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Abstract: In this study, we developed a new reacting flow solver based on OpenFOAM (OF) and Can-
tera, with the capabilities of (i) dealing with detailed species transport and chemistry, (ii) integration
using a well-balanced splitting scheme, and (iii) two advanced computational diagnostic methods.
First of all, a flaw of the original OF chemistry model to deal with pressure-dependent reactions is
fixed. This solver then couples Cantera with OF so that the robust chemistry reader, chemical reaction
rate calculations, ordinary differential equations (ODEs) solver, and species transport properties
handled by Cantera can be accessed by OF. In this way, two transport models (mixture-averaged
and constant Lewis number models) are implemented in the coupled solver. Finally, both the Strang
splitting scheme and a well-balanced splitting scheme are implemented in this solver. The newly
added features are then assessed and validated via a series of auto-ignition tests, a perfectly stirred
reactor, a 1D unstretched laminar premixed flame, a 2D counter-flow laminar diffusion flame, and a
3D turbulent partially premixed flame (Sandia Flame D). It is shown that the well-balanced property
is crucial for splitting schemes to accurately capture the ignition and extinction events. To facilitate
the understanding on combustion modes and complex chemistry in large scale simulations, two com-
putational diagnostic methods (conservative chemical explosive mode analysis, CCEMA, and global
pathway analysis, GPA) are subsequently implemented in the current framework and used to study
Sandia Flame D for the first time. It is shown that these two diagnostic methods can extract the flame
structure, combustion modes, and controlling global reaction pathways from the simulation data.

Keywords: reacting flow solver; well-balanced splitting scheme; chemical explosive mode analysis
(CEMA); global pathway analysis (GPA)

1. Introduction

High-fidelity reacting flow simulations are becoming more and more important nowa-
days with the increasing demand for designing clean and efficient energy conversion and
propulsion technologies. The combustion processes in these technologies involve complex
multi-component mixtures. As a result, robust reacting flow solvers with the capability
to simulate the physical and chemical processes with detailed chemistry and transport
properties for a large number of chemical species are fundamentally needed. In addition, it
is well-known that the combustion processes in practical engines involve turbulence, and
turbulence—chemistry interaction needs to be accurately understood [1]. Within Open-
FOAM (OF) [2] computational fluid dynamics (CFD) platform, the reactingFoam solver
contains multi-species finite-rate chemistry and thermodynamics, together with plenty
of options for turbulence and turbulent combustion models, and is widely used in the
combustion community [3,4].

However, as pointed out by a recent study [5], although the reactingFoam solver could
give reliable results for highly turbulent reacting flows, it fails to predict laminar reacting
flows accurately, especially for laminar flame speeds. The underlying reason is due to the
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simplified transport properties in OF, as pointed out in ref. [5]. In highly turbulent reacting
flows, the multi-component molecular diffusion is dominated by turbulence mixing, and
the effective unity Lewis number assumption used in OF is normally valid for temperature
and the chemical species that dictate the heat release. However, in laminar reacting flows,
molecular diffusion dominates, and the accurate evaluation of multi-component molecu-
lar transport properties (including viscosity, thermal conductivity, and mass diffusivity)
becomes crucial to accurately predict low turbulent or laminar reacting flows. Conven-
tionally in OF, the species viscosity is evaluated by Sutherland’s formula as a function of
temperature. The thermal diffusivity and species mass diffusivities are then calculated via
assumptions of unity Schmidt number and unity Lewis numbers, respectively. Implement-
ing the more sophisticated and accurate multi-component [6] and mixture-averaged [7]
transport models into OF is desirable. Moreover, one of the major concerns of applying
these more accurate transport models into large scale reacting flow simulations is their
high computational cost. As reported in ref. [8], constant but non-unity Lewis numbers for
various species have very low computational cost and shown good consistency with the
predicted results from the mixture-averaged transport model, thus it is a good compromise
for large scale reacting flow simulations.

Although a few previous attempts of coupling more sophisticated transport models
have been successful in [5,9], OF is still suffering from many other issues for reacting flow
simulations. Firstly, although OF provides a chemistry reader to read reaction mechanisms
in CHEMKIN format [10], some pressure-dependent fall-off reaction types (including
Troe’s formula [11] and PLOG), which are widely used in chemical mechanisms, are not
defined and supported in the OF chemistry models. Secondly, the stiff ordinary differential
equation (ODE) solver in OF (i.e., Semi-implicit EULer EXtrapolation, SEULEX [12]) is
reportedly unstable and unable to capture the low temperature combustion characteris-
tics [5]. More specifically, Yang, Zhao, and Ge [5] found that in the Negative Temperature
Coefficient (NTC) region, 14% relative errors are observed compared with the results by
more robust stiff ODE solvers (e.g., the widely used variable-coefficient ODE solver in C,
CVODE [13]). Finally, as reported by several studies [14,15], the most-widely used Strang
splitting scheme [16] could have significant error because it cannot preserve the steady
state exactly (i.e., not well-balanced). Even worse, OF uses a first-order accurate splitting
scheme (which is not well-balanced), which, however, has never been discussed in the
literature. The reactingFoam solver in OF without using well-balanced splitting schemes
could lead to inaccurate flame extinction and re-ignition predictions [17].

Accordingly, the first objective of this paper is to tackle these issues and develop a
robust and accurate reacting flow solver. To do so, the features of Cantera (an open-source
suite of tools for problems involving chemical kinetics, thermodynamics, and transport
processes) [18] reading chemical mechanisms and calculating reaction rates and transport
properties are integrated into OF, enabling it to read mechanisms with more pressure-
dependent fall-off reaction types. To introduce a more accurate ODE solver, the widely
used CVODE is coupled, rendering accurate ODE solution for the chemical source terms
in reacting flow simulations, especially for NTC region. In addition, the widely used
second-order accurate Strang splitting scheme is added to replace the current first-order
accurate solver. To minimize the splitting error when the transport flux terms and chemical
source terms are at the same order of magnitude, a well-balanced splitting scheme [14] is
also implemented in the current numerical framework.

Finally, high-fidelity reacting flow simulations with detailed chemistry generate large
datasets [19]. It is difficult to extract useful information from such large datasets. To tackle
this problem, we implemented two computational diagnostic methods into the current
framework. Firstly, a conservative chemical explosive mode analysis (CCEMA) [20,21] is
used to study the local chemical explosive and dissipative modes. However, CCEMA is
not able to see how fuel/oxidizer is converted to the products (e.g., the global reaction
pathway from fuel to products and all the intermediate steps). In this sense, a global
pathway analysis (GPA) method [22,23] is used to complement CCEMA [19]. In GPA, the
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dominant global reaction pathways can be identified and we can understand the controlling
conversion steps and elementary reactions.

In summary, the objective of this paper is to develop a robust reacting flow solver and
associated analysis tools based on OF and Cantera, with the implementation of detailed
chemistry and transport properties, a well-balanced splitting scheme and two advanced
computational diagnostic tools. This framework could enable us to simulate and study the
physio-chemical processes in combustion, with comprehensive diagnostics to understand
the underlying physics and chemistry. The 0D and 1D ideal reactors, 1D and 2D laminar
flames, and a 3D turbulent partially premixed jet flame are tested within this framework.
The computational diagnostic methods (CCEMA and GPA) are used to analyze the 1D
premixed flame and the 3D turbulent jet flame in this study.

The remaining of this paper is structured as follows. Section 2 introduces the numerical
methodologies implemented and developed in this study. A variety of different flame
configurations are simulated to demonstrate the accuracy and capabilities of the current
framework in Section 3. Specifically, 0D auto-ignition cases are firstly simulated to prove
the credibility of the chemistry reader and models. The 0D perfectly stirred reactor cases
are then simulated to show the importance of well-balanced splitting schemes. In addition,
2D counter-flow diffusion flame simulations are conducted to test the transport models.
Finally, 1D premixed flames and 3D partially turbulent flames are used to demonstrate the
analysis of flames by the two diagnostic methods and their integration. Conclusions are
then drawn in Section 4.

2. Methodology
2.1. Transport Models

The mass fraction transport equation for species k in a mixture with K species is
given by
aka

T‘FV'(kau)—l-V']k:f’k, )

where Y} is mass fraction of the k-th species, p is mixture density and u is velocity. Ji
is molecular diffusion flux, which can be closed by different transport models. 7 is the
chemical source term. The enthalpy equation

dph

_Dbp .

where q is the molecular heat flux, Q is the heat source terms including the chemical and
radiative heat sources. % is the the enthalpy changing rate due to compression and 7 : Vu
is the enthalpy changing rate due to viscous dissipation.

The molecular diffusion flux J is calculated by the diffusion velocity V

Jk = pViYx. 3)

Different transport models give different estimation on the diffusion velocity. In the
multi-component diffusivity formulation, diffusion velocity is computed by

K
Vi = () M;Dy;jVX;)/ XM, 4)
j7*

where M; is the molecular weight of species k and M is the mean molecular weight of
the mixture. Xj is the molar concentration of species k, and Dy ; is the binary diffusion
coefficient of species k with respect to species j. Although this is considered to be the most
accurate model, its complex and expensive calculation make it computationally prohibitive
to be applied in 3D simulations of turbulent combustion with a lot of components [17].
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Following the Fick’s Law, a simpler mixture-averaged model is typically used in combustion
simulations, which calculates diffusion velocity by

Vi = =Dy mix VX / X, 5)

where Dy i, is the mixture-averaged diffusion coefficient of species k and is computed by
the binary coefficients Dy ;:

K
Dimix = (1=Y4)/ Y_(X;/Dyj). (6)
j#k
It is noted there is no guarantee that the sum over mass diffusion of each species

YK | ViY; is zero (in order to conserve mass) with the mixture-averaged diffusion velocity.
Hence, an artificial correction is introduced by

K
Vi=Vi=) VY, )
j=1

Even though this mixture-averaged transport model provides good approximation
on mass diffusivity, it is still computationally expensive for 3D simulations of turbulent
combustion (e.g., LES) [8]. Burali et al. [8] reported that using constant but non-unity Lewis
numbers for LES provides acceptable accuracy, which calculates mass diffusivity based on
species Lewis number and thermal diffusivity:

Dk,mix = “/Lek/ (8)

where « is the thermal diffusivity and Ley is the Lewis number of species k. Since the species
Lewis numbers are computed and provided a priori by counter-flow flame simulations
based on mixture-averaged transport model, this constant but non-unity Lewis number
model is computationally very efficient.

The three transport models mentioned above are implemented into OF, extending its
capability for more accurate, as well as efficient simulations for both canonical flames and
realistic combustors. In the mixture-averaged and multi-component models, the diffusion
velocity is computed based on the molecular diffusivity coefficients obtained from Cantera.

2.2. Chemistry Models and ODE Solvers

In OpenFOAM-6, two chemistry readers (i.e., FOAM chemistry reader and CHEMKIN
reader) are provided for FOAM formatted and CHEMKIN formatted mechanisms, re-
spectively. Simple elementary reactions, pressure independent third-body reactions and
pressure-dependent fall-off reactions (e.g., Troe’s formula) can be read. Considering that
CHEMKIN formatted mechanisms are the most widely used in the combustion community,
one of the major weakness is that the current OF reaction types do not support “PLOG”
pressure-dependent reaction type [24], which is adopted in more and more newly devel-
oped mechanisms (e.g., the AramcoMech [25]) and is supported in CHEMKIN-Pro and
Cantera. The other major weaknesses of the current CHEMKIN reader in OF is its strict
format requirement for the input files. Most of the current CHEMKIN mechanisms to be
used in OF need some format modifications (e.g., lower case letters are not allowed), which
is sometimes very tedious.

In order to address these weaknesses, Cantera is coupled into OF for chemical mecha-
nisms reading, as shown in Figure 1, where the arrows from A to B indicate “A is obtained
from B”. When OF needs to calculate species net production rate, it can either access the
kinetic information obtained by the CT mechanism reader, or directly access the functions
in the CT object (see Figure 1). In other words, two options are provided to deal with
chemistry. The first option is to make the Cantera chemistry reader compatible with the
current chemistry models in OF. To this end, after the Cantera mechanism reading, the
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species, thermodynamic and reaction data are embedded into OF. However, it should be
pointed out that with this option, the PLOG reaction type is still not supported because
OF lacks the necessary functions to handle this reaction type. The second option is to save
the Cantera object (which contains all the thermodynamic and chemistry data) for later
use in the chemistry models (e.g., estimating the reaction rates or specie production rates).
In this way, any mechanism formats compatible in Cantera can also be used in OF. This
option necessitates developing a new chemistry model class in OF (e.g., an addition to
StandardChemistryModel in OF) to take advantage of the objects in Cantera. Thus, in this
study, a Cantera Chemistry Model is developed and integrated into OF. As a result, all the
functions for chemical kinetic calculations in the original standard chemistry model of OF
are now accomplished by the functions from Cantera.

In addition, Yang, Zhao, and Ge [5] reported that the existing SEULEX stiff ODE
solver in OF is not accurate to predict two-stage ignition and shows instability at different
operating conditions. Except for the auto-ignition characteristics, ref. [26] also observed
obvious discrepancy in terms of burning velocity calculations at near stoichiometric and
rich conditions compared with the Cantera computed results. It is hence desirable to
include a more robust stiff ODE solver into OF for chemistry integration. CVODES (i.e.,
CVODE with Sensitivity analysis capabilities) [27] in the SUNDIALS (Suite of Nonlin-
ear and Differential/ Algebraic equation Solvers) [28] library is widely adopted for stiff
chemistry integration in combustion simulations, thus is integrated into OF via Cantera in
this study.

OF Interface Cantera

Species net production rate mmmm)  Kinetic information =) Read mechanisms

. . . Cantera t rt and
Species transport properties mmmmm)  Cantera object > antera fransport an

kinetics functions
Figure 1. Schematic of the integration between OF and Cantera.

2.3. Splitting Schemes

In OF reacting flow solvers, the solution of Equations (1) and (2) are achieved by a
first-order accurate splitting scheme (named as ‘OF-splitting” in this paper). To illustrate the
splitting schemes in this section, the species and energy transport equations are rewritten as

¢

L -T+R

g =T +tR ©)
where ¢ is the state variable vector, containing pY} of all species and ph. T and R represent
the transport term (including convection and diffusion) and chemistry source term, respec-
tively. The OF-splitting scheme integrates R by solving the following ODE system with a
stiff ODE solver and internal sub-cycling:

i$ _
and obtains the first step solution ¢*. OF then solves the equation
dp _ ¢* — ¢o
i T, (11)

where & is the time step size, and ¢, is the initial value. This way of splitting is only
first-order accurate and not well-balanced (i.e., not preserving steady-state solutions) [29].
Other than OF-splitting, the most widely used splitting scheme in reacting flow simulations
is the second-order accurate Strang splitting scheme [16], which symmetrically integrates
Equation (9) by
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ZZ; =T, ¢ (tn) = @,
T =R, ¢ (ta) = ¢ (tn +h/2). (12)
L =T(p™), @ (ty +h/2) = ¢**(tn +h).

P(tut1) = ¢ (tn + ).

It is widely reported that Strang splitting is not capable of accurately predicting
flame extinction and ignition behavior when transport is at a similar time scale of reac-
tion [14,15]. To address this issue, Lu et al. [15] and Wu, Ma, and Ihme [14] proposed
well-balanced splitting schemes for those near-limit flames. The splitting scheme in Wu,
Ma, and Ihme [14] (named as ‘Wu-splitting” scheme hereafter) integrates transport and
chemistry terms sequentially in such a fashion:

cn = =T(¢,)-
Z‘%**: Rig™) =en ¢ (tn) = Py (13)
B =T(@7) fen, @b+ 1/2) = @7 (bt ).

P(tu1) = @™ (tn +1).

As seen, due to the ¢, term introduced, the final integration step in Equation (13) is
naturally well-balanced. This splitting scheme is implemented into the current numerical
solver and used to solve Equations (1) and (2).

2.4. Conservative Chemical Explosive Mode Analysis (CCEMA)

We implemented a computational diagnostic method to identify the chemistry and flow
contributions to combustion—the recently developed conservative CEMA (CCEMA) [21].

The original CEMA [30] was proposed to identify local chemistry state based on the
eigen-analysis of local chemistry source term. The governing equations of a reacting flow

system can be written as

D®
B = @(®)+G, (14)

where ® = [cq, ¢y, ..., T], representing the chemical species concentrations and temperature.
G represents the transport terms. By taking the material derivative of w with respect to
time, the chemical Jacobian can be obtained by

Dw(®) _ D®
D) =g 2 =T (@) + 6], (15)
where | = a‘ggb) is the chemical Jacobian. As such, chemical modes are identified by the

eigenvalues of J. Specifically, except for the conservation modes corresponding to element
conservation and energy conservation, the other eigenvalues represents either explosive or
dissipative modes of the local chemistry. The most positive real part of the eigenvalue A, if
existing, implies that the local chemistry tends to explode eventually. The corresponding
chemical mode associated with A, is named as the chemical explosive mode (CEM). The
contributions from each chemical species to CEM is quantified by the explosive index (EI),
given by

_ a,Xxb,
- Ya,xb,

where a, and b, are the right and left eigenvectors associated with A,, respectively, and
the symbol x indicates element-wise multiplication. CEMA is able to diagnose the flame
and ignition front and detect the controlling chemical kinetics for the flame. Xu et al. [31]
further extended CEMA by projecting the diffusion terms to the CEM:

EI (16)

Dbew(®)]
Dt

= Adbe [@(®) + Gl + (@) TE <A (gt g (A7)
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where the term w(®) %ht“ is ignored due to the fact that it has no effect on the ratio between
¢ and ¢, (thus no effect on the following analysis) [32]. G4 indicates the diffusion of ®.
With this way; it is then seen that the diffusion effect on CEM can be quantified by ¢, while
the chemistry effect on CEM is ¢,. A parameter « is then defined as the ratio between
¢4 and ¢, and is used to detect the combustion regime, where a > 1 indicates diffusion
assisted ignition, |a| < 1 indicates auto-ignition while & < —1 indicates diffusion inhibits
the ignition process. As demonstrated by Wu et al. [21], the original CEMA needs special
treatment to distinguish the energy conservation mode because temperature instead of
internal energy is used in ®. In addition, terms such as pressure work and compressibility
contributions cannot be evaluated. Wu et al. [21] proposed to include momentum (pu;) and
internal energy (pe) in the state variable vector ®. In this way, the contributions of terms in
the momentum and energy equations can be quantified. In detail, the contribution from
compressibility G, and pressure work G, are considered by

= Aebe - [@(®) + Ga+ Gy + Gyl + (@) 2 = Ao (f + a9 + ), (18)

where ¢, = b, - G, and ¢, = b, - Gp. As pointed out by many previous CEMA
studies [30,33,34], it is crucial to obtain a very accurate evaluation of chemical Jacobian ma-
trix for CEMA analysis. The OF chemistry model, when dealing with pressure-dependent
fall-off reactions, has a flaw, leading to inaccurate chemical Jacobian evaluation. Specifically,
to evaluate the reaction rate of a Troe reaction, a Lindemann expression is firstly calculated
based on a parameter Fg;:

T**
T

Feent = (1 —a)exp(— )+ aexp(f%) +exp(— ), (19)

T
TH**
where a, T***, T** and T* are specified reaction coefficients of the reaction (provided by
chemical mechanisms). Note that the final parameter T** are optional, meaning that the
last term in Equation (19) should be zero if T** is not specified in the reaction. However,
OF regards the T**/T as a small number while exponential of a small number is not close
to zero, which incurs large error and leads to inaccurate chemical Jacobian calculation. This
flaw has been fixed in our new solver by directly setting the last term in Equation (19) to
zero if T** is not specified.

2.5. Global Pathway Analysis (GPA)

The Global Pathway Selection (GPS) algorithm was firstly proposed by Gao, Yang,
and Sun [35] as a mechanism reduction tool and then extended to Global Pathway Analysis
(GPA) [22,23,36] to find the dominant reaction pathways, as well as radical and elementary
reactions controlling the phenomena of interest in a complex reacting system and the
underlying connections among different species. In GPA, the most dominant reaction
pathways based on element flux (i.e., global pathway (GP)) in a reacting system is firstly
selected with the GPS algorithm. Then, the radical production and consumption, heat
release and elementary reactions associated with the most dominant GP can be calculated
at all spatial positions to study the chemical kinetic effects.

As the first step in GPA, an element flux graph is constructed, where each node in
the graph represents one chemical species while the strengths of the edges connecting two
nodes indicate the element (e.g., C, H, and O in hydrocarbon combustion processes) flux
from one to another. The flux is calculated by

Acjisj =Y ferisis (20)
r

where 4, ,; is the contribution of the r-th reaction to the element flux of element ¢ from
the i-th species to the j-th species, which is computed by

ae,r,i%j = max(ol Ce,r,iﬁer)/ (21)
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where R, is the net reaction rate of the r-th reaction. Zero value is used if R, is negative to
ensure one direction flux from the i-th species to the j-th species. C, ;i ,; is the element flux
from the i-th species to the j-th species contributed by the r-th reaction, which is given by

e ri

[ v y,j0r,i < 0;
Ce,r,i%j = J Ner / . (22)
0 otherwise,

where n,, ; is the number of the e-th element transferred out from the i-th species in the
r-th reaction, 1, ; is the number of the e-th element transferred into the j-th species in the
r-th reaction, 7., is the number of the e-th element transferred in the r-th reaction, v, ; is
the stoichiometric coefficient of the i-th species in the r-th reaction. The stoichiometric
coefficient is positive for products and negative for reactants. In this way, C,, ;,; is zero
when v, v, ; is positive, because the i-th and j-th species are in the same side in the reaction,
indicating no element flux between them.

After the construction of element flux graph, a hub species is first defined by selecting
the species that has the largest element flux through. The identification of GP after selecting
the hub species is searching for the fastest path (i.e., the path with the largest geometric
mean of the fluxes of links in the path) from the prescribed source species to the hub species
and from the hub species to the sink species. The radical consumption and production
associated with one certain GP Rgp is then given by

RGP = DGP,e Z Qr/ (23)
reGP

where D¢p, is the ratio of the e-th element number in the source species to the total number
of the e-th element in all the initial species in the system. (), is the net radical production
rate of the r-th reaction:

Qr = Wy Zékvr,k/ (24)
k

where w is the reaction rate of the r-th reaction. J; is the 1 when the k-th species is OH, H,
or O radical, and is 0 otherwise.

With the GPA method, we can identify the GPs that controls the carbon flux from fuel
to products, and subsequently extract the significant conversion steps and the involved
elementary reactions.

With all the methods aforementioned, we developed a reacting flow simulation and
diagnostics platform based on OF and Cantera. Detailed transport and chemistry properties,
new chemistry reader, stiff ODE solvers, splitting schemes, computational diagnostics tools
are the special features of the current solver.

3. Results and Analysis

In this section, a variety of ideal reactors and laminar flames, and a turbulent partially
premixed flame are simulated to test and show the capability of the solver. GPA and
CCEMA are then conducted to understand the flame dynamics/modes and controlling
chemical kinetics in the 1D premixed flame and 3D turbulent partially premixed flame.

3.1. Zero-Dimensional Auto-Ignition: Chemistry Readers and Models, ODE Solvers

A 0D auto-ignition case is firstly conducted to validate the new chemistry reader
and chemistry model from Cantera. GRI-Mech 3.0 mechanism [37] was used, and the
SEULEX ODE solver was employed to integrate the chemistry except for the last case
which applies the CVODES solver for comparison. The initial mixture is methane/air with
unity equivalence ratio. The initial temperature is 1000 K and the pressure is constant at
1 bar. In Figure 2c, the original FOAM chemistry reader and FOAM standard chemistry
model computed results are also plotted as references. Taking the CHEMKIN-II [10] results
as the benchmark, as seen in Figure 2, digitally perfect agreements are achieved among
different combinations of chemistry readers, chemistry models, and ODE solvers. The
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0D auto-ignition calculations validate the current newly implemented chemistry reader
(Figure 2b), chemistry model (Figure 2a), and ODE solver (Figure 2d). In all the following
cases, CVODES stiff ODE solver, Cantera chemistry reader and Cantera chemistry model
are used, except specified otherwise. The computational efficiency is found to be almost
the same as Cantera.

2800

> Canteral prem— > Cantera2
—— CHEMKIN q —— CHEMKIN

@ ®)

NN
o b
o o
o O

Temperature [K]

_ OF pr— > CVODE
,2400} —— CHEMKIN —— CHEMKIN

52000 © ? @

1200 B

80

000 002 004 006 008000 002 004 006 008
Time [s] Time [s]

Figure 2. Comparisons of temperature profiles of a 0D auto-ignition case between CHEMKIN-II [10]
and (a) Canteral: Cantera chemistry reader + Cantera chemistry model; (b) Cantera2: Cantera chemistry
reader + OpenFOAM standard chemistry model; (c) OF: FOAM chemistry reader + OpenFOAM standard
chemistry model; (d) CVODE: Cantera chemistry reader + Cantera chemistry model with CVODES.

3.2. Zero-Dimensional Perfectly Stirred Reactor (PSR): Splitting Schemes

To show the importance of well-balanced splitting schemes, a PSR solver based on
OF is first developed. Two hydrogen auto-ignition cases are then simulated, with the
residence time T = 8.6 x 1074 (Figure 3a) and T = 8.62 x 1074 (Figure 3b) with a time
step size h = 7/100. Note that the two residence times are chosen so that they are near
the ignition and extinction limit, respectively. The hydrogen mechanism is from ref. [38],
containing 10 species and 40 reactions (reverse reactions are counted separately). As seen
in Figure 3, when T = 8.6 x 10~% where extinction is supposed to occur, the original OF
splitting scheme and Strang-splitting scheme predict erroneous ignition. The well-balanced
Wu-splitting scheme reproduces the extinction perfectly, compared with the benchmark
case (without any splitting scheme and, hence, considered as the exact solution here). When
T =8.62 x 10~ where residence time is just long enough to allow ignition, the original OF
splitting scheme and Strang-splitting scheme fail to capture the correct ignition delay. Com-
pared with the non-splitting scheme, the Wu-splitting scheme reproduces the temperature
profile and ignition delay in the reactor very well. The PSR tests with different splitting
schemes in this section, thus, show that it is crucial to possess the well-balanced property
for accurate ignition and extinction prediction in combustion simulations.

T 3000¢(a) T=86x107" 3000+ (b) e T = 862 % 107
= N I
[] ! ]
é 2500 | o Non-splitting 2500 ! ©  Non-splitting
® 2000 i == OF-splitting 2000 f =~ OF-splitting
L ! - - - - Strang-splitting 1| ----Strang-splitting
€ 1500} ! Wu-Splitting 1500 i Wu-Splitting
(%} | |
'—
1000 elooooooocooooooooooooooo 1000 e
00 05 10 15 20 0.00 0.01 0.02 0.03 0.04
Time [s] Time [s]

Figure 3. Temperature profiles as a function of time in a perfect stirred reactor (PSR) with residence
times of (a) 8.6 x 104 and (b) 8.62 x 104, calculated with four different schemes. Symbols are the
benchmark results, calculated without any splitting scheme.



Aerospace 2022, 9, 102

10 0of 18

3.3. One-Dimensional Premixed Flame: CCEMA and GPA

To test the capability of the implemented CCEMA and GPA for reacting flow analysis,
a 1D freely propagating premixed flame is tested and analyzed. The 1D premixed flame has
an inlet of stoichiometric Hy /air mixture at 300 K and 1 atm with a velocity of 2.4 m/s. A
9 species and 21 reaction H, chemical mechanism [39] is used to model the H, combustion.
For scalars, the outlet boundary conditions are set to be zero gradient.

The temperature profile colored with the CEM eigenvalues is shown in Figure 4a. As
has been seen, the CEM eigenvalues are able to clearly indicate the preheat zone, primary
reaction zone, and final oxidation/burn-out zone. In addition, the projected diffusion
¢4, compressibility ¢,, and pressure work ¢, terms in CEM are shown in Figure 4b. The
diffusion term shows positive values in the preheat zone and its magnitude is larger than
the chemical source term, indicating that before the reaction zone, diffusion assists the
ignition by transporting fresh mixture from the preheat zone to the reaction zone and heat
from reaction zone to the preheat zone. Compressibility and pressure work in this 1D flame
are inhibiting ignition with negative projected values (¢, and ¢;) in CEM.

2500

(®)

1000

- ¢,
2000 1 1] —
— 5 1 500 @r
' 1500 3 N op
— 1 1 Y250
& 1000 1
5 0
300 -5 1250
sign[Re(Ae)] x logyo[l + Re(.)]
0 -500
0 1 2 3 4 0 500 1000 1500 2000
x [mm] T[K]

Figure 4. (a) Temperature (T) profile in the 1D premixed flame as a function of the distance to the
inlet (x), where temperature is colored by sign[Re(A.)] x log;y[1 + Re(A)]. “sign” indicates the
positive/negative sign. “Re” indicates the real part of a complex number. (b) The projected terms
(¢) in CEM, as a function of temperature in the flame, where ¢, ¢4, ¢r and ¢, are the projections
of reaction source term, diffusion term, compressibility term and pressure work term to the CEM,
respectively.

GPA is then conducted to study the chemical kinetics for this 1D premixed flame.
As shown in Figure 5, different dominant GPs are identified by GPA. It is noted that O
(instead of Hj based on sensitivity analysis) is used as the source species here because it is
well known that hydrogen flame is highly sensitive to O, reactions with radicals [39]. From
Figure 5, it is seen that the primary reaction zone and final oxidation/burn-out zone are
dominated by the GP O, — OH — HO. In this GP, the elementary reaction is H + O, = OH
+ O, which is reported in ref. [39] as one of the most important reactions involved H radical
(based on sensitivity analysis). In the preheat zone, HO; is firstly produced by the reaction
O, + H=HO;. As mentioned in ref. [39], this reaction is crucial for flame speed based on
sensitivity analysis. Based on this analysis, we can see that GPA is able to identify the most
dominant GPs at different flame zones and thus provide elementary reaction information
to understand the key chemical kinetics at different flame zones, without conducting the
computationally expensive sensitivity analysis.
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Figure 5. Temperature (T) profile in the 1D premixed flame as a function of the distance to the inlet
(x). The profile is colored by the most dominant global pathways (GPs).

3.4. Two-Dimensional Counter-Flow Diffusion Flame: Molecular Transport Models

In this section, a 2D counter-flow diffusion flame is simulated to validate the various
transport models implemented in the new reacting flow solver. With the mixture-averaged
model, necessary molecular transport data (e.g., viscosity, thermal conductivity, and species
mass diffusivity) is calculated in Cantera. The 2D counter-flow diffusion flame case is with
pure methane stream and air stream flowing into the domain from two 1 cm X 1 cm inlets
at a fixed velocity of 10 cm/s. The separation distance of two inlets is 2 cm. The grid size
along the flow direction (x direction) is uniformly 0.2 mm. The faces in the y direction are
set as outlets and their boundary conditions for scalars are zero gradient. The height and
width of the domain were set to be 1 cm while the y direction is subdivided into 41 cells.
GRI-Mech 3.0 mechanism [37] was used in this section. The same physical and chemical
conditions, and chemical mechanism are also used in the CHEMKIN-Pro 1D counter-flow
diffusion flame calculation to provide a reference solution due to the mixture averaged
transport model and adaptive mesh used in CHEMKIN-Pro calculations.

In the original OF reacting flow solvers (e.g., reactingFoam), species viscosity coef-
ficients are calculated by the Sutherland transport model, and then the thermal/mass
diffusivity coefficients are evaluated by unity Schmidt/Lewis number assumption. As
seen in Figure 6, the OF reactingFoam solver showed significant discrepancies from the
CHEMKIN-Pro reference solution in terms of temperature (Figure 6a) and velocity profiles
(Figure 6b). In contrast, as seen from Figure 6, good agreement was achieved between the
CHEMKIN-Pro and the current solver using mixture-averaged transport model.

— 3000 (a) CHEMKIN 20 (b)
X 2500f 7 - OF reactingFoam{ @' 4
o —— Current solver IS
S 2000 S
© >
o 1500 S
3 S -10
g 1000 E
F 500 \ -20
-30
00 05 10 15 20 00 05 10 15 20
Distance [cm] Distance [cm]

Figure 6. Comparisons of (a) temperature and (b) axial velocity as functions of distance from the fuel
side, among CHEMKIN-Pro, original OF reactingFoam solver, and the current solver. The results of
CHEMKIN-Pro and current solver are calculated with mixture-averaged transport model.

The constant Lewis number model is also implemented in this solver. As investigated
in Burali et al. [8], the grid point with the maximum temperature is able to capture the
flame features and thus species Lewis numbers at those points could well represent the
ratio between thermal diffusivity and mass diffusivity in the flame. In this study, the
counter-flow diffusion flame case is firstly simulated using the mixture-averaged transport
model, where the species Lewis numbers at the maximum temperature grid points [8] are
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calculated and retrieved as inputs for the constant Lewis number flame calculation. The
mass diffusivity coefficient in this new case is calculated with Equation (8). The predicted
temperature (Figure 7a) and OH mass fraction profile (Figure 7b) with this constant non-
unity Lewis number model is shown in Figure 7 and compared with the mixture-averaged
transport model results. It is seen that the constant Lewis number model reproduces the
temperature profile very well.

x10~3
— 2500 —— Constant Lewis number b
1 @ o w 31 (b) \
= 2000 o Mixture averaged {
o % [
£ 1500 £ % 2 \
o £ % o)
S 1000 & \ |
€ Yi 1 \
[} ﬂ,}‘
. 500 Wrr'iﬁff g Recdccadece 0 / %
00 05 1.0 1.5 20 0.0 0.5 1.0 15 20
Distance [cm] Distance [cm]

Figure 7. (a) Temperature and (b) OH mass fraction profiles as functions of distance to the fuel inlet,
calculated with the mixture-averaged transport model and constant non-unity Lewis number model,
respectively.

3.5. Three-Dimensional Turbulent Partially Premixed Flame: Integrated CCEMA and GPA

In this section, a large eddy simulation (LES) is conducted for a 3D turbulent partially
premixed flame—Sandia Flame D [40]. Sandia Flame D documentation provides detailed
experimental data and the flames are widely used to validate different CFD frameworks [41,42].
The flow conditions in Sandia Flame D is presented in Table 1.

Table 1. Flow conditions in Sandia Flame D.

Fuel Jet Piloted Flame Co-Flow
Composition 25% CHy4/75% air CHy/air equilibrium Air
(by volume) mixture (¢ = 0.77)
Inner diameter 7.2 7.7 18.9
(mm)
Outer diameter 77 18.2 N.A.
(mm)
Bulk velocity 49.6 11.4 0.9
(m/s)
Tem}zer)ature 294 1880 291
K

Sandia Flame D has relatively simple geometry and fluid dynamics but complex
turbulence—chemistry interaction, and, hence, is widely used as a benchmark case for
combustion model/solver validations [1,43]. In this study, Sandia Flame D [40] is simulated
with approximately 2.5 million grid points, where grid points in the jet and pilot regions
are concentrated with the minimum grid size around 0.1 mm. In the axial direction, a cell
size expansion ratio (the end cell size in this direction divided by the starting cell size in
the same direction) of 2 is used. In the radial direction, the fuel jet and pilot regions are
uniformly discretized, while the air co-flow region adopts a cell size expansion ratio of 3.
Similar finest grid size (0.1 mm) is used in many other Sandia Flame D simulations [1,43]
and, hence, is considered fine enough for the current LES study. The computational domain
is 150D (where D is the jet diameter) in the axial direction and 60D in the radial direction.
In LES, a series of filtered equations for mass, momentum, and species equations are solved.
The Smagorinsky model [44] is used to close the subgrid-scale (SGS) turbulent flux terms
in these filtered equations, which is also used in other Sandia Flame D studies [1,43,45]. A
partially stirred reactor (PaSR) model [46] is used to close the unresolved chemical source
term. GRI-Mech 3.0 mechanism [37] is used for the chemical kinetics. A turbulent inlet
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jet velocity boundary condition is used by adding perturbation (3% turbulence intensity)
on the prescribed mean velocity profiles with a decaying turbulence inflow generator [47].
The outlet boundary conditions for all the scalars are zero gradient. The simulation starts
with a cold flow, where the chemistry is frozen and uniform temperature (300 K), and
velocity (49.6 m/s) is initialized in the domain. After two flow through times, the reaction
starts and more than four flow through times are used to reach the statistically stationary
state. Statistical mean values for temperature, mixture fraction and other major species
are then collected over 6 flow through times. The maximum CFL number is set to 0.5 in
the simulation.

The LES results with the newly developed solver are, firstly, compared to the experi-
mental data. As shown in Figure 8, the predicted mixture fraction at four different axial
positions agrees with the experimental data well (the maximum L? norm error for the
four positions is less than 0.02). Temperature comparison is also shown in Figure 9 at
four different axial positions and again, the experimental data are well predicted by the
current simulations (the maximum L? norm error for the four positions is less than 10 K).
At more downstream positions, both the mixture fraction and temperature show more
obvious discrepancy compared with the measured data, which may be attributed to the
accumulated error with the flow at downstream positions.

1-0&) x/d = 15
08f %
06
04
02
0.0
1.0 x/d = 30 10 x/d = 45
.08 0.8
06 06
04 04
0.2 02“£l52;§gz;5\__‘~___
0.0 5 0.0 ° 6 3
0 4 6 8 0 2 4 6 8
r/d r/d

Figure 8. Radial mean mixture fraction distribution in Sandia Flame D at x/d = 7.5, x/d = 15,
x/d = 30 and x/d = 45. Symbols are experimental data, while lines are simulation data.
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Figure 9. Radial mean temperature distribution in Sandia Flame D at x/d = 7.5, x/d = 15, x/d = 30
and x/d = 45. Symbols are experimental data, while lines are simulation data.

r/d

r/d



Aerospace 2022, 9, 102

14 0f 18

More importantly, we analyzed the LES results with the newly implemented CCEMA
and GPA computational diagnostic tools. It is noted that the CCEMA and GPA results
utilize the local chemistry and temperature for combustion modes and reaction pathway
analysis. In LES, the filtered specie concentrations and temperature are used. The validity
of local chemistry analysis for LES was discussed in refs. [20,21] and it showed that local
chemistry analysis using filtered quantities could give reliable analysis for LES. The in-
stantaneous temperature distribution on the Y plane is shown in Figure 10, together with
the most dominant GPs at different regions. As shown, the most dominant GP for the
main fuel jet burning region (axis 0.25-0.3 m) is majorly controlled by GP2 starting with
CH4 + H = CH3 + Hy. Further downstream, where temperature is below 1500 K, GP1 is
the dominant pathway to convert fuel to products, indicating that in the low temperature
region, the produced CHj3 tends to generate CoHs by reactions of H abstraction of CoHg
with CpH(s), O, OH, and CHj3. Rgp associated with GP2 is then calculated to show the
radical production/consumption of this dominant GP, as shown in Figure 11. It is seen
that GP2 is consuming radicals at the pilot-fuel shear layer and the main fuel jet burning
region (axis 0.25-0.3 m). Compared with the eigenvalue plot of CCEMA in Figure 11, it
is clearly seen that these radical consumption regions with GP2 coincide with the very
negative eigenvalue region, implying that the dominant GP is rapidly consuming radicals
and the mixture in this region is in dissipative mode and approaching equilibrium.
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Figure 10. Instantaneous temperature distribution in Sandia Flame D on the x—z plane. Axial and
radial coordinates are in meter. GP1: CHy — CH3 — CH»(S) — CoHs — CoHg — H2O. GP2: CHy
— H, - H — H>O. GP3: CHy —+ CH3; —+ H, -+ H — H>O. GP4: CHy — CoHy — CoHs — CH3 —
CH»(S) - CH — HCCO — CO — COs.
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Figure 11. Instantaneous distributions of sign[Re(A)] x log;[1 + Re(A.)] (refer to Figure 4 for the
meanings of the symbols), Rgp for GP2: CHs — Hy — H — H»O, on the x-z plane in the flame. Axial
and radial coordinates are in meter.

In Figure 12, the EI (as defined in Equation (16)) values of the important species
(H2 and CH3) in GP1 and GP2 are presented to show the contribution of these species to
the CEM. Figure 12 shows that Hy has maximum value of 0.15, indicating that it plays a
significant role in contributing to the CEM. Note that the high H» EI value region coincides
with GP2 dominant regions (see Figure 10). It is thus seen that the integrated analysis
with CCEMA and GPA is able to give us a comprehensive way to understand the contri-
bution of species to the CEM and then the detailed reaction pathway information can be
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obtained by scrutinizing the conversion steps in the corresponding GP. CH3 is also shown
in Figure 12 and it is found that contribution of CHs to CEM is much less than Hy. In
addition, the follow-up reactions of H, which generate H radicals, as indicated in GP2, are

also significantly contributing to the CEM.
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Figure 12. Instantaneous distributions of EI in Sandia Flame D for Hy and CH3 on the x-z plane.
Axial and radial coordinates are in meter.

Finally, to further understand the combustion modes, the projections of reaction term
(¢w) and diffusion term (¢;) to the CEM are plotted in Figure 13. The projections of pressure
work and compressibility terms to the CEM are trivial in this low-Mach flame, hence they
are not shown in the figure. It is firstly seen that ¢, is significant at the pilot-fuel jet
shear layer and the main fuel jet burning region (axis 0.25-0.3 m). As for ¢;, both positive
and negative values are shown, indicating that diffusion could both assist and inhibit
combustion in the flame, depending on locations.
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Figure 13. Instantaneous distributions of ¢, and ¢, in Sandia Flame D on the x—z plane. Axial and
radial coordinates are in meter.

As introduced in Section 2.4, the ratio & between ¢; and ¢, can be interpreted to
distinguish different combustion modes, which is shown in Figure 14. It is seen that Sandia
Flame D is a combination of auto-ignition-assisted and diffusion-assisted combustion in
the shear layer. However, in the high temperature regions, diffusion is found to assist
combustion at some locations but to inhibit the flame at some other locations.
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Figure 14. Combustion modes in the Sandia Flame D. Red color corresponds to diffusion-assisted
combustion, black color corresponds to diffusion-inhibited combustion, green color corresponds to
auto-ignition dominant combustion. Axial and radial coordinates are in meter.

4. Conclusions

The current work extends the capability of OpenFOAM (OF) dealing with chemical
mechanisms with PLOG reaction types, as well as in integrating stiff chemistry with the
widely used CVODES solver. A significant flaw for dealing with the Troe’s formula for
pressure-dependent reactions is fixed in the OF. Then, two transport models (i.e., mixture
averaged transport model and constant non-unity Lewis number model) are developed
in OF by taking advantage of the transport properties calculated from Cantera. A second-
order, accurate, well-balanced splitting scheme is implemented to robustly predict the near-
limit combustion (i.e., near extinction/ignition). Finally, two computational diagnostics
methods, global pathway analysis (GPA), and conservative chemical explosive mode
analysis (CCEMA) are implemented to analyze combustion modes and controlling chemical
kinetics in reacting flows, without conducting the computationally expensive sensitivity
analysis. In addition, the flaws in the original OF for dealing with pressure-dependent
fall-off reactions are fixed such that the chemical Jacobian evaluation can be sufficiently
accurate for CCEMA.

With these newly-added features, a robust and accurate reacting flow solver with com-
putational diagnostic tools is developed. The unsteady perfect stirred reactor (PSR) results
show that the original first-order splitting scheme in OF and the popular second-order
Strang splitting scheme could predict incorrect ignition/extinction behavior when transport
is as significant as chemistry. In contrast, the newly-added well-balanced Wu-splitting
scheme is able to predict the ignition/extinction correctly. In addition, the validation results
in OD auto-ignition, 1D premixed flame, 2D counter-flow diffusion flame, and 3D partially
premixed turbulent flame showed good agreement compared with the CHEMKIN results.
Detailed GPA and CCEMA analysis are then conducted for the 3D turbulent partially
premixed flame (Sandia Flame D) for the first time. It is shown that the major fuel decom-
position in Sandia Flame D is through the H radical with CH4. The combustion modes
analysis indicates that Sandia Flame D is majorly controlled by auto-ignition combustion
but accompanied by diffusion-assisted combustion. In the high temperature regions, dif-
fusion is assisting combustion at some locations but inhibiting combustion at some other
locations.
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