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Abstract

The complexity of the combustion process makes the computational time using 
a detailed mechanism unacceptable, therefore, it is necessary to simplify the 
mechanism. The reaction-diffusion manifolds (REDIM) method is a reduction 
model that takes the coupling of molecular diffusion and chemical reactions 
into account to reduce computing times, and can be utilized in different types 
of combustion simulations. In this work, the REDIM method is implemented into 
a new OpenFOAM-based CFD solver. The use of both generalized and physical 
coordinates to represent the manifold is analyzed for freely propagating laminar 
flames. The REDIM-based solver is then used to calculate 2D laminar counterflow 
flames. Different detailed mechanisms, progress variables and inlet velocities are 
applied to calculate the 2D counterflow flames and to evaluate the performance of 
REDIM at steady and extinction conditions. It is shown that the results computed 
by the REDIM method have good agreement with the results obtained by detailed 
simulations. Furthermore, the REDIM method offers a significant reduction in 
computational cost in the newly developed solver.
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1. Introduction

Accurate numerical simulations of combustion 
have generated continuous interest over the past 
few decades. However, the time scales of chemical 
processes typically span several orders of magni-
tude, with chemical reactions in combustion pro-
cesses usually covering a range from 10−10 to 100 s 
[1]. Consequently, the implementation of detailed 
chemical kinetics in simulations of practical com-
bustion devices (e.g. engines, gas turbines, and in-
dustrial furnaces) is related a large stiffness of the 
governing equation system and very high computa-
tional costs. Given the limitations imposed by cur-
rent computing power, the development of efficient 
techniques for reduced kinetics holds significant im-
portance.

Based on the fact that the chemical time scale 
and length scale of most flames are very small, there 
are two popular routes in numerical combustion to 
reduce the number of governing equations: chem-
ical reduction techniques and flamelet models [2]. 
Chemical reduction techniques assume that the 
fast time scales of chemical reactions are typically 
responsible for the equilibration processes, which 
include quasi-steady state assumption (QSSA) [3], 
partial-equilibrium approximation (PEA) [4], intrinsic 
low-dimensional manifolds (ILDM) [5], computation-
al singular perturbation (CSP) [6], etc. To improve 
the performance of ILDM and CSP in the low-tem-
perature domain, different methods have been pro-
posed, e.g. flame prolongation of ILDM (FPI) [7] and 
extended ILDM [8]. With these methods, significant 
improvement in the performance of ILDM and CSP in 
the low-temperature region can be achieved, with a 
notable reduction in computational cost.
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In contrast to other reduction approaches, 
flamelet generated manifold (FGM) [9] and reac-
tion-diffusion manifolds (REDIM) apply the concept 
of invariant manifolds taking into account the cou-
pling of molecular transport and chemical reaction 
processes [10]. The REDIM serves as an approach 
to reduce complex kinetics to low dimensional man-
ifolds, which can be applied to various combustion 
scenarios. The REDIM method offers two significant 
advantages: It requires little knowledge of the com-
bustion regime when generating the REDIM, and en-
compasses both steady and transient processes (e.g. 
ignition and extinction). In prior research [11‒17], 
the REDIM method was used to calculate different 
flame configurations, including premixed flames, 
steady and transient counterflow flames, and turbu-
lent flames. These results obtained with the REDIM 
demonstrated very good concordance with detailed 
simulations and experimental measurements.

In the OpenFOAM framework [18] with the RED-
IM method, Luo et al. [19, 20] calculated examples of 
wall-flame interactions implemented in generalized 
coordinates, and Shrotriya et al. [21, 22] simulated 
partially-premixed flames using physical coordinates. 
The main focus of this paper is to build a REDIM-based 
CFD solver using generalized/physical coordinates in 
OpenFOAM and validate its performance in combus-
tion applications [23]. In order to achieve the purpose, 
this work needs to address the following questions:
•	 What are suitable benchmark cases?
•	 What impact does REDIM‒using either general-

ized and physical coordinates‒have on the accu-
racy of the solution?

•	 How does REDIM perform with different mesh 
sizes, progress variables, reaction mechanisms 
and flow velocities?

•	 Can the REDIM predict extinction states not ex-
plicitly given during manifold generation?
Freely propagating flames and counterflow flames 

are widely used in numerical combustion to investi-
gate the precision and accuracy of models [1, 24]. In 
this work, we use these two types of flames to verify 
the performance of the REDIM model. To generate val-
idation data, the OpenFOAM-based EBIdnsFoam solv-
er was used [25, 26], which computes reaction rates 
with the detailed finite-rate chemistry model and uses 
detailed diffusion models for each species as well.

The paper is organized as follows. Section 2 in-
troduces the mathematical basics of the system de-
scribing combustion with detailed chemical mecha-
nisms, as used in the EBIdnsFoam solver. The main 
focus of section 3 presents the mathematical back-
ground of the REDIM reduced chemistry, an example 
of constructing a REDIM table for a diffusion meth-
ane/air flame, and the implementation procedure 
of the REDIM method in physical and generalized 
coordinates. The REDIM method in generalized and 
physical coordinates is investigated by simulating 
an adiabatic 1D premixed methane/air free flame 
in section 4. The application of the REDIM method 
to 2D counterflow flames is discussed in section 5. 
Results with three different mesh resolutions are 
calculated to study the mesh dependence with fi-
nite rate chemistry and the corresponding REDIM 
reduced method. Two different linear combinations 
of parametrization are selected to examine the inde-
pendence of the REDIM reduced model with respect 
to the progress variable. The profiles of temperature 
and mass fractions computed by the REDIM reduced 
chemistry in the flame structures are compared to 
the detailed solutions with different mechanisms, 
which verify the performance o REDIM with differ-
ent detailed mechanisms. The peak temperature, 
mass fractions and state space during extinction are 
used to validate the behaviour of REDIM at steady 
and transient extinction conditions. Finally, conclu-
sion are drawn in section 6.

2. Detailed governing equations

The combustion process based on detailed chem-
ical mechanisms is described mathematically by the 
following governing equations (assuming a Newto-
nian fluid) [24] 

•	Continuity equation:
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where Yk is the mass fraction of species k, Uc rep-
resents the correction velocity [24], ω k is the reac-
tion rate of species k, and jk denotes the diffusive 

(1)

where ρ denotes the density, t is the time and U is 
the velocity vector.

•	Species mass fraction equation:

(2)

mass flux density of species k, with ns the number of 
species in the reacting system.
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where R is the universal gas constant, Μ  denotes 
the mean molar weight and T is the temperature.

In order to simulate the combustion process 
based on detailed mechanisms, we notice that the 
system of equations consisting of Eqs. (1)‒(5) and 
(ns‒1) species equations is solved. The remaining 

species mass fraction is calculated                Yk by 

to ensure mass conservation. By employing the 
Hirschfelder and Curtiss approximation, the Max-
well-Stefan equations can be simplified, resulting 
in a closed expression for the species diffusion flux 
density jk [27]

where hs is the sensible enthalpy,                             denotes the 

specific kinetic energy, q the heat flux vector, ω T is 
the heat release rate and the term qrad is the radiative 
heat flux. The temperature is calculated from the sen-
sible enthalpy via the heat capacity using Newton’s 
method.

•	Equation of state:
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where the symbol UU ⊗  denotes the outer (dyadic) product of two velocity vectors, µ is the dynamic viscosi-
ty, I denotes the identity matrix, p∇  is the gradient of the pressure.

•	Energy equation:
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•	Momentum equation:

(3)

(4)

(5)

2

2
1 UK =

(6)

where Dk is the diffusion coefficient of species k into 
the rest of the mixture. If the assumption of unity 
Lewis number (Lek = 1) is used, the diffusion coeffi-
cient Dk can be written as

(7)

where ʎ denotes the thermal conductivity and Cp is 
the heat capacity at constant pressure.

An optically thin radiation model with three ra-
diating species (H2O, CO, CO2) is taken into account 
[28, 29]. Based on the optically thin assumption, the 
radiative heat loss term is defined as [30]

(8)

where σ is the Stefan-Boltzmann constant, Tb denotes 
the environment temperature, pi represents the par-
tial pressure of species i in atmospheres and api is the 
Planck mean absorption coefficient of species i.

The above set of governing equations is imple-
mented into the DNS solver EBIdnsFoam [25, 26], 
which couples OpenFOAM [18] and Cantera [31]. 
The OpenFOAM part in the solver is used to solve 
the governing equations (i.e. total mass, momen-
tum, energy and species conservation equations) 
and supplies the results of pressure, temperature 
and species mass fractions to Cantera. The Cantera 
part is used to compute detailed transport proper-
ties (molecular viscosity, thermal conductivity, spe-
cies diffusion coefficients) and reaction rates. The 
EBIdnsFoam solver is applied to an axisymmetric 
laminar coflow diffusion flame, which will be pre-
sented in the supplementary material.

3. Reaction-Diffusion Manifolds (REDIM)

3.1. The REDIM method

The REDIM model (details see Ref. [10]) can be 
described by the detailed evolution equation of a 
typical reacting flow with the (n = ns+2)-dimensional 
state vector 

                                  
which is written as 

(9)

where h is the specific enthalpy, the ratio ϕk = 
          

de-
notes the specific mole number with mass fraction 
Yk and corresponding species molar masses Mk, D 
represents the (n × n)-dimensional diffusion matrix 
given via [1]. F(Ψ) is the n-dimensional vector (Fp, Fh, 
ṙ1, ṙns) that accounts for the chemical source terms, 
                   Fp = 0 for an isobaric system, and in the 

cases considering thermal radiation, Fh ≠ 0, Eq. (8) 
is used to calculate the radiative source term, which 
can be used in combustion systems where thermal 
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where χ(θ) = grad(θ) is the gradient estimate of the 
manifold. With given initial conditions, boundary 
conditions and the gradient estimates, the REDIM 
is constructed in terms of Eq. (13). The generation 
procedure of REDIM has been implemented in the 
INSFLA and HOMREA codes [35], the details of which 
are found in [10, 13, 14].

Once the invariant manifold is generated, the 
n-dimensional state vector Ψ can be accessed as a 
function of ms-dimensional parametrization vector 
θ, i.e. a back-transformation, which can be used to 
recover the species and temperature profiles [36]. 
In order to realize the transformation, Eq. (13) can 
be written in the following formulation by using the 
chain rule and multiplying both sides with the pseu-
do-inverse Ψθ

+  
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Finally, we can summarize the application pro-
cedure of the REDIM method in the following steps 
[10]:
•	 specify the initial condition, choose the suitable 

parametrization vector θ, and define the bound-
ary condition for Eq. (13);

•	 supply the gradient estimate χ(θ) as a function of 
the parameter θ for the evaluation equation;

•	 integrate Eq. (13) in time t → ∞ until a stationary 
solution Ψ(θ) is obtained;

•	 store the data of θ, Ψ(θ), Ψθ, Ψ+, DΨθ and Ψ+
θF , so 

that it can be used in Eq. (14).
As shown in [37], the evolution equation is in-

variant with respect to the reduced coordinate θ. In 
other words, the generation of the REDIM reduced 
chemistry is independent of the choice of θ. In or-
der to verify this, results computed by the REDIM 
method with two different progress variables are 
compared in section 5.4. In the previous work, 
the specific mole number ϕN2 is usually selected as 
the first progress variable due to its monotonicity, 
which can be used to describe the mixing process. 
The choice of the second progress variable is arbi-
trary, as long as it can guarantee a one-to-one map-
ping (no folding part) of REDIM. Figure 1 shows the 
complete flow chart for the implementation proce-
dure of the REDIM method. The terms Ψ(θ), Ψθ, Ψ+

θ, 
DΨθ and Ψθ

+F are computed as functions of the local 
coordinates θ in a modified and extended version of 
HOMREA [35].

radiation is not negligible [32]. Φ(Ψ) is the vector 
valued function of the rates of change of the vari-
ables Ψ. As has been shown by correlation analysis 
of DNS data [33], the chemical states are in the vicin-
ity of low-dimensional manifolds. The REDIM meth-
od identifies these ms-dimensional manifolds [10] as 

(10)

where Ψ(θ) is an explicit function parameterized 
by the variable θ (an ms-dimensional vector of local 
coordinates) and M is the invariant ms-dimensional 
system manifold, which can be used to describe the 
system solution of state space by ms parameters in-
stead of using n parameters (ms  n).

According to the core concept of manifold di-
mension reduction, the problem of model reduction 
is transformed into the task of identifying and de-
scribing manifolds with the required properties [12]. 
For the PDE formed by Eq. (9), its invariant manifold 
must satisfy the condition

(11)

where Ψθ is the matrix of partial derivatives of Ψ 
with respect to θ, I is the (n × n)-dimensional iden-
tity matrix and Ψθ

+ is an (ms × n)-dimensional pseu-
do-inverse matrix of Ψθ (see [13] for possible defini-
tions), which fulfills the condition

Note that for simplicity we assume equal diffu-
sivities, that is, D = d · I. However, the REDIM meth-
od has already been validated to correctly deal with 
effects of detailed molecular transport in syngas/
air combustion systems where non-equal diffusivity 
plays an important role [34]. The convection term 
vanishes after projecting onto its normal compo-
nent with the projection operator +ΨΨ− θθI  due to 

I=ΨΨ+
θθ . Thus, the evolution equation for the in-

variant manifold can be written in a simplified form

(12)

(13)

(14)

Fig. 1. Flow chart for the implementation procedure of 
REDIM [12, 13].
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According to the above description of the imple-
mentation of REDIM, thee are only (3 + ms) equa-
tions solved in the REDIM approach, namely Eq. (1), 
Eq. (3), Eq. (5), and ms θ-equations (16). If ms = 2, 
that is, θ = (θ1, θ2)T , then there are 2 θ-equations 
solved in the REDIMFoam solver. 

3.2. Construction of REDIM for a counterflow 
methane/air flame

This section will provide a detailed description on 
how to create REDIM tables. To illustrate the pro-
cess, we will use a typical example of a 1D laminar 
counterflow methane/air flame. A stream of meth-
ane mixed with air is injected from the left bound-
ary while a stream of air is injected from the right 
boundary. The boundary conditions used to calcu-
late the counterflow flame are listed in Table 1.

Table 1. Boundary conditions for the 1D counterflow 
flame

T p
Composition in 
volume percent

Left boundary 293 K 1 bar 25% CH4 + 75% air
Right boundary 293 K 1 bar 21% O2 + 79% N2

In order to generate the REDIM tables, firstly 
we need to compute detailed solutions of different 
flame scenarios following the suggestions in Ref. 
[11]. These flame scenarios are a set of 1D coun-
terflow flames with different strain rates in this ex-
ample, which include reactive solutions and simple 
diffusion solutions. Schießl et al. [38] compared the 
REDIMs generated by the one- or multi-dimensional 
gradient estimates from DNS data and proved that 
gradient estimates have minor influence for the 
REDIMs in counterflow flames. Therefore, the RED-
IM obtained from the gradient estimate computed 
by 1D counterflow flames can accurately describe 
simulations with multi-dimensional transport. As 
mentioned above, the REDIM table is obtained by 
solving Eq. (13). To solve the equation, one must 
specify the initial condition, the boundary conditions 
and the gradient estimate.

The initial condition has been taken from sta-
tionary solutions of 1D counterflow flames. These 
stationary solutions are calculated by the in-house 
program INSFLA [35]. The strain rate α is an import-
ant quantity used to characterize 1D counterflow 
flames, which is defined and computed in Ref. [39]

where J denotes the tangential pressure gradient, 
and ρub is the density of the unburnt fuel mixture.

Figure 2a shows the boundary conditions and the 
initial conditions taken from a collection of coun-
terflow flames with different strain rates computed 
with the GRI3.0 mechanism. The upper boundary is 
a stationary solution with low strain rate of 80 s−1. 
The pure mixing line is defined by the unburnt mix-
tures, that is, inert counterflow diffusion solution, 
which defines the lower boundary of the application 
range of REDIM. All possible flame scenarios in this 
work, consisting of both stable and unstable (extinc-
tion) flame regime, are between the upper and low-
er boundaries [14]. The boundaries of the manifold 
are specified as Dirichlet boundary conditions from 
the detailed flame calculation. Stationary solutions 
with different strain rates (α = 100, 120, 140, 160, 
180, 200, 300 s−1) are selected in this work. Any oth-
er states between two flamelets (represented by 3 
black lines in Fig. 2 as an example) can be computed 
by a simple linear interpolation (red mesh), which is 
shown in Fig. 2b. Figure 2a is the projection of Fig. 
2b on the specific mole number N2 and CO2 plane 
(the red mesh is not shown). The selection of initial 
solutions is arbitrary in theory, however, a reason-
able initial guess can accelerate the convergence of 
Eq. (13). In order to highlight this point, we used a 
different initial guess to generate the REDIMs, that 
is, one REDIM (red mesh in Fig. 4) is generated by 
the flamelets (α = 80, 100, 120, 140, 160, 180, 200, 
300 s−1 and mixing line), and the second REDIM (blue 
mesh in Fig. 4) is generated by only two flamelets 
(α = 80 s−1 and mixing line). Comparing the two 
REDIM manifolds, one can see that there are only 
slight differences between the final manifolds, how-
ever the convergence time in the REDIM with two 
flamelets is approximately 3 times that of the REDIM 
with the better initial guess. The REDIM method can 
also describe the extinction process very well, with-
out providing any flamets in the extinction regime 
(for details see section 5.6.2).

Figure 3 shows that the gradient estimates for 
grad (N2) and grad (CO2) by (ϕN2, ϕCO2) used for the 2D 
REDIM are calculated by the 1D counterflow flamelets 
obtained with the GRI3.0 mechanism. Figure 4 shows 
examples of composition space of the 2D REDIM re-
duced chemistry in (ϕN2, ϕCO2) projection (the GRI3.0 
mechanism is used in the example).

 
,
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Fig. 2. Initial condition computed by the GRI3.0 mechanism for the construction of REDIM, flamelets at strain rate 
α = 80 s−1, 140 s−1, 200 s−1, 300 s−1 and mixing line (a), linear interpolation between flamelets (b).

Fig. 3. Gradient estimate computed from 1D counterflow flamelets with the GRI3.0 mechanism for the construction 
of REDIM, grad (N2) by (ϕN2, ϕCO2) (a), grad (CO2) by (ϕN2, ϕCO2) (b).

3.3. REDIMFoam based on generalized coordinates

The system of governing equations used in the 
newly developed OpenFOAM-based REDIMFoam 
solver can be written as
•	 Continuity equation, same as Eq. (1)
•	 Reduced model equations for ms-dimensional 

parametrization vector θ derived by combining 
Eq. (14) with the continuity equation:

Fig. 4. Composition space of the 2D REDIM reduced chemistry in (ϕN2, ϕCO2) projection, OH (a) and H2O (b).

 � � � � � � � �� �.�������
��� ����������������

�
� �� FDU
t

•	 Momentum equation, same as Eq. (3)
•	 Equation of state, same as Eq. (5)

The numerical solution of REDIM generates an 
ms-dimensional manifold on a mesh in the different 
coordinate directions and the evolution Eq. (13) is 
solved on the nodes of the mesh cell by cell [40]. The 
ms-dimensional manifold is described by the grid in-
dices (see Fig. 5), which are called generalized co-
ordinates θ [36]. The generalized coordinates guar-
antee uniqueness and correspond to the reaction 
progress on the simplified manifold [36]. Further-
more, the generalized coordinates can also improve 

(a) (b)

(a) (b)

(a) (b)

(16)
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the efficiency of interpolation during the implemen-
tation of REDIM, since the structure of the grid is lo-
cally orthogonal and equidistant everywhere.

As discussed before, the REDIM table has been 
generated in a pre-processing stage, and the terms 
Ψ(θ), Ψθ, Ψθ

+, DΨθ and Ψθ
+F are computed at each 

mesh point and stored in the table beforehand. The 
next stage is the implementation of the system of 
governing equations in OpenFOAM. The REDIMFoam 
solver is based on version v2006 of OpenFOAM [41]. 
We can summarize the full implementation scheme 
of the REDIM method in OpenFOAM into the follow-
ing steps:
•	 obtain the terms Ψθ

+, DΨθ and Ψθ
+F by a simple 

linear interpolation method in the REDIM table 
depending on the generalized coordinates;

•	 calculate the ms-dimensional vector ∇ θ;
•	 compute the n-dimensional transport term 

     ∇  · (DΨθ · ∇ θ) and the term for the reduced coor-            
   dinate of the ms-dimensional reduced manifold 
     Ψ+ · ∇  · (DΨθ · ∇ θ);
•	 supply the results of Ψθ

+ · ∇  · (DΨθ · ∇ θ) and Ψθ
+F 

to Eq. (16) and solve the equation.
Finally, after solving Eq. (16) in each time step, 

a back-transformation of the solution θ(xi, t) to Ψ  
(θ(xi, t)) is assigned by performing the linear inter- 
polation in the REDIM lookup table [10, 36]. Note 
that the primary solution θ(xi, t) is spatial profiles of 
the generalized coordinates. The thermo-chemical 
quantities (e.g. temperature, species mass fractions) 
can be retrieved by the back-transformation.

3.4. REDIMFoam based on physical coordinates

In the above section, we introduced the imple-
mentation of REDIM in generalized coordinates. It 
should be pointed out that the main disadvantage of 
using generalized coordinates to simulate combus-
tion with REDIM is the lack of simple and transpar-
ent physical meaning. This means that it is difficult 

Fig. 5. Grid indices of a 2D REDIM table based on generalized coordinates, 2D projection of manifold in the generalized 
coordinates θ (a), 3D projection of OH profile (b).

to interpret the obtained results. Therefore, some 
researchers [42, 17, 43] prefer to perform calcula-
tions in physical coordinates ξ which can be realized 
by a constant parametrization matrix C. The parame-
trization matrix defines a linear combination of vari-
ables in state space, ξ = C · Ψ [44]. For example, if 
the state vector consists of the following variables 
Ψ = (h, p, ϕN2, ϕCO2, ϕCO, …, ϕH)T, and the parametriza-
tion matrix is given by

with the parameters ξ1 = ϕN2 and ξ2 = ϕCO2 + 0.5ϕCO. This 
simplifies post-processing of results and monitoring 
of the integration process. However, it can be chal-
lenging to find an appropriate monotonic parametri-
zation that ensures a one-to-one mapping. This task 
is time-consuming, as it often involves searching for 
a suitable linear combination of the specific mole 
number of particular species [45].

A reduced model equation based on physical co-
ordinates is established by analogy with the reduced 
equation in generalized coordinates (Eq. (14)) by 
using the chain rule and multiplying both sides with 
one matrix Ψξ

+ [44]

The reduced model equation for ms-dimensional 
parametrization vector ξ is derived by combining Eq. 
(18) with the continuity equation

The matrix Ψξ
+ can be expressed in terms of gen-

eralized coordinates, which can be computed by 
(details see Ref. [44])

,
5.0

,
0
0

...

...
5.0

0
1
0

0
1

0
0

0
0

2

2









+

=











=

COCO

NC
φφ

φ
ξ

 � � � � � � � �� �.�������
��� ����������������

�
� �� FDU
t

� �� � � �.1 �
�

���
��� ���������������

�
� �� DUF
t

.
�� ���� ��� C

(a) (b)

(18)

(20)

(19)

(17)



Implementation and Validation of a REDIM-Based CFD Solver for Combustion Applications32

Eurasian Chemico-Technological Journal 28 (2026) 25‒43

where the CPU time denotes the computing time 
based on the same time step and mesh size with 
the detailed chemical kinetics and the REDIM re-
duced chemistry on a single CPU core. As intro-
duced before, the REDIM reduced chemistry only 
solves (3+ms) equations (ms  ns), which not only 
can significantly reduce the computational cost, but 
can efficiently decrease the stiffness of governing 
equations. Moreover, the thermo-chemical quanti-
ties are retrieved by the linear interpolation from a 
REDIM look-up table, which can avoid to solve highly 
non-linear chemical source terms.

4. Validation with 1D freely propagating flames

To verify the performance of the new REDIM-
Foam solver and to compare the results comput-
ed by the REDIM method in generalized and phys-
ical coordinates, an adiabatic 1D methane/air free 
flame is calculated in this section. The equivalence 
ratio (Φ) of the fuel mixture is Φ = 1. A unity Lewis 
number is assumed. The boundary conditions used 
in the free flame are listed in Table 2, in which zero 
gradient denotes the Neumann boundary condition 
[46], and the others are Dirichlet boundary condi-
tions [46]. A 1-dimensional REDIM (i.e. ms = 1, ϕCO2 
is selected here) is generated and provided to the 
REDIMFoam solver.

The term ΨθΨθ
+ is a projector onto the tangent 

space of the manifold in generalized coordinates. 
This means that the matrix Ψξ

+ can project the vec-
tor field onto the tangential subspace. The matrix Ψξ 
can be defined as

Therefore, the REDIM table based on generalized 
coordinates can be further post-processed, (for ex-
ample, the terms DΨξ = DΨθ(CΨθ)−1, Ψξ

+F = CΨθΨθ
+F), 

to get the REDIM table based on physical coordi-
nates. Figure 6 shows the grid indices of a 2D RED-
IM table projected onto the (ξ1, ξ2) space, in which 
ξ1 = ϕN2 and ξ2 = ϕCO2 + 0.5ϕCO. The implementation 
scheme for the REDIM in physical coordinates is the 
same as the procedure in generalized coordinates. It 
simply entails replacing Eq. (16) with Eq. (19) in the 
reduced model equation that needs to be solved, as 
explained in the above section.

3.5. Evaluation of computational cost

The primary reason for utilizing low-dimensional 
manifolds in numerical combustion is to decrease 
computational costs. Consequently, it is necessary to 
compare the computational costs of the detailed sim-
ulations to the REDIM-based ones. To facilitate this 
comparison, the relative CPU time between detailed 
simulation and REDIM has been defined as [14],

 

� � .1����
���

��

��� �
C

Fig. 6. Grid indices of a 2D REDIM table based on the physical coordinates, 2D projection of the manifold in the 
physical coordinates ξ (a), 3D projection of OH profile (b).

Table 2. Boundary conditions of the 1D free flame

T p U Species mass fractions
Left boundary 300 K zero gradient 0.5 m/s Φ = 1
Right boundary zero gradient 1 bar zero gradient zero gradient

(a) (b)

(21)

CPU time with REDIM  = CPU time with REDIM 
CPU time with detailed mechanism 

 (22)

,
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The computational results obtained with the 
detailed mechanism (SanDiego-2014 mechanism 
[47] used in EBIdnsFoam and INSFLA) and the cor-
responding REDIM reduced chemistry (used in RED-
IMFoam) are compared. In Fig. 7, some major and 
minor species are plotted over the spatial coordi-
nate. A good agreement can be observed between 
the results obtained from EBIdnsFoam and INSFLA 
code with the same mechanism. It can also be seen 
that an accurate description of these species profiles 
can be obtained with the REDIM method comparing 
with the detailed solutions (EBIdnsFoam and INSFLA 
code), even for minor species. The computed results 
with 1D REDIM in the generalized coordinate are 
slightly different from these results in the physical 
coordinate. Moreover, Strassacker et al. calculated a 
head-on quenching flame with the 2D REDIM in gen-
eralized and physical coordinates, and found nearly 
no discrepancy between the results with generalized 
and physical coordinates [44].

The CPU time of the detailed simulation with the 
EBIdnsFoam solver is 4.49 s, however, the CPU time 
of REDIMFoam in generalized and physical coordi-
nates are 0.51 s and 0.55 s, respectively. The relative 
CPU time of REDIM in generalized and physical co-
ordinates is approximately 11% and 12% of the de-
tailed mechanism, showing a significant reduction in 
simulation time.

The calculated results based on the generalized 
coordinate have excellent agreement with the cor-
responding results computed by using the physical 
coordinate, and the CPU time is almost the same. 
The generalized coordinate can improve the effi-

Fig. 7. Comparison of results for major (a) and minor (b) species computed with the SanDiego-2014 mechanism and 
the corresponding REDIM reduced chemistry in generalized and physical coordinates, solid line: EBIdnsFoam with 
SanDiego-2014, dashed line: REDIM in generalized coordinate, dashed dotted line: REDIM in physical coordinate, 
dotted line: INSFLA with SanDiego-2014.

ciency and the robustness of interpolation calcu-
lation during the implementation of REDIM, since 
the structure of the grid is locally orthogonal and 
equidistant everywhere [36]. Therefore, we will use 
the REDIMFoam solver based on generalized coor-
dinates for the following simulations in this paper.

5. Validation using 2D counterflow flames

5.1. Problem definition

In order to verify the REDIM-based solver, results 
computed by the finite rate chemistry and REDIM 
methods are compared in this section. The flame 
studied is a two-dimensional axisymmetric laminar 
counterflow flame. A stream of methane mixed with 
air (25% CH4 + 75% air in volume percent, Φ = 3.17) is 
injected from the left boundary while a stream of air 
(21% O2 + 79% N2 in volume percent) is injected from 
the right boundary. The mixture composition is the 
same as the composition used in the Sandia flame 
[48], and the simulation of 1D counterflow diffusion 
flames based on the fuel mixture has been investi-
gated in the steady and unsteady regimes [14]. In this 
paper, we mainly study the properties of 2D coun-
terflow diffusion flames with detailed and reduced 
mechanisms. Gravity and radiation are neglected 
in the calculations. A brief schematic of the burner 
configuration is presented in Fig. 8, which is similar 
to the burner geometry in Refs. [49, 50]. The geom-
etry has been simplified to make it easier to simulate 
in this work, namely not considering the nozzle rim 
thickness and the nozzle protrusion length.

(b)(a)
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Fig. 8. Schematic of the burner configuration and 
axisymmetric computational domain.

5.2. Numerical setup

5.2.1. Computational domain and mesh size

The computational domain is axisymmetric (2-di-
mensional), and diameters of the nozzles (D) for the 
fuel flow and the oxidizer flow are both 2 cm. The 
distance d between the two nozzles is 2 cm as well, 
in addition, the computational height is zm = 4 cm 
(measured from the centerline of the nozzle).

In the present work, three mesh resolutions 
(mesh 1, mesh 2 and mesh 3 listed below) are used 
to compute the 2D axisymmetric laminar flames 
with the detailed mechanism and the corresponding 
REDIM method, respectively, in order to investigate 
the mesh dependence. In the computational domain 
between the two nozzles (2 cm � 2 cm), the mesh is 
equidistantly spaced along both x and y directions 
(see Fig. 8), but out of this domain, the mesh size 
increases proportionally in the y direction.

•	Mesh 1 (coarse):
∆x = 0.1 mm for 0 ≤ x ≤ 2 cm, ∆y = 0.25 mm for 
0 ≤ y ≤ 1 cm, and increasing spacing starting from
∆y = 0.26 mm for 1 < y ≤ 4 cm.

•	Mesh 2 (fine):
∆x = 0.05 mm for 0 ≤ x ≤ 2 cm, ∆y = 0.125 mm for 
0 ≤ y ≤ 1 cm, and increasing spacing starting from 
∆y = 0.13 mm for 1 < y ≤ 4 cm.

•	Mesh 3 (very fine):
∆x = 0.025 mm for 0 ≤ x ≤ 2 cm, ∆y = 0.125 mm for 
0 ≤ y ≤ 1 cm, and increasing spacing starting from 
∆y = 0.13 mm for 1 < y ≤ 4 cm.

5.2.2. Boundary conditions and mechanisms

The boundary conditions considered for the 2D 
counterflow flames are listed in Table 3. The inlet 
velocities are equal in magnitude and opposite in di-
rection for both nozzle streams, which are set to dif-
ferent values (details are discussed in the following 
sections). Air flows from the concentric pipe (coflow) 
with an axial velocity of 0.01 m/s [49]. The outlet is 
treated as an outflow boundary condition.

The detailed mechanisms GRI 3.0 [51] and SanD-
iego-2014 [47] are used in the simulations with the 
EBIdnsFoam solver, which consist of 53 species with 
325 reactions and 48 species with 247 reactions, re-
spectively. The assumption of unity Lewis number is 
used in this case, which has been shown to be a rea-
sonable simplification in these kind of flame configu-
rations [52, 53, 54], although REDIM can handle the 
detailed transport, too [34]. Furthermore, the focus 
of the work is not an analysis of the transport mod-
el, but a comparison between detailed and reduced 
chemistry.

The 2D REDIM reduced chemistry (ms = 2) is ap-
plied to calculate the 2D counterflow flames. The 
boundary conditions and initial conditions used for 
the generation of REDIM are taken from a collection 
of 1D counterflow flames with different strain rates 
(a = 80, 100, 120, 140, 160, 180, 200, 300 s−1 and 
mixing line) computed with the GRI3.0 and SanDi-
ego-2014 mechanisms, in which the flamelet with 
low strain rate of 80 s−1 is the upper boundary and 
the mixing line represents the lower boundary of the 
application range of REDIM. The assumption of unity 
Lewis number is also used in the REDIM method.

5.3. Mesh dependence

The computational results with the detailed mech-
anism (GRI3.0) and the corresponding REDIM meth-
od are presented in this section in order to investi-
gate the influence of different mesh resolutions on 
flame structure. The detailed solutions are comput-
ed by the EBIdnsFoam solver and the reduced results 
are calculated by the REDIMFoam solver based on 
the generalized coordinate. The inlet velocity of the 
counterflow nozzles is set to 1.0 m/s. ϕ = (ϕN2, ϕCO2)T 
is selected as the progress variables in this section. 

Table 3. Boundary conditions of 2D counterflow flame

T p U Species mass fractions
Nozzles 293 K zero gradient fixed 25% CH4 + 75% air
Coflow 293 K zero gradient 0.01 m/s air
Outlet zero gradient 1 bar zero gradient zero gradient
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Figure 9 shows the structures of two dimensional 
axisymmetric laminar diffusion flames computed 
with the GRI3.0 mechanism, in which green rectan-
gles denote the location of nozzles, not belonging 
to the computational domain. Figures 10a and 10b 
display contours of temperature and profiles of se-
lected species mass fractions along the centerline 
of the computational domain on three mesh sizes, 

Fig. 9. Temperature profiles computed by the EBIdns-
Foam with the GRI3.0 mechanism on three mesh sizes, 
left figure: mesh 1; middle figure: mesh 2; right figure: 
mesh 3; the yellow line marks the centerline along the 
computational domain.

Fig. 10. Comparison of results for temperature (a) and minor species (b) computed by the EBIdnsFoam with the 
GRI3.0 mechanism along the centerline of the 2D counterflow flame on three mesh sizes, solid line: mesh 1, dashed 
line: mesh 2, dashed dotted line: mesh 3.

(a) (b)

respectively. As can be observed, the peak tempera-
tures (black line: 2006 K on mesh 1; red line: 2016 K 
on mesh 2; blue line: 2019 K on mesh 3) computed 
on the three meshes have almost the same values, 
and the error is very small. The minor species pro-
files (OH and O mass fractions) computed by mesh 1 
show some differences to the finer meshes (mesh 2 
and mesh 3), while the results between mesh 2 and 
mesh 3 show good agreement in Fig. 10b.

In Fig. 11a, it is shown that the flame thickness 
computed by mesh 1 is a bit larger than the results 
on mesh 2 and mesh 3, while the error is less than 
2%. Although the peak temperatures on mesh 1 
(black line: 1992 K) is slightly lower than the val-
ues (red line: 2015 K; blue line: 2017 K). On mesh 2 
and mesh 3, the error is very small as well. Similar 
conclusions are drawn regarding the minor species 
profiles in Fig. 11b. Therefore, mesh 2 is sufficient 
to capture the flame structure for the detailed and 
reduced chemistry, and will be used in the follow-
ing. On mesh 2 and mesh 3, the error is very small 
as well. Similar conclusions are drawn regarding the 
minor species profiles in Fig. 11b. Therefore, mesh 
2 is sufficient to capture the flame structure for the 
detailed and reduced chemistry, and will be used in 
the following.

Fig. 11. Comparison of results for temperature (a) and minor species (b) computed by REDIMFoam along the centerline 
of the 2D counterflow flame on three mesh sizes, solid line: mesh 1, dashed line: mesh 2, dashed dotted line: mesh 3.

(a) (b)
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5.4. Influence of the choice of progress variable

In this section, two different linear combinations 
of parametrization (ϕ = (ϕN2, ϕCO2)T and (ϕN2, ϕCO2 + 
0.5ϕCO)T) have been chosen to verify the in- variance 
of the REDIM method on the choice of progress vari-
able. The inlet velocity of the nozzles is 1.0 m/s. The 
GRI3.0 mechanism is used in the section. Figure 12 
shows the temperature profiles of the 2D counter-
flow flames, in which the left part of each sub-figure 
in Fig. 12 shows the results obtained by the EBIdns-

Foam using the detailed chemistry (GRI 3.0), while 
the right part shows the results computed by the 
REDIMFoam with (ϕN2, ϕCO2) progress variables.

As can be seen in Fig. 13, the results of the RED-
IM reduced model obtained with different progress 
variables (ϕN2, ϕCO2) and (ϕN2, ϕCO2

 + .5ϕCO), both are 
almost the same as detailed simulation results, in 
terms of temperature or H2O mass fraction, and 
even for the minor species such as OH mass fraction. 
Although the mass fraction of O computed by the 
REDIM method is slightly different to the detailed 
solution of the EBIdnsFoam, the profiles computed 
by the REDIMFoam with the two different progress 
variables are nearly the same. The peak tempera-
ture computed by the detailed simulation is 2016 
K, while the values obtained with the progress vari-
ables (ϕN2, ϕCO2) and (ϕN2, ϕCO2 + 0.5ϕCO) are 2015 K 
and 2016 K respectively in Fig. 13a, which shows 
that the generation of the REDIM reduced chem-
istry is independent on the choice of the progress 
variable, as long as a one-to-one mapping of REDIM 
is guaranteed, as discussed in section 3.1.

5.5. Influence of the choice of reaction mechanism

In this section, we want to study an interesting 
question: Is the difference between REDIMFoam and 
EBIdnsFoam for the same mechanism or is the differ-

Fig. 12. Temperature profiles on mesh 2, left figure: 
EBIdnsFoam; right figure: RED-IMFoam; the yellow line 
marks the centerline along the computational domain.

Fig. 13. Comparison of results for temperature (a) and mass fractions of H2O (b), O (c) and OH (d) along the center-
line of the 2D counterflow flame, solid line: EBIdns-Foam, dashed line (REDIMFoam-P1): (ϕN2, ϕCO2), dashed dotted 
line (REDIMFoam-P2): (ϕN2, ϕCO2 + 0.5ϕCO).

(b)(a)

(c) (d)
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ence between different mechanisms larger? There-
fore, the computational results obtained with the 
detailed mechanisms (GRI 3.0 and SanDiego-2014) 
and the REDIM reduced chemistry are compared in 
the section on mesh 2. Two REDIM tables are gener-
ated by two detailed mechanisms, the GRI 3.0 mech-
anism and the SanDiego-2014 mechanism. The inlet 
velocity of the two streams is 1.0 m/s. ϕ = (ϕN2, ϕCO2) 
is selected as the progress variable in this section.

The profiles of temperature and selected species 
mass fractions over N2 mass fraction for two detailed 
mechanisms (GRI3.0 and SanDiego-2014) as well as 
their corresponding REDIMs (dashed line) are shown 
in Fig. 14. The temperature and mass fraction of CO2 
over N2 mass fraction is quantitatively similar for the 
two mechanisms. The peak temperature (2015 K in 
Fig. 14a) obtained from the REDIM reduced mech-
anism is close to the peak temperature (2016 K) 
computed by the EBIdnsFoam with the GRI3.0 mech-
anism, moreover, the peak temperature (2031 K) cal-
culated by the SanDiego-2014 mechanism is 2032 K in 
the REDIM reduced chemistry. The errors introduced 
by REDIM are less than 0.1%. The maximum of CO2 
mass fractions shows negligible differences between 
the detailed mechanisms and the REDIM reduced 
model as well. This means that the REDIM method 
can reproduce the structure of the 2D counterflow 
flame accurately. In contrast, the profiles of minor 

species O and OH over N2 mass fraction are different 
for the two mechanisms. It is shown that the differ-
ences between REDIMFoam and EBIdnsFoam for the 
same mechanism are much smaller than the ones be-
tween the different mechanisms. Consequently, the 
computation with REDIM reduced chemistry shows 
excellent agreement with corresponding results 
computed by the different detailed mechanisms.

5.6. Influence of the inlet velocity

5.6.1. Model performance under steady conditions

This section investigates the behavior of REDIM 
for various inlet velocities of the nozzle which are 
commonly used to determine global strain rates αg 
in 2D counterflow flames. The definition of the glob-
al strain rate is as follows [50, 49, 55]

Fig. 14. Comparison of results for temperature (a) and mass fractions of CO2 (b), O (c) and OH (d) over mass fraction 
N2 with detailed (solid line) and reduced (dashed line) mechanisms along the centerline of the 2D counterflow flame.
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where the velocity ratio Ur = UO/UF, UO and UF 
denote the inlet velocities of the air and fuel 
streams, d is the distance between two nozzles in 
Fig. 8, and ρF and ρO are the density of fuel mixture 
and air, respectively. The values of the inlet velocity 
for fuel and air streams at both nozzles are same in 
this work, therefore Ur = 1, UF = U.
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The REDIM is based on the GRI3.0 mechanism. 
ϕ = (ϕN2, ϕCO2) is selected as the progress variable. 
Figure 15a shows the temperature profiles calculat-
ed by the EBIdnsFoam with the GRI3.0 mechanism 
and the REDIMFoam at three different inlet velocities 
(U = 0.5, 1.0 and 1.5 m/s). Comparing the tempera-
ture profiles of the detailed chemistry and the RED-
IM method, it is found that the REDIM can repro-
duce the flame structure very well with the change 
of inlet velocity and strain rate. The peak tempera-
tures of the detailed mechanism decrease with the 
increase of the inlet velocity in Table 4, and the 
peak temperatures computed by the REDIM meth-
od have the same tendency with the change of the 
inlet velocity.

Figure 15b shows the profiles of mass fractions 
for major species (H2O). Analyzing the computation-
al results, we found that the results obtained by the 
REDIM method have a better agreement with those 

obtained by the detailed chemistry. The maxima of 
H2O computed by the REDIM method are approx-
imately equal to the values computed by the de-
tailed mechanism. As for the minor species, OH and 
H2, the results computed by the REDIM method still 
have a good agreement with the results from the 
detailed mechanism in Figs. 15c and 15d.

The maximum of temperature and mass fractions 
of major and minor species along the centerline of 
the 2D counterflow flame computed by the EBIdns-
Foam and the REDIMFoam over strain rates (that is, 
different inlet velocities) from 97 s−1 to 972 s−1 are 
compared in Fig. 16. We can see that the results 
computed by the REDIM method agree well with the 
detailed chemistry in the range of small global strain 
rates (97‒600 s−1). Small differences can be observed 
in the maximum of minor species, e.g. OH at larg-
er global strain rates (> 600 s−1), while the values of 
temperature and H2O mass fraction in the REDIM 

Table 4. Peak temperatures

Inlet velocity Global strain rate EBIdnsFoam REDIMFoam
U = 0.5 m/s ag = 97 s−1 2043 K 2038 K
U = 1.0 m/s ag = 194 s−1 2016 K 2015 K
U = 1.5 m/s ag = 291 s−1 1997 K 1987 K

Fig. 15. Comparison of results for temperature (a) and mass fractions of H2O (b), OH (c) and H2 (d) along the centerline 
of the 2D counterflow flame at three different inlet velocities (U = 0.5, 1.0 and 1.5 m/s), solid line: EBIdnsFoam, 
dashed line: REDIMFoam.

(b)

(d)

(a)

(c)
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Fig. 16. Comparison of results for maxima of temperature (a) and mass fractions of H2O (b), OH (c) and H2 (d) along 
the centerline of the 2D counterflow flame over global strain rates, solid line: EBIdnsFoam, dashed line: REDIMFoam.

Fig. 17. Temperature and OH mass fraction profiles during the extinction process with detailed mechanism in the 2D 
counterflow flame.

(b)

(d)

(a)

(c)

(a) (b)

method show good agreement with results of the 
detailed chemistry for all strain rates. The difference 
of minor species between the detailed and REDIM 
simulations can be improved by using higher dimen-
sional manifolds.

5.6.2. Model performance under extinction 
conditions

In the preceding sections, our focus was solely on 
validating REDIM’s performance under steady state 
conditions. By increasing the global strain rate be-
yond the quenching limit (1457 s−1), we not inves-

tigate whether the REDIM method can provide an 
accurate description of the flame response. This sce-
nario offers an intriguing test case to assess REDIM’s 
performance in dealing with extinction conditions. 
Hence, we employ a time-varying step function to 
elevate the global strain rate from 97 s−1 to above 
the quenching limit of 1550 s−1. Figure 17 shows the 
temperature and OH mass fraction profiles along 
the centerline during the extinction process with 
the GRI3.0 mechanism in the 2D counterflow flame. 
As can be seen in Fig. 17b, the global strain rate ex-
ceeds the flame quenching limit for less than 2 ms, 
which leads to the flame extinguishing.
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Figure 18 illustrates the state space of tempera-
ture and mass fractions of H2O, O2 and OH over 
mass fraction of CO2, as calculated by the EBIdns-
Foam using the GRI3.0 mechanism (black line) and 
the REDIMFoam (red line) at the point of maximum 
CO2 mass fraction during the extinction process. The 
points indicated by red arrows denote the initial 
state and the points indicated by green arrows are 
extinguished states. The black arrows show the di-
rection of the extinction process. The extinction pro-
cess can be divided into two parts, one is governed 
by the increasing strain rate, and the other is the fast 
extinction process after reaching the quenching lim-
it. Regarding the REDIM solutions, it is evident that, 
by definition, their movement is constrained within 
the REDIM slow manifolds. It can be observed that 
the REDIM reduced chemistry can describe the be-
haviour of extinction in the flames very well, even 
though we do not explicitly provide the extinction 
flamelets in the generation of REDIM. The results 
of temperature and mass fractions of H2O and O2 
with the REDIM reduced chemistry almost overlap 
with the detailed solution. This implies that these 
thermokinetic properties exhibit changes in close 
proximity to the manifold during the extinction pro-

cess. Although there is a minor discrepancy for the 
OH mass fraction between detailed and reduced 
solutions during the extinction process in Fig. 18d, 
the REDIM method still clearly shows the evolution 
of the extinction process with acceptable accuracy in 
the 2D counterflow flames.

6. Conclusions

In this paper, the REDIM method has been imple-
mented into a new OpenFOAM-based CFD solver, 
REDIMFoam, and was applied to different premixed 
and diffusion flame configurations. The work focuses 
on evaluating the performance of the REDIM meth-
od in steady and transient flames, both in terms of 
prediction accuracy and computational efficiency. 
The REDIM method considers both the chemical 
reaction effect and the coupling of molecular trans-
port with thermochemical processes in generating 
a low dimensional manifold, that can be applied 
to different combustion scenarios. Therefore, the 
REDIM approach can be used in simulations where 
convection and diffusion have a greater impact on 
the combustion process, specifically in the low-tem-
perature combustion region. The results indicate 

Fig. 18. Comparison of the extinction process in the 2D counterflow flame, black line: EBIdnsFoam, red line: 
REDIMFoam.
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that the REDIM-based solver performs very well for 
both steady and transient processes. Remarkably, 
the REDIM model can effectively capture the flame 
dynamics, including extinction events.

The use of generalized and physical coordinates 
for the REDIM has been investigated by simulating an 
adiabatic 1D premixed methane/air free flame. The 
calculated results based on generalized coordinates 
show excellent agreement with their corresponding 
results in physical coordinates, and the CPU time is 
almost the same. Due to the efficiency and the ro-
bustness of interpolation during the implementation 
of REDIM in generalized coordinate, using general-
ized coordinate is generally recommended.

The REDIM-based chemistry is further used to 
calculate 2D counterflow diffusion flames. The re-
sults of the REDIM model obtained with different 
progress variables are almost the same as the re-
sults from detailed chemistry simulations, which 
confirms that the REDIM method is independent of 
the choice of the progress variables. Results from 
the REDIM method are compared for two different 
detailed mechanisms and show good agreement 
with the detailed solution, even for most of the 
minor species. The differences between the RED-
IM approach and the detailed chemistry are much 
smaller than the ones between the different mecha-
nisms. The REDIM method can reproduce the flame 
structure under different global strain rates. It is 
shown that the 2D REDIM can describe the flame 
structures of steady and quenching regimes in the 
2D counterflow flames very well, while the stan-
dard steady flamelet method needs additional ex-
tinction regimes to do this. Furthermore, the REDIM 
method has the significant advantage of reducing 
the computational cost by one order of magnitude 
compared to the detailed simulations. All the above 
conclusions could also be drawn in the case of tur-
bulent flames [17, 56, 22].
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