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ARTICLE INFO ABSTRACT

Keywords: A reduced, 12-species reaction model (FFCMy-12) is proposed for modeling high-speed turbulent methane
Turbulent flame flames at high Karlovitz numbers. The model was derived from an early development version (FFCMy) of
ng}li'SPeed combustion the 119-species Foundational Fuel Chemistry Model Version 2.0. The reduction was carried out by combining
Methane

direct species pruning, quasi-steady-state assumption, and reaction lumping, targeting a minimum possible
set of species that can capture methane combustion over a wide range of thermodynamic conditions. The
performance of the reduced FFCMy-12 is compared to that of a 21-species skeletal reaction model (FFCM1-
21) generated through conventional directed relation graph theory (DRG) and DRG-aided sensitivity analysis
(DRGASA) algorithms. Model testing starts with legacy combustion properties such as homogeneous ignition
delay time, laminar flame speed, and extinction/ignition residence time in a perfectly stirred reactor. More
importantly, reduced model testing is extended to three-dimensional direct numerical simulations (DNS) of
statistically planar, freely propagating turbulent premixed flames at Karlovitz numbers Ka = 10, 102, 10°, and
10*, which nominally represent conditions from corrugated flamelets to broken reaction zones. Comparisons
are made between the DNS results generated by the two chemical kinetic models with respect to turbulent
flame structures, turbulent flame speed, and species distributions. Overall, presented results demonstrate the
potential of FFCMy-12 for efficient modeling of the methane flames under highly turbulent mixing conditions
characterized by a wide range of Ka. As importantly, the one-dimensional turbulence (ODT) model, developed
in the companion paper (Part I), is shown to reproduce adequately the mean values of the local thermochemical
states observed in the DNS, and as such, the ODT model is a viable DNS surrogate for testing the accuracy
and applicability of a reduced model.

Reduced model
Direct numerical simulation

Novelty and significance

We present a 12-species reduced methane oxidation reaction model for the modeling of highly turbulent
reacting flows. The reduced model is validated using DNS of premixed turbulent methane-air flames over
a wide range of turbulent intensities, from relatively modest corresponding to Karlovitz number Ka = 10 to
ultra-high intensities at Ka = 10*. This represents virtually the entire range of turbulent intensities that could be
encountered in any realistic situations. The performance of the 12-species reduced model is evaluated against
a 21-species skeletal methane oxidation reaction model. The results show excellent agreement between the two
models for DNS at Ka = 10— 10°. The one-dimensional turbulence (ODT) model is also examined over the same
conditions and is shown to be an effective DNS surrogate for evaluating chemical kinetic model reductions.
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Nomenclature

Acronyms

HRR Heat release rate

IDT Ignition delay time

Ka Karlovitz number

LFS Laminar flame speed
PSR Perfectly stirred reactor
Re Reynolds number

Greek Symbols

n Kolmogorov length scale

¢ Equivalence ratio

Tog Large-scale eddy turnover time

Toxt Extinction residence time in a perfectly stirred reactor
Tign Ignition residence time in a perfectly stirred reactor
Tiar Shock-tube ignition delay time

T Residence time

res

Roman Symbols

L Domain length

Ly, Integral length scale

M Mach number

p Pressure

Ds Pressure behind a reflected shock wave

S. Laminar flame speed

Sr Turbulent flame speed

T Temperature

Ts Temperature behind a reflected shock wave

Tini Inlet temperature in a perfectly stirred reactor

t Time

U, Turbulent velocity at the scale of the domain length, L
U, s Root mean square of turbulence velocity fluctuations
X, Y, Z Cartesian coordinates

Ax Computational cell size

Y Normalized mass fraction

Superscripts/subscripts

b Burned state conditions
u Unburned state conditions

[y

. Introduction

High-speed, highly turbulent combustion features strongly coupled
dynamics between fluid motions and chemical reactions. Fluid pro-
cesses, such as flow compression and expansion, turbulent mixing, and
flow-wall interactions can significantly modify the underlying local
composition and thermodynamic state of the reactive mixture, thus
strongly affecting its chemical heat release [1,2]. Such complexity
poses challenges in developing accurate yet efficient chemical kinetic
models to enable direct numerical simulations (DNS). Available mod-
els range from global-reaction-based single- or several-step models to
elementary-reaction-based detailed multi-species multi-reaction mod-
els. For typical highly turbulent combustion simulations, simple global
models generally suffer from unsatisfactory predictability outside their
design conditions, while detailed models have yet to allow reasonable
computation costs. Therefore, skeletal and reduced chemical kinetic
models derived from detailed models emerge as the optimal options
for balancing simulation accuracy and efficiency. Skeletal and reduced
models have been widely used in turbulent combustion simulations
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to study, for example, turbulent flame structures [3-7], the Lewis
number effects [8], differential diffusion effects [9,10], fuel and chem-
istry effects [11-13], flame stretch and thickening [14], transition to
distributed burning regime [15,16], and impact of heat release on fluid
particle dispersion and turbulent diffusivity [17].

The development of skeletal and reduced models typically involves
one or several model reduction methods performed on the parent
detailed models. Available methods can be approximately classified
into two categories: skeletal reduction and time-scale-based reduc-
tion. Skeletal reduction eliminates species and reactions that barely
contribute to the prediction of combustion properties of interest. Iden-
tification of these species and reactions is achieved through sensitivity
analysis [18-20], principal component analysis [21], Jacobian analy-
sis [20], integer programming and optimization [22], flux screening
or detailed reduction [23], directed relation graph (DRG) [24-26],
DRG with error propagation [27], and DRG-aided sensitivity analy-
sis (DRGASA) [28,29]. Time-scale-based reduction effectively removes
fast-evolving species from the model and describes their dynamics
through algebraic relations based on other species. Example methods
include quasi-steady-state and partial equilibrium approximations [30—
40], intrinsic low-dimensional manifolds (ILDM) [41], and compu-
tational singular perturbation (CSP) [42-45]. A model is typically
referred to as skeletal if it was developed only using skeletal reduc-
tion methods, while a reduced model results from both skeletal and
time-scale-based methods.

In this paper, we introduce a 12-species reduced reaction model
named FFCMy-12, which initially targets the reaction chemistry for ap-
plications in methane-oxygen rocket combustors. FFCMy-12 is derived
based on a 119-species development version of the Foundational Fuel
Chemistry Model Version 2.0 [46-48] and a 21-species skeletal model
of the Foundational Fuel Chemistry Model Version 1.0 [49,50]. We will
refer to the two base models as FFCMy-full and FFCM1-21, respectively.

The development of FFCMy-12 utilizes several aforementioned
model reduction methods. Its performance is tested over a wide range
of thermodynamic and transport conditions for both methane-oxygen
and methane-air combustion, and it is compared to the results of other
skeletal and detailed models. A comprehensive set of model validations
is carried out. First, predictions from FFCMy-12 are compared to base
model predictions for legacy combustion properties, including ignition
delay times, laminar flame speeds, and extinction and ignition times in
perfectly stirred reactors (PSR). Second, the capability of the model to
capture chemical equilibrium is demonstrated through simulations of
high-speed expansion flows inside diverging rocket nozzles, comparing
the reduced and base models. Third, turbulent combustion properties,
including turbulent flame speed, heat release rate, and distributions of
species mass fractions are evaluated through DNS of freely propagating
premixed flames at various turbulent intensity levels. In particular, DNS
compare the model performance between FFCMy-12 and FFCM1-21.
Lastly, one-dimensional turbulence (ODT) modeling using FFCMy-12 is
presented to demonstrate and highlight the ODT model as a tool for
assessing the applicability of a reduced reaction model for simulations
of turbulent flames (cf. the companion Part I article [51]). In general,
such flames produce large thermochemical state spaces, which can
extend beyond the legacy combustion properties that are available for
reduced model development.

2. Computational methodology

Computations of ignition delay time (IDT), laminar flame speed
(LFS), and extinction and ignition times in perfectly stirred reactor
(PSR) were performed using the CHEMKIN package [52]. IDT was
calculated using SENKIN [53] assuming constant-volume and adiabatic
reactors. The onset of ignition was defined as the time correspond-
ing to the maximum time derivative of pressure. LFS was calculated
using PREMIX [54] with the multicomponent transport and thermal
diffusion. Extinction and ignition residence times in PSR were obtained
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Fig. 1. Reaction pathway diagram of the high-temperature methane oxidation (modified from Law [56] and Warnatz [57]). Only C; and C, species from FFCM1-21 are shown

(excluding H, oxidation reaction set and H,CC).

Table 1
Thermodynamic conditions considered for FFCMy-12 model reduction
and validation.

p (atm) T (K) ¢ (CH,4-0,)
IDT 10-100 1200-1800 0.5-2.0
LFS 10-100 298 0.5-2.0
PSR 10-100 298 0.25 & 0.5

2 Temperature stands for: the initial temperature behind the reflected
shock wave for IDT (i.e., Ts), the unburned gas temperature for LFS (i.e.,
T,), and the inlet unburned gas temperature for PSR (i.e., T},).

Table 2

List of the DNS parameters.
Ka 10t 102 10° 104
L, [mm] 0.671 0.671 0.671 0.168
L, [mm] 0.671 0.671 0.671 0.168
L. [mm] 10.74 10.74 5.37 1.34
Ax [pm] 2.6 2.6 1.3 0.33
7,4 [ps] 310.66 67.401 14.527 1.245
n,/4x 2.5 0.77 0.5 0.6
n,/Ax 9.92 3.15 2.0 2.42
L,, [mm] 0.158 0.158 0.158 0.040
Re, (L)) 110 512 2,545 1,779
Rey(Lyy) 17 81 401 280
U,,, [m/s] 2.46 11.41 53.21 155.57

by calculating the S-curve [55]. The extinction time was defined as
the reaction time corresponding to the upper turning point of the
S-curve, while the ignition residence time was defined at the lower
turning point. Methane-oxygen (CH4-O,) mixtures were tested, with
the specific compositions and conditions given in Table 1.

Computations of rocket nozzle expansion flows were performed
using an in-house developed numerical model. The model solves the
one-dimensional, steady-state, and multi-component Euler equations
with varying cross-sectional areas and chemical kinetics. Thermody-
namic properties and kinetic rate parameters are evaluated using Can-—
tera [58]. Mixtures of CH,4-O, were tested at relevant rocket combus-
tion conditions. Details of the numerical model, including governing
equations, numerical setup, and a series of model tests are included in
the Supplementary Materials (SM) Section S3.

DNS of the three-dimensional (3D), statistically-planar, freely-
propagating turbulent premixed flames were performed using the
Athena-RFX code [59]. The numerical flow solver in Athena-RFX
[59] uses a directionally unsplit corner transport upwind (CTU) finite
volume scheme with piecewise parabolic interpolation to achieve 3rd-
order spatial and 2nd-order temporal accuracy. Additional details can
be found in the companion paper [51] and in Ref. [59]. In DNS, the
initial unburned mixture is CH,-air with the equivalence ratio of 0.7
at 700 K and 30 atm. Cases with four Karlovitz numbers Ka = 10,
102, 103, and 10* are considered. The computational domain size is L,
(transverse) X L, (transverse) x L, (streamwise), discretized with a
uniform mesh size of Ax. To initialize the calculation, computational
domain with periodic boundary conditions is filled with the unburned
mixture. To create and sustain the turbulence in the domain, a spectral
method [59,60] is used to add isotropic, solenoidal (divergence-free)
large-scale perturbations to the velocity field. The simulation is then
carried out for two large-scale eddy turnover times, 27,,, to reach a
statistically steady state. Here we define z,; = L/U, as the ratio of the
domain width, L, to the corresponding turbulent velocity at the scale of
the domain width, U; . Next, the laminar flame structure, namely tem-
perature, density and velocity (assuming isobaric conditions), as well
as composition for the same CHy-air mixture obtained with CHEMKIN
PREMIX [54] are superimposed onto the established turbulent velocity
field in the DNS domain along the streamwise direction. At the same
time, the streamwise boundary conditions are changed from periodic
to zero-order extrapolation to avoid pressure build-up. The simulation
then continues for another large-scale eddy turnover time to allow
the flame to become fully developed before statistics are collected for
combustion property analysis.

Table 2 summarizes the parameters used in the DNS calculations
at different Ka numbers, including the computational domain size, L,
L, and L,; cell size, Ax; the large-scale eddy turnover time, 7,,; Kol-
mogorov length scale in the unburned, #, and burned mixtures, 7,; the
integral length scale, L,;; integral-scale Reynolds number, Re,(L;;) and
Rey(L;,); and the root mean square of turbulent velocity fluctuations,
U, In addition to DNS, a set of simulations using one-dimensional tur-
bulence (ODT) model are also performed to evaluate the performance
of the reduced model for large-eddy simulations (LES). The setup for
ODT simulations is also described in the companion paper [51], and
we do not elaborate it here.
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Fig. 2. Comparisons of the calculated ignition delay time, r,,, (left panels a, d, g), laminar flame speed, S; (middle panels b, e, h), and the temperature S-curve in a perfectly
stirred reactor (right panels c, f, i) for the CH,-O, mixture at conditions specified in each panel. Solid lines: FFCMy-full model; dotted lines: FFCMy-12 reduced model; dashed

lines: FFCM1-21 skeletal model.
3. FFCMy-12: The reduced methane combustion model

In this section, we describe the model reduction methodology of
FFCMy-12, and we demonstrate its performance compared to FFCM1-
21, the 21-species skeletal model derived from FFCM1 using the classi-
cal DRG/DRGASA method [24,29,40]. Both FFCMy-12 and FFCM1-21
were originally developed for CH4-O, combustion in rocket propulsion
applications. Details of FFCM1-21 can be found in Supplementary Ma-
terials (SM) Section S1. Good accuracy was achieved, with a maximum
relative error of 18% compared to the full FFCM1 model for all test
cases, which included ignition delay times, laminar flame speeds, and
PSR extinction residence times.

FFCMy-12 is derived based on the FFCMy-full [61], an early de-
velopment version of the Foundational Fuel Chemistry Model Version
2.0 [46-48]. Fig. 1 shows the reaction pathway diagram of the high-
temperature methane oxidation (modified from Law [56] and War-
natz [57]) including only the C; and C, species. We first reduce the
detailed FFCMy-full model to a skeletal set, which contains the same
21 species as in FFCM1-21. Table 3 lists these 21 species (same as in
FFCM1-21) with the underlined species being the ones further removed
from FFCMy-12. In particular, starting from this 21-species set, we
first eliminate all the C, species and their respective reactions. Next,
singlet and triplet methylene species, i.e., CHy* and CH,, respectively,
are eliminated due to their relatively low concentrations. Quasi-steady-
state (QSS) assumption is then applied to two species, i.e., HCO and
CH;30 (both highlighted in Fig. 1), as their dissociation processes can
be facile during the high-temperature combustion process. In doing
so, when occurring as reaction products, HCO and CH3O are directly
replaced by their prompt dissociation fragments, namely HCO = CO +
H and CH30 = CH,O + H. For example, an original reaction CH,0 + O
= OH + HCO can be reformulated as CH,O + O = OH + H + CO, which
lumps the fast irreversible HCO dissociation into the product. Under
this assumption, the corresponding reverse association reaction CO +
H = HCO is not as competitive as the dissociative channel, thereby
allowing the corresponding total reactions to be considered as forward

Table 3
Species contained in the FFCM1-21 skeletal model with the underlined
species excluded from FFCMy-12.

Chemistry set Species

H, H,, H, O,, O, OH, H,0, HO,, H,0,

c, CH,, CH,, CH,, CO, CO,, HCO, CH,0, CH,0
C, C,Hg, C,Hs, C,H,, C,H,, H,CC

irreversible. Reactions that were treated with the HCO and CH3;0 QSS
assumption are listed in SM Section S2, Table S1. Lastly, H,O, and its
reactions are pruned from the H,-O, oxidation reaction set.

The reduction methodology discussed above, including direct
species pruning from the skeletal model and QSS treatment, will
inevitably result in a loss of the model accuracy. To tailor the reduced
model towards CH4-O, combustion in rocket propulsion applications,
reaction rate coefficients of FFCMy-12 are optimized using the results
of FFCMy-full as optimization targets, including standard combustion
properties such as the ignition delay time, laminar flame speed, and
perfectly stirred reactor S-curves. Targeted mixture compositions and
thermodynamic conditions are listed in Table 1. Comparison between
the optimized and the original rate coefficients are summarized in SM
Section S2, Table S1. Fig. 2 shows selected comparisons between the
combustion properties of CH,-O, obtained with the FFCMy-12 and
FFCMy-full mechanisms, which demonstrates that the final, optimized,
reduced FFCMy-12 model is capable of retaining the accuracy of its
respective detailed model.

We also examined the performance of FFCMy-12 for the CH,-
air mixtures using the same standard combustion properties. Fig. 3
compares the results obtained with FFCMy-12 and FFCM1-21 for the
CH,-air mixture under the same high-pressure, high-temperature lean
conditions considered in the DNS. Some discrepancies are observed.
In particular, for the highest initial unburned mixture temperature
(Fig. 3a), FFCMy-12 predicts the IDT nearly twice as large as that
predicted by FFCM1-21. An opposite trend is observed at lower reactant
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Fig. 4. Comparisons of the temperature as a function of Mach number for the CH,-O, burned mixture expansion in (a) a conical and (b) a bell-shaped rocket nozzle at the
following unburned conditions: equivalence ratio ¢ = 1.0, temperature 700 K, and pressure 60 atm. Results are shown for several chemical kinetic models described in the text.

The nozzle geometries are shown in the insets and also in Fig. S5.

temperatures. For the laminar flame speeds, FFCMy-12 results match
those of FFCM1-21 for lean mixtures, but they deviate for stoichiomet-
ric and rich mixtures. Lastly, the extinction residence times predicted
by FFCMy-12 are ~ 20% higher than those predicted by FFCM1-21.
Some of these discrepancies will be discussed later in the DNS result
section.

FFCMy-12 is also tested using expansion flow simulations in the
typical rocket nozzle configurations. Accurate predictions of chemi-
cal equilibrium and near-equilibrium chemical kinetics are crucial for
determining the temperature variation during flow expansion due to
significant recombination processes. FFCMy-12 was tested against four
other chemical kinetic models: FFCM1-full model [49], FFCMy-full
model [61], FFCM1-21 skeletal model, and a 3-step global chemistry
model by Westbrook and Dryer [62]. The CH4-O, mixtures at lean, sto-
ichiometric, and rich compositions and unburned conditions of 60 atm
and 700 K are tested in both a conical nozzle and a bell-shaped nozzle.
The calculated temperatures for the stoichiometric mixture are shown
in Fig. 4, with the axial Mach number as x-axis. For the equilibrium
temperature at the nozzle throat (M = 1), the Westbrook-Dryer (WD)
model prediction is 10% higher than the rest of the models, which all
give similar values. As the temperature drops due to expansion, effect of
finite-rate chemical kinetics starts to interplay with the flow time scale,
thereby causing the predicted temperature to deviate slightly from

the temperature computed purely based on chemical equilibrium (see
SM Fig. S7). Nevertheless, compared to other models, the WD model
showed a faster decrease in temperature, as it does not consider radical
species such as H, OH, O, and HO,. Those radicals undergo exothermic
recombination reactions during isentropic expansion, forming stable
combustion products and releasing heat. In contrast, FFCMy-12 (as
well as the skeletal FFCM1-21) takes into account relevant radical
recombination kinetics, thus predicting almost identical temperature
profiles as those of the two detailed models. Overall, the results shown
in Fig. 4 demonstrate the capability of FFCMy-12 to capture the high-
speed nozzle flow dynamics with chemical re-equilibration. Further
details of the rocket nozzle calculations can be found in SM Section
S3, including the description of the numerical formulation, comparisons
between the chemical equilibrium and finite-rate kinetics, as well as the
additional results for lean and rich mixtures, and comparisons to two
additional models GRI-Mech 3.0 [63] and USC Mech II [64].

Finally, FFCMy-12 is tested for the induction and exothermic lengths
in methane-oxygen detonations (see SM Section S4). Overall, the re-
duced model reproduces these characteristic detonation scales in close
agreement with the predictions of the detailed FFCM1 and skeletal
FFCM1-21 models for the equivalence ratios in the range of 0.7-1.3.
Both the FFCMy-12 and FFCM1-21 model files in the Cantera format
are available in the Supplementary Materials.
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premixed flame profile calculated for the instantaneous upstream flow pressure and temperature, namely the normalization values are (b) 7.6 x 10'* erg/g-s (Ka = 10), 7.9 x 10
erg/g-s (Ka = 10%), 8.0x 10" erg/g-s (Ka=10%), and 8.8 x 10'* erg/g-s (Ka = 10*), (c) 2.2 x 107, and (d) 1.7 x 10~2. All distributions are shown as two-dimensional slices through
the middle of the computational domain. Note that the computational domain for the Ka = 10* case is four times smaller than at lower Ka.

4. Results and discussion
4.1. Comparison of FFCMy-12 and FFCM1-21 using DNS

Accuracy of the 12-species reduced FFCMy-12 model was first as-
sessed by comparing it to the skeletal FFCM1-21 in DNS of freely
propagating, premixed CH,-air flames at Ka = 10, 102, 10°, and 10*.
The tested Ka numbers represent a wide range of turbulent combustion
regimes from low-speed, corrugated flamelets (Ka = 10) to broken
reaction zones (Ka = 103 — 10*). We compare the flame structures,

heat release rates, turbulent flame speeds, and species mass fraction
distributions between the two models.

Fig. 5 shows the DNS results for the FFCMy-12 model for all four
Ka number cases, namely the two-dimensional (2D) distributions of
temperature, normalized heat release rate (HRR) per unit volume, and
normalized mass fractions of CH,0, ¥cy,0, and CO, ¥, in the mid-
plane of the computational domain. The effect of varying Ka number
on the turbulent flame structure can be seen in the temperature fields
(Fig. 5a). At low Ka = 10, the turbulent flame is structured as cor-
rugated flamelets. As Ka increases, the turbulent flame expands and
it becomes increasingly more disrupted by turbulent mixing. No clear
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Fig. 6. Joint probability density function (jPDF) of the normalized heat release rate (HRR) vs. temperature obtained from DNS with FFCM1-21 (first row, panels a-d), DNS with
FFCMy-12 (second row, panels e-h), ODT with FFCM1-21 (third row, panels i-1), and ODT with FFCMy-12 (bottom row, panels m-p). The jPDF is computed at Ka = 10 (first
column, panels a, e, i, m), Ka = 10? (second column, panels b, f, j, n), Ka = 10® (third column, panels c, g, k, 0), and Ka = 10* (fourth column, panels d, h, 1, p), respectively.
Solid lines: mean of the jPDF; dashed lines: results obtained from the laminar premixed flame computation.

flame front can be identified in the highest intensity cases Ka = 10> and
10*. Similar trends are observed for HRR (Fig. 5b), YCHZO (Fig. 5¢), and
Yo (Fig. 5d) for Ka from 10 to 10°.

Case Ka = 10* shows several differences relative to the lower inten-
sity cases. While the flame width becomes even broader, as indicated
by the temperature field (Fig. 5a), chemical reactivity is diminished as
the peak values of HRR (Fig. 5b), YCHZO (Fig. 5¢), and Y (Fig. 5d) are
much lower compared to those in the Ka = 10° case. Possible reasons
for this are addressed in the companion paper [51]. Importantly, the
12-species FFCMy-12 mechanism reproduces quite closely the local
flame structure predicted using FFCM1-21, as can be seen by comparing
the current Fig. 5 with Fig. 2 of the companion paper [51].

Fig. 6 shows the joint probability density function (jPDF) and the
mean values for the distributions of heat release rates as a function of
temperature. Four sets of simulations are shown, and the results are
organized into four rows: from top to bottom are DNS with FFCM1-21,
DNS with FFCMy-12, ODT with FFCM1-21, and ODT with FFCMy-12.
1D laminar flame results are also included as a reference. For all four
sets of simulations, jPDF exhibit a considerable degree of scatter. For
DNS, both models suggest that at Ka = 10 and 107, the mean HRR
largely agrees with the laminar flame result, while it becomes slightly

smaller than the laminar flame HRR at Ka = 10> and substantially
smaller at 10*. This suggests that the most intensive burning occurs
between Ka = 10? and 103 for this particular CHy-air turbulent flame.
For higher Ka, turbulent mixing suppresses heat release, as the tur-
bulent mixing time scale becomes shorter than the chemical reaction
time scale leading to weakened chemical reactivity and frequent local
extinctions. This is illustrated in Figs. 6d and 6h, which show that the
mean peak HRR at Ka = 10* decrease to ~ 10-20% of the corresponding
laminar premixed flame value. The scatter in the jPDF also shows that
HRR can reach values, which are orders of magnitude lower than in the
laminar premixed flame, indicating local flame extinctions. ODT results
will be discussed later.

The effect of the Ka number on the flame can also be seen in
the evolution of the turbulent flame speed, S;. Fig. 7 shows the DNS
and ODT results for both models. We will focus on the DNS results
here and discuss the ODT results later. In DNS, .S; is calculated based
on the fuel consumption rate [59] and it is normalized by the time-
dependent laminar flame speed, S; (r). The S, () is computed based on
the instantaneous mean pressure and temperature of the reactants to
account for fuel heating induced by the turbulent energy dissipation,
which can be significant at high Ka number conditions. Overall, DNS
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Fig. 7. Turbulent flame speed normalized by the instantaneous laminar flame speed, S;/.S;, as a function of time normalized by the large-scale eddy turnover time, 7/7,,, for (a)
Ka = 10, (b) Ka =107, (¢) Ka = 10, and (d) Ka = 10*. Solid lines: DNS using FFCM1-21; long dashed lines: DNS using FFCMy-12; dashed lines: ODT using FFCM1-21; dashed-dotted

lines: ODT using FFCMy-12.

results from both models suggest that the average turbulent flame speed
increases from Ka = 10 to 10> and subsequently drops at Ka = 10*.

Values of the normalized S;/S; obtained in DNS for the two
reaction models are in close agreement for Ka = 10, 10%, and 10°
with a maximum difference < 20%, which is similar to the difference
in the laminar flame speed discussed earlier (cf. Fig. 3b). In contrast,
for the Ka = 10* case, the difference in the average Sy/S; obtained
in DNS reaches ~ 30% with FFCM1-21 producing higher turbulent
flame speed. This could be due to the discrepancy between the two
models in predicting standard combustion properties (cf. Fig. 3). More
importantly, as discussed earlier, at Ka = 10%, the turbulent flame
burning weakens as the turbulent mixing time scale becomes shorter
than the chemical reaction time scale. Local flame extinction and re-
ignition could occur more frequently than at lower Ka. We will see that
this local extinction and re-ignition phenomena can be an important
factor affecting the turbulent flame speed at high Ka numbers.

Fig. 8 shows the PSR temperature S-curves calculated using FFCMy-
12 and FFCM1-21 for the DNS of the CH,-air flames at ¢ = 0.7, p = 30
atm, and six inlet temperatures, T;,;, ranging from 1600 K to 2100 K.
Selected inlet temperature values correspond to the range of turbulent
flame conditions with significant heat release (cf. Fig. 6d and 6h). It
can be seen that the S-curves gradually transform from a folded shape
towards a stretched shape as the temperature rises from 1600 K to 2100
K. Note that for the folded .S-curves, residence times corresponding to
the turning points of the upper and lower branches are defined as the
extinction residence time, 7,,,, and ignition residence time, 7,,,, respec-
tively [56]. Shorter z,,, and 7;,, both indicate a combustion system with
a higher chemical reactivity. More specifically, a combustion system
with a shorter z,,, is more resistant to mixing-induced extinction, while
a reaction system with a shorter z;,, is more susceptible to autoignition.
For the stretched S-curves (Fig. 8e and 8f), no turning points are
present, which indicates even higher reactivity without extinction.

Comparison of the temperature .S-curves calculated using the two
models in Fig. 8 demonstrates key factors that lead to the difference
in S;/S; at Ka = 10* observed earlier. In the folded S-curves in
Fig. 8a-8c, FFCM1-21 predicts shorter 7,,, and 7,,,, indicating that
incoming mixture is more reactive for FFCM1-21 than for FFCMy-12.
We note that the shorter z,,, predicted by FFCM1-21 is also observed
in Fig. 3c. One exception is the ignition residence time at 7;,; = 1600 K
(Fig. 8a), however HRR is relatively low at this temperature (cf. Fig. 6d
and 6h). In contrast, Fig. 8d shows that FFCM1-21 gives a stretched
S-curve while FFCMy-12 still exhibits a folded S-curve. As a result,
turbulent flames under similar conditions calculated with FFCMy-12
are expected to experience local extinction and re-ignition, while the
same flame calculated with FFCM1-21 would behave differently due to
higher reactivity. As T;,, rises to 2000 and 2100 K, S-curves obtained
using both models become stretched, indicating burning mixtures with
high chemical reactivity without extinction in this PSR configuration.
This observation is corroborated by the DNS results, which give the
temperature of the peak HRR around 2100 K (Fig. 6d and 6h). While
the S-curve result provides a reasonable explanation to the discrepancy
in S;/S; at Ka = 10% it also suggests that future model reduction
procedures should consider more realistic PSR validation tests, which
include tests of T;,, in the region of significant heat release as well as
tests of not only extinction, ,,,, but also ignition residence times, 7;,,.

The cause of the discrepancies in the prediction of 7,,, and 7,
can be further understood using the sensitivity analysis. Fig. 9 shows
ranked sensitivity spectra of z,,, and 7;,, for the PSR calculation of a
lean (¢ = 0.7) CHy-air mixture at pressure 30 atm and 1800 K inlet
temperature. Overall, the sensitivity spectra for the two models are
different in two aspects. First, for both z,,, and 7,,,, the most sensitive
reactions do not overlap between the two models. Second, for FFCMy-
12 (Fig. 9a), the reaction ranking for 7, is different from the ranking
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7,4, in the DNS at Ka = 10%.

for 7;,,, and this is particularly true for the top 7 reactions. At the same
time, for FFCM1-21, the rankings for z,,, and 7,,, are very similar.
The differences are closely related to the mechanism reduction
methodology of FFCMy-12. The sensitivity ranking difference between
FFCMy-12 and FFCM1-21 primarily stems from the species that were
removed as well as QSS species. In the FFCMy-12 sensitivity spectra in
Fig. 9a, four irreversible reactions are highlighted, in which CH;0 and
HCO are treated with the QSS assumption to immediately decompose
into CH,0 + H and H + CO, respectively. Detailed reaction pathways
for CH30 and HCO are removed from FFCMy-12. In contrast, HCO
reactions are important for FFCM1-21 as highlighted by the blue boxes
in Fig. 9b. An earlier bifurcation analysis of dimethyl ether-air study
suggested that HCO reactions such as HCO + M = H + CO + M and
HCO + O, = CO + HO, dictate the extinction behavior of the reacting
mixture in PSRs [65]. In the current study, the same two HCO reactions
are found to be impactful for both extinction and ignition along with
the third reaction HCO + OH = H,O + CO. This requires further
investigation of the impact of HCO removal from FFCMy-12 in the
future work. In addition, reactions involving CH, and C, species, which
are highlighted with the orange boxes in Fig. 9b, are also prominent in

inl*

the FFCM1-21 spectra, while these two species and relevant reactions
are excluded from FFCMy-12. The second observation related to the
fact that in FFCMy-12 the ranking order of reactions for z,,, is different
from that for 7, also results from the removal of HCO chemistry
leading to the elevated sensitivity to the HO, chemistry in FFCMy-12.
In particular, reactions H + O, (+M) = HO, (+M) and HO, + OH =
H,0 + O, are the second and third most important reactions for z,,,,
while they are less likely to contribute as much to 7;,.

In addition to the normalized turbulent flame speed and heat release
rate data, we also compared species concentration jPDF in DNS and
ODT. These species include CH,, O,, CO,, H,0, H, O, OH, HO,, and
CH,O. For the jPDF obtained from DNS, agreement between FFCM1-21
and FFCMy-12 is found for all species except HO, and CH,O. We show
in Figs. 10, 11, and 12 the jPDF of OH (an example where agreement
is observed between the two models) as well as HO, and CH,O (the
two species exhibiting discrepancies between FFCM1-21 and FFCMy-
12), respectively. The jPDF of the other six species are included in the
Supplementary Materials Section S5.

Fig. 10 shows that jPDF of the OH radical obtained from the DNS
using both FFCM1-21 and FFCMy-12 (top two rows) are very similar for
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all four Ka values considered. At the same time, however, distributions
of HO, in DNS using FFCM1-21 and FFCMy-12 differ considerably
(Fig. 11, top two rows), which can be seen both in the laminar profiles
as well as turbulent scatters of the jPDF (and their means). Again, the
difference results from the coupled effects of species elimination, QSS
treatment, and rate constant adjustments. In particular, the peculiar
rise of HO, concentrations at around 1000-1500 K seen in Figs. 11e—
h (the second row) is primarily due to the elimination of H,O, from
FFCMy-12. Since HO, is relatively stable in this temperature range, its
concentration will accumulate in the absence of a major destruction
sink, H,O,.

Similarly, differences are seen in the jPDF of CH,O obtained in
DNS using FFCM1-21 and FFCMy-12 (Fig. 12, top two rows). In par-
ticular, at high Ka numbers 10° and 10*, the two FFCM models again
produce two distinctive characteristics of CH,O concentrations. The
jPDF generated by FFCMy-12 DNS deviate further from their respective
laminar flame profiles than the FFCM1-21 jPDF. The qualitative cause
of such difference is again multi-fold. For example, the QSS treatment
of CH30 boosts the production rate of CH,O. On the contrary, the QSS
treatment of HCO increases the destruction rate of CH,O, since the
original reaction of CH,O + R = RH + HCO would become irreversible
CH,O0 + R = RH + H + CO, which would impede the production of
CH,O through the reverse reaction (see Table S1 in SM Section S2).

In summary, FFCMy-12 performs as well as FFCM1-21 for most
conditions in high-Ka turbulent combustion DNS. Some discrepancies
start to occur at extreme conditions, where intense turbulent mixing
impedes chemical reactions and heat release. Under such conditions,
FFCMy-12 tends to predict lower reactivity due to the overestimates
of local extinction and re-ignition as compared to FFCM1-21. The PSR
and sensitivity analyses suggest that future reduced model development
should pay particular attention to PSR conditions, where extinction
and re-ignition merge (the transition between folded and stretched .S-
curves). Therefore, since extinction residence time in PSR is already

10

a common validation target, it is equally important to consider the
ignition residence time.

4.2. Comparison of the ODT model and DNS

Reaction model reduction typically uses legacy, laminar combustion
properties as targets. Turbulent flames can generate a significantly
broader thermochemical state space because of local mixing (including
exhaust gas recirculation), extinction, and re-ignition. For this reason,
a reaction model reduced and tested against a prescribed set of legacy
combustion properties may not reproduce accurately the kinetic behav-
ior in turbulent flames. To this end, one-dimensional turbulence (ODT)
modeling could potentially offer a tool to validate reduced models
and understand their limitations, provided that the Ka number is not
excessively high.

In the companion paper Part I [51], we compared the ODT modeling
results with DNS using only the FFCM1-21 skeletal model. Here in
Part II, we consider FFCMy-12 and show that the ODT model can
reproduce the turbulent flame speeds (Fig. 7) and the mean normalized
heat release rates (Fig. 6) observed in DNS for Ka < 10?, even though
the ODT jPDF tend to be broader than the DNS results at the lowest
and highest Ka values considered. At a more detailed level, the ODT
model largely reproduces the mean of the jPDF distributions of the
mass fractions of the major species CH, (Fig. S11), O, (Fig. S12),
CO, (Fig. S13), and H,O (Fig. S14), along with minor radical species
OH (Fig. 10), H (Fig. S15), and O (Fig. S16), although the ODT jPDF
for these radical species are also broader than those in DNS. Similar
observations can be made for other minor species HO, and CH,O in
Figs. 11 and 12, respectively. At Ka = 10*, discrepancies are found
between the ODT and DNS in terms of the mean and scatter of the jPDF
distributions of the radical species, namely OH (Fig. 10), HO, (Fig. 11),
CH,O (Fig. 12), H (Fig. S15), and O (Fig. S16). The divergence of
ODT from DNS at high Karlovitz numbers is consistent with the trends
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Fig. 10. Joint probability density function (jPDF) of the normalized OH mass fraction, Yoy, vs. temperature obtained from DNS with FFCM1-21 (first row, panels a-d), DNS with
FFCMy-12 (second row, panels e-h), ODT with FFCM1-21 (third row, panels i-1), and ODT with FFCMy-12 (bottom row, panels m-p). The jPDF is computed at Ka = 10 (first
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of the jPDF; dashed lines: results obtained from the laminar premixed flame computation.

identified in the companion paper Part I [51], and the readers are
referred to the detailed discussion there [51]. Briefly, with increasing
Ka, multi-dimensional effects become stronger thus possibly accounting
for the difference seen between the ODT and DNS. Nevertheless, the
results shown here and the companion paper Part I [51] indicate that
the ODT model is a promising tool for a rather inexpensive validation
of the reduced reaction models, considering validation targets such
as turbulent flame speed, distribution of heat release rate and species
concentration, and additional targets such as the time-averaged flame
structure. We envision that in the future streamlined reaction model
reduction schemes, the ODT model can serve such a purpose satisfac-
torily. For example, future work should address whether using ODT
in addition to the standard model reduction methods will lead to an
improvement in the reduced reaction model.

5. Conclusions

In the present study, FFCMy-12, a 12-species reduced reaction
model for CH; combustion was developed for turbulent combustion
modeling over a wide range of regimes from moderate to very high
Karlovitz numbers. A previously developed skeletal model, FFCM1-21,
was used as a benchmark to evaluate the performance of FFCMy-12.

11

FFCMy-12 was first tested in zero- and one-dimensional combustion
systems based on the calculated ignition delay times, laminar flame
speeds, perfectly stirred reactor extinction and ignition residence times,
and burned product temperature evolution in a rocket nozzle flow ex-
pansion. Most of the test cases show agreement between FFCMy-12 and
FFCM1-21, though some discrepancies are observed, which are due to
further reduction performed to generate FFCMy-12. Furthermore, both
models were then tested in the three-dimensional DNS computations
of turbulent flames at medium to high Karlovitz numbers. FFCMy-12
was capable of predicting turbulent flame speed, heat release rate,
and major species concentrations at Ka = 10 — 10?, while deviations
from FFCM1-21 were observed at Ka = 10*. The discrepancies stem
from the removal and modification of species and associated reaction
parameters, which are sensitive to the local extinction and re-ignition
processes.

Finally, we conclude that (1) the one-dimensional turbulent (ODT)
model presented in the companion paper (Part I) can serve as a prac-
tical surrogate for DNS and an efficient tool for testing and validating
chemical reaction model reduction; (2) future reaction model reduction
workflow should consider both local flame extinction and re-ignition
under relevant conditions.
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Fig. 12. Joint probability density function (jPDF) of the normalized CH,0O mass fraction, Yey o, vs. temperature obtained from DNS with FFCM1-21 (first row, panels a-d), DNS
with FFCMy-12 (second row, panels e-h), ODT with FFCM1-21 (third row, panels i-1), and ODT with FFCMy-12 (bottom row, panels m—p). The jPDF is computed at Ka = 10 (first
column, panels a, e, i, m), Ka = 10> (second column, panels b, f, j, n), Ka = 10* (third column, panels c, g, k, 0), and Ka = 10* (fourth column, panels d, h, 1, p). Solid lines: mean
of the jPDF; dashed lines: results obtained from the laminar premixed flame computation.
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