fluorine model through
graph network analysis, ensuring that the reaction
pathways connecting the starting node of the new

chemical species NH3 to the end node of the product
nitric oxide (NO) were maintained.

Based on the reaction models built through graph
network analysis, LBVs were calculated using the
Chemkin PREMIX module. The initial temperature was
set to 300 K, and the pressure to 1 atm. The fuel was the
respective refrigerant mixture (R-290/R-717 or R-
152a/R-717), and the oxidizer was air (N2 79%, O2 21%).
The volume concentrations of NH3 (xyy3) were varied at
0%, 20%, and 50% to examine the dependence of LBV
on Xxyy3 concentration. Multi-component transport
calculations were performed considering the Soret effect.
The effect of radiative heat loss was neglected in this
analysis.



RESULTS AND DISCUSSION
R-290/R-717 MIXTURE

The results for the R-290/R-717 mixture refrigerant
are presented. Figure 2 shows the dependence of LBV on
the equivalence ratio (Eq). The LBV reaches its
maximum near an Eq of 1.1, and as the NHj3
concentration (xyy3) increases, the LBVmax decreases.
Table 1 summarizes the dependence of LBV ax 00 X\p3-
Compared to experimental values, the calculated LBV
slightly overestimates, but it is in good agreement with
the GRI-Mech 3.0 model [11]. Besides, we confirmed
NO as a combustion product of NH3.
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Fig.2 LBV of R-290/R-717 as a Function of
Equivalence Ratio.

TABLE3: LBV max (cm/s) of R-290/R-717 Mixture
with Varying NH3 Concentration

xnm3 (%) This Study  GRI-Mech3.0 Expt.
0 51.3 51.5 42.5[3]
20 44.5 44.9 34.0 [4]
50 34.5 34.0 28.5 [4]

To investigate how NHj3 influences the combustion
reactions of CsHg, the peak molar fractions of radicals
relevant to combustion, such as H, OH, O, as well as NH»
and NH radicals associated with NH3, were plotted (Fig.
3). As xyp3 increases, the molar fractions of H, OH,
and O radicals decrease, with H radicals showing a
significant reduction from 0.01 to 0.006. Conversely, the
molar fractions of NH» and NH radicals slightly increase.
These results are consistent with those reported by Z.
Wang et al. [4]. Furthermore, the changes in these radical
concentrations reflect that the oxidation of NHj3
primarily proceeds through H, OH, and O radicals [6].
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Fig.3 Peak Mole Fraction of H, OH, O, NH: and NH

radicals with Varying NH3 Concentration in R-290/R-

717 mixture.

To examine the impact of elementary reactions
involving NHs; on LBV, sensitivity analysis was
performed. Figure 4 shows the dependence of the top-
ranking elementary reactions, those with the largest
absolute sensitivity values, on xyy3. The sensitivity of
the radical branching reaction H + 02 <=> O + OH was
the highest, and the sensitivity coefficients of nitrogen-
involving elementary reactions were smaller compared
to hydrocarbon reactions. It was confirmed that nitrogen-
involving reactions do not directly affect LBV. Instead,
the increase in NH3 suppresses combustion progression
by scavenging H radicals, leading to a reduction in LBV

[7].
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Fig.4 Sensitivity Analysis for LBV of R-290/R-717
mixture with Varying NHs Concentration.
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These results show that the proposed method
demonstrates reliable predictions of LBV nax through its
graph network analysis-based reaction model.

R-152a/R-717 MIXUTURE

The calculation results for the R-152a/R-717
mixture refrigerant are presented. Figure 5 shows the
dependence of LBV on Eq. LBV reaches its maximum
near an Eq of 1.1, and as xyp3 increases, LBVmax



decreases. Specifically, at xyy3 = 0%, 20%, and 50%,
LBVmax values are 24.4,22.1, and 17.6 cm/s, respectively.
It has been reported [12] that the LBV of a 50:50
molar mixture of R-152a and R-1234yf is approximately
14 cm/s, indicating that the R-152a/R-717 mixture has a
slightly higher LBV .x. Besides, we confirmed NO as a
combustion product of NHs.
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Fig.5 LBV of R-152a/R-717 as a Function of
Equivalence Ratio.

To examine how NHj; influences the combustion
reaction of C,H4F», or R-152a, the peak molar fractions
of radicals critical to combustion, such as H, OH, O, as
well as NH> and NH related to NH3, were plotted (Fig.
6). As xyp3 increases, the molar fractions of H and O
radicals decrease, while OH remains nearly unchanged,
and NH; and NH radicals increase. Notably, H radicals
decrease significantly from about 0.004 to 0.002, while
NH; radicals increase markedly up to 0.002. Compared
to the R-290/R-717 mixture, the amount of H, OH, and
O radicals decreases due to the formation of F radicals
generated from R-152a, which suppresses NH; oxidation.
Under this suppression, NH; is thought to be regenerated
through reactions with H radicals, leading to an increase
in NH> radicals and a decrease in H radicals.
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radicals with Varying NH3 Concentration in R-
152a/R-717 mixture.
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Sensitivity analysis was performed to investigate
how elementary reactions involving NH3 affect LBV.
Figure 7 shows the dependence of the top-ranking
elementary reactions, those with the highest absolute
sensitivity values, and nitrogen-involving reactions on
Xnn3 - Like the R-290/R-717 mixture, the highest
absolute sensitivity was observed for the radical
branching reaction H + 02 <=> O + OH. However,
unlike the R-290/R-717 case, the sensitivity coefficient
of the H + NH <=> NH2 reaction, related to NH;
regeneration, is comparable to that of HFC elementary
reactions. This suggests that the suppression of NHj3
oxidation enhances the contribution of NH» regeneration
reactions.

wozesoron | [—

OH+CO<=>H+CO2

CH3-CHF2<=>CH2CHF+HF ~

CH2CHF<=>C2H2+HF -

HCO+M<=>H+CO+M

H+NH<=>NH2 -

OH+NH<=>N+H20

O+NNH<=>NO+NH l:|
I x...,=0%
02+NH<=>0+HNO 1 - — SO
Xnra=20%
O+NH<=>NO+H n [ Ixus=50%

~0.05 0.00 0.05 0.10 0.15 0.20 0.25
Sensitivity Coefficient

Fig.7 Sensitivity Analysis for LBV of R-152a/R-717
mixture with Varying NHs Concentration.

Using the reaction model built through graph
network analysis, the LBVma of the R-152a/R-717
mixture refrigerant was calculated, predicting a slightly
higher value than that of the R-152a/R-1234yf mixture.
Additionally, the reduction in LBV due to NH;
addition is attributed to the suppression of NH; oxidation,
which promotes NH> regeneration.

In summary, the proposed graph network analysis-
based reaction modeling method enables reliable
prediction of LBV . for refrigerant materials involving
new chemical species. It also provides insights into how
compositional changes influence combustion reaction
mechanisms.

CONCLUSIONS

In this study, elementary reaction data involving
new chemical species were generated using RMG, and
the top-ranked reactions based on sensitivity analysis
were incorporated into the NIST Fluorine model using
graph network analysis to develop reaction models.
Using these models, the LBVs were calculated, and it
was confirmed that the results for the R-290/R-717
mixture closely matched those obtained with the



conventional model. Subsequently, a reaction model was
built for a refrigerant mixture of R-152a and R-717,
which has a relatively low GWP and belongs to safety
group A2, and the LBV was calculated. When 50% of
NHj; was added, the LBV .« decreased to 17.6 cm/s. The
addition of NH3 reduces both GWP and flammability,
indicating the potential for using R-152a/R-717 mixtures
as refrigerants. Overall, the proposed method
demonstrated in this study is expected to contribute to
the development of new refrigerant materials and their
mixture compositions.

NOMENCLATURE

LBV : Laminar burning velocity, cm-s™!
LBVuax : Maximum value of LBV, cm-s’!
XNH3 : NH; concentration, %

Eq : Equivalence ratio
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To preserve the Earth's environment, new refrigerant materials with low GWP are needed. Predicting
laminar burning velocity (LBV) is important for assessing their safety. While LBV for hydrofluorocarbon refrigerants
has been calculated using the NIST Fluorine model, mixing chemical species not included in the model (e.g., NH3)
requires quantum chemical calculations, which are resource-intensive. This study proposes a method to add elementary
reactions to the NIST Fluorine model based on graph network analysis, enabling rapid prediction of LBV for new
refrigerants.
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TABEL 1: Properties of Refrigerants
Refrigerants Chemical Formula  Boling Point (°C) GWP Safety Group
R-32 CH:F» -51.7 675 A2L
R-290 CsHs -42.1 3 A3
R-134a CoHoF, -26.5 1300 Al
R-152a C2H4F> -24.1 124 A2
R-717 NH; -33.4 0 B2L
AE
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TABLE2: RMG and Cantera Conditions

) o Temperature  Pressure ~ Target Species
Refrigerants Reactant Kinetic Models o
(K) (bar) for Sensitivity
R-290/R-717 CsHs, NH3, O GRI-Mech3.0-N 2200 1.0 C;3Hg
NIST Fluorine,
R-152a/R-717  C;H4F2, NH3, O2 2200 1.0 CoH4F>

GRI-Mech3.0-N
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Fig.2 LBV of R-290/R-717 as a Function of
Equivalence Ratio.

TABLE3: LBVmax (cm/s) of R-290/R-717 Mixture
with Varying NH3 Concentration

xnms (%) This Study  GRI-Mech3.0  Expt.
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Fig.3 Peak Mole Fraction of H, OH, O, NH: and NH
radicals with Varying NH3 Concentration in R-290/R-
717 mixture.
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Fig.4 Sensitivity Analysis for LBV of R-290/R-717
mixture with Varying NHs Concentration.
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Fig.5 LBV of R-152a/R-717 as a Function of
Equivalence Ratio.
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Fig.6 Peak Mole Fraction of H, OH, O, NH: and NH
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Fig.7 Sensitivity Analysis for LBV of R-152a/R-717
mixture with Varying NH3; Concentration.
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