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ABSTRACT
In this study, we use the Algebraic Flame Surface Wrinkling (AFSW) model to conduct numerical simulations of the PSI (Paul Scherrer
Institute) high pressure, turbulent premixed Bunsen flame experiments. The AFSW model was implemented in the open-source computa-
tional fluid dynamics solver OpenFOAM, and the numerical simulations were performed using a two-dimensional axial-symmetric model
with the standard k–ε turbulence model with wall functions. The numerical simulations were performed for two different fuel/air mixtures,
namely, 100%CH4 volumetric ratio and 60% CH4+ 40% H2 volumetric ratio. The thermophysical and transport properties of the mixture
were calculated as a function of temperature using the library Cantera (an open-source suite of tools for problems involving chemical kinetics,
thermodynamics, and transport processes), together with the GRI-Mech 3.0 chemical mechanism. It was found that the outcome of the AFSW
model implemented in OpenFOAM was in good agreement with the experimental results, quantitatively and qualitatively. Further assessment
of the results showed that, as much as the chemistry, the turbulence model and turbulent boundary/initial conditions significantly impact the
flame shape and height.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098715

I. INTRODUCTION

The study of premixed turbulent combustion is an area of active
research as mastering this technology can directly translate into
increased efficiency and reduced NOx and other pollutant emis-
sions. However, modeling premixed combustion phenomena is a
non-trivial task because of the interaction between turbulence and
chemical reactions. To overcome this challenge, many combus-
tion models have been developed and tested, to name a few, the
eddy breakup model,1 turbulent flame speed closure,2 the coher-
ent flamelet model,3 the level set approach for corrugated flamelet
regimes (G-equation models),4,5 and the algebraic flame surface
wrinkling model.6

Hereafter, we perform numerical simulations of the well-
known Paul Scherrer Institute (PSI) high pressure, turbulent pre-
mixed Bunsen CH4/H2/air flame experiments.7,8 The combustion
process is modeled using the Algebraic Flame Surface Wrinkling
(AFSW) model. The AFSW model is an algebraic model orig-
inally derived by Muppala et al.6 through curve fitting of the

Kobayashi experiments on turbulent flame speed measurements for
methane and propane flames.9 The model was further improved
by Dinkelacker et al.,10 where the authors included an effective
Lewis number term to extend its applicability to blended hydrogen
mixtures.

We aim to reproduce the experimental results presented in
Ref. 10 by using the open-source numerical library OpenFOAM,11–13

where the AFSW model has been implemented by modifying the
solver XiFOAM distributed with OpenFOAM. The implementa-
tion of the AFSW model in OpenFOAM’s XiFOAM solver requires
the modification and renaming of two files in the source code
of the numerical library (XiFoam.C → myXiFoam.C and bEqn.H
→ mybEqn.H) where the algebraic model is implemented. It also
requires the creation of two extra files (AFSW.H and myCreate-
Fields.H) where the new variables are declared. In the software
repository,14 the interested reader can find the modified solver
and the input files needed to reproduce the results presented in
this manuscript. The same repository serves as a revision control
system.
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II. THEORETICAL BACKGROUND
A. Premixed combustion model

Under the assumption of simple one-step chemistry with the
unity Lewis number and adiabatic conditions, the species transport
equations can be reduced to a single combustion progress variable
equation, as follows:2,15,16

∂(ρc̃)
∂t
+ ∂(ρũic̃)

∂xi
= ∂

∂xi
[(ρα + μt

Sct
) ∂c̃
∂xi
] + ω̇c. (1)

In Eq. (1), the transported quantity c refers to the normalized
mass fraction of the products,2 which we call the progress variable.
The combustion progress variable describes the thermochemical
state of the mixture at any point in space and time (products
and reactants). A detailed derivation of Eq. (1) can be found in
Refs. 5 and 15–18.

The solution of Eq. (1), together with additional closure mod-
els (turbulence, reaction rate source term, and turbulent flame
speed) and the thermophysical and transported properties of the
unburnt/burnt mixture and flame, gives the propagation of the
premixed flame.

It is worth mentioning that OpenFOAM, instead of solving for
the progress variable c, solves for the regress variable b,19 where

b = 1 − c. (2)

Henceforth, Eq. (1) can be written in terms of the regress
variable b as follows:

∂(ρb̃)
∂t

+
∂(ρũib̃)
∂xi

= ∂

∂xi
[(ρα + μt

Sct
) ∂b̃
∂xi
] − ω̇b. (3)

In Eqs. (1) and (3), the overbar ¯ and the tilde ˜ refer to the
Reynolds and Favre averaging, respectively. The molecular thermal
diffusivity α appearing in Eqs. (1) and (3) is usually much smaller
than the turbulent diffusivity μt/Sct and can simply be neglected in
RANS/URANS simulations.15

In the equation governing the regress variable b [Eq. (3)], b is
bounded between zero and one, where b = 0 represents the products
and b = 1 represents the reactants. Equation (3) is the equation used
in OpenFOAM and, in particular, in the solver XiFoam (the solver
used in this study). OpenFOAM’s XiFoam solver is a transient solver
for compressible premixed and partially premixed combustion with
turbulence modeling.

In Eq. (3), evaluating the mean reaction rate source term ω̇
is the main problem in modeling premixed turbulent combustion.
This term can be modeled using algebraic methods or methods based

on additional transport equations. In this study, we use an algebraic
model, namely, the AFSW model.6,10,20,21 By using this model, the
reaction rate source term for the regress variable can be expressed as
follows:

ω̇b = ρuSt ∣∇b̃∣, (4)

where ∣∇b̃∣ represents the magnitude of the gradient and can be
evaluated as follows:

∣∇b̃∣ ≡
⎡⎢⎢⎢⎢⎣

3

∑
i=1
( ∂b̃
∂xi
)

2⎤⎥⎥⎥⎥⎦

1/2

. (5)

The turbulent flame speed St appearing in Eq. (4) is then
modeled using the AFSW model6,10,20,21 as follows:

St = SL0 + SL0
0.46
Leeff

Ret
0.25( u′

SL0
)

0.3

( P
1 atm

)
0.2

, (6)

where SL0 is the laminar unstrained flame speed (flame without
strain or stretch) and is dependent on the chemistry. It can be calcu-
lated using one-dimensional chemical kinetics solvers with detailed
chemistry. In order to have a closed-form of Eq. (6), the following
closure relationships are used:

1
Leeff

= D
α
= XCH4 DCH4

α
+ XH2 DH2

α
= XCH4

LeCH4

+ XH2

LeH2

, (7)

Ret =
u′lt

ν
, (8)

lt = 0.093/4 k3/2

ε
, (9)

u′ =
√

2
3

k. (10)

The effective Lewis number Leeff appearing in Eq. (7) mod-
els the preferential diffusion effect of the species H2 in the unburnt
mixture on the turbulent flame speed [Eq. (6)].10 In Eq. (7), the mix-
ture molecular thermal diffusivity α is computed using the following
equations:

α = λ
ρCp

, (11)

where α is computed at the temperature at which the maximum heat
is released (Tmhrr in Table I).

TABLE I. Premixed mixture properties. The sub-index u refers to unburnt conditions. The sub-index ad refers to adiabatic conditions. The sub-index mhrr refers to the temperature
at which the maximum heat is released. The sub-indices CH4 and H2 refer to the species. The variable ϕ is the equivalence ratio and is computed using Eq. (23).

XCH4

(−)
XH2

(−)
ϕ
(−)

Tu
(K)

P
(atm)

ρu
(kg/m3)

μu
(m2/s)

DCH4

(m2/s)
DH2

(m2/s)
α

(m2/s)
SL0
(m/s)

Tmhrr
(K)

Tad
(K)

1.0 0.0 0.5 673 5 2.52 3.25 × 10−5 7.93 × 10−5 2.60 × 10−4 7.56 × 10−5 0.232 1606 1777
0.6 0.4 0.5 673 5 2.46 3.25 × 10−5 7.79 × 10−5 2.55 × 10−4 8.05 × 10−5 0.334 1589 1803
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In this study, we assumed the turbulent Lewis number Let to
be equal to one. This implies that the turbulent Schmidt number
Sct and the turbulent Prandtl number Prt are the same. The main
consequence of this assumption is that the eddy mass diffusivity
and eddy thermal diffusivity are the same. In turbulent combus-
tion modeling, this hypothesis is widely used and often necessary
when conducting RANS/URANS simulations.15,17,18 For complete-
ness, recall that the Let , the Sct , and the Prt numbers are defined
as follows:

Let =
Sct

Prt
, Sct =

νt

Dt
, Prt =

νt

αt
. (12)

By combining these expressions, we can derive a relation for the tur-
bulent diffusivity Dt [Eq. (13)], where the turbulent Schmidt number
Sct is assumed to be constant,

Dt =
νt

Sct
. (13)

It is worth noting that the evaluation of Dt is not simple. The
closure given in Eq. (14) is often used together with the k–ε turbu-
lence model, where μt is computed from the transported turbulent
quantities k and ε. However, while it is commonly accepted that
the value of the coefficient Cμ is equal to 0.09, different authors
have reported different values of Sct . In this study, we assumed
Sct = Prt = 0.7,17,22

Dt =
Cμ

Sct

k2

ε
. (14)

Finally, by substituting Eq. (13) into Eq. (3) and by neglecting
the molecular thermal diffusivity α, we obtain the following solvable
equation for the regress variable b:

∂(ρb̃)
∂t

+
∂(ρũib̃)
∂xi

= ∂

∂xi
(ρDt

∂b̃
∂xi
) − ω̇b. (15)

Equation (15), together with the compressible RANS equations,
the k–ε closure turbulence model, and proper boundary condi-
tions and initial conditions, is solved using OpenFOAM’s XiFoam
solver.

B. Energy equation treatment
In OpenFOAM’s XiFoam solver, the energy equation is treated

in terms of the absolute enthalpy ha formulation (the sensible
enthalpy plus the chemical enthalpy) or in terms of the inter-
nal energy ei formulation.23 In this study, we used the absolute
enthalpy formulation in OpenFOAM, that is, Eq. (16). In this equa-
tion, K is the specific kinetic energy and P is the thermodynamic
pressure (absolute pressure). Since ha already contains the chemi-
cal enthalpy, there is no chemical heating source in the following
equation:

∂(ρh̃a)
∂t

+
∂(ρũih̃a)

∂xi
+
∂(ρK̃)
∂t

+
∂(ρũiK̃)

∂xi

= . . . ∂P
∂t
+ ∂

∂xi
[( μ̃

Pr
+ μ̃t

Prt
)∂h̃a

∂xi
]. (16)

C. Thermophysical and transport properties
The thermophysical and transport properties of the

unburnt/burnt mixtures and flame were calculated as a func-
tion of the temperature using the library Cantera 2.4.0.24 Cantera
is an open-source suite of tools for problems involving chemical
kinetics, thermodynamics, and transport processes. For the 1D
chemistry calculations, we used the library GRI-Mech 3.0.25

GRI-Mech is a database of chemical reactions and associated rate
constant expressions capable of the best representation of natural
gas flames and ignition. Previous studies have shown that the
calculated SL0 for CH4/H2/air mixtures using this mechanism is in
good agreement with experimental data.26,27

In Table I, we list the calculated properties. The variables
α, DCH4 , and DH2 are calculated at the maximum heat release rate
temperature (Tmhrr). As can be seen in this table, the addition of
H2 to the mixture increases the laminar flame speed SL0. This is
attributed to higher H2 reactivity with respect to CH4.28

The solver XiFoam in OpenFOAM requires the definition of
the JANAF table coefficients for Cp and the definition of the coef-
ficients of the Sutherland law for the computation of the dynamic
viscosity. The thermal conductivity λ is then computed from the
definition of the molecular Prandtl number Pr,

Pr = Cpμ
λ

. (17)

The JANAF table coefficients were calculated using
Eqs. (18)–(20).29 In these equations, the superscript o refers to
standard state pressure conditions or P = 1 atm. In Eqs. (18)–(20),
R is the universal gas constant and H and S refer to the standard
state enthalpy and entropy, respectively; both defined at a reference
temperature of Tref = 298 K,

Co
p

R
= a0 + a1T + a2T2 + a3T3 + a4T4, (18)

Ho

RTref
= a0 +

a1

2
Tref +

a2

3
T2

ref +
a3

4
T3

ref +
a4

5
T4

ref +
a5

Tref
, (19)

So

R
= a0 ln Tref + a1Tref +

a2

2
T2

ref +
a3

3
T3

ref +
a4

4
T4

ref + a6. (20)

The coefficients a0, a1, a2, a3, and a4 in Eq. (18) were obtained
by curve fitting at different temperature values (T). Once a0, . . . , a4
have been determined, they are substituted in Eqs. (19) and (20)
at Tref . At this point, the coefficient a5 appearing in Eq. (19)
(enthalpy jump) and the coefficient a6 appearing in Eq. (20) (entropy
jump) can be computed. These coefficients were calculated for low-
(200 to 1000 K) and high- (1000 to 6000 K) temperature ranges for
both unburnt and burnt mixtures.

The dynamic viscosity of the mixture was computed using the
Sutherland law,30 which is expressed as follows:

μ = As
T0.5

1 + Ts/T
, (21)

where μ is the temperature-dependent mixture dynamic viscosity,
As and Ts are the model coefficients, and T is the varying mixture
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FIG. 1. Schematic view of the PSI generic, high pressure Bunsen burner. Image
taken from Ref. 8. P. Siewert, Ph.D. thesis, ETH Zurich, 2006; licensed under a
Creative Commons Attribution (CC BY) license.

temperature. Curve fitting was performed under varying tempera-
tures at the operating pressure. In the cases presented in this study,
the operating pressure corresponded to the experimental conditions
and was equal to 5 atm.7,8,10

In XiFoam, the coefficients Cp and μ must be defined separately
for the unburnt and the burnt mixtures. Additionally, the molar
weights of the unburnt and the burnt mixture must be defined. A
Python-based Cantera script was written to achieve this, and the
required properties were calculated with the GRI-Mech 3.0 mech-
anism. For completeness, the script is provided in the software
repository.14

The final two parameters, stoichiometric air-to-fuel mass ratio
AFRst and equivalence ratio ϕ, can be calculated using Eqs. (22)
and (23), respectively. In Eq. (23), the sub-index fuel refers to the
fuel mixture. In this study, we simulated two different fuel mixture
cases: one case corresponding to a species volumetric ratio equal to
100% CH4 (case 1) and the other case corresponding to a species
volumetric equivalent to 60% CH4 + 40% H2 (case 2),

AFRst = (
mair

mfuel
)

st

, (22)

TABLE II. Experiment conditions.7,8,10

T (K) P (atm) ϕ (−) uinlet (m/s) u′ (m/s) Lt (mm)

673 5 0.5 40 6.16 2.2

ϕ =
mfuel

moxidizer

( mfuel
moxidizer

)
st

=
nfuel

noxidizer

( nfuel
noxidizer

)
st

. (23)

III. DESCRIPTION OF THE EXPERIMENTAL
CONFIGURATION AND NUMERICAL BACKGROUND
A. Experimental setup and data

The experimental data referred to in this study were taken from
Refs. 7, 8, and 10. In Fig. 1, the Bunsen-type high-pressure generic
burner used in the experimental setup is depicted. Turbulence was
created using a grid placed at 50 mm upstream of the inlet in the
experimental test rig. The turbulent fluctuations u′ and length scales
lt were measured at the inlet using the Particle Image Velocimetry
(PIV) method. In Table II, the operating conditions of the experi-
ments are listed. Further information about the experimental setup
can be found in Refs. 7, 8, and 10.

B. Computational domain and mesh
In Figs. 2 and 3, we depict the computational domain and the

mesh, respectively. The domain simulated corresponds to the region
with dimension quotes in Fig. 1. The two-dimensional mesh is made
up of 76 220 hexahedral elements. The minimum cell side length
of the hexahedral cells was equal to 0.25 mm. This mesh criterion
was taken from Ref. 10, where a mesh independence study was car-
ried out. To conduct the simulations, we used two-dimensional axial
symmetry.

C. Boundary and initial conditions
In this study, we used the standard k–ε model with wall

functions;31,32 therefore, we need to provide proper boundary condi-
tions and initial conditions for the turbulent variables. In Table III,

FIG. 2. Computational domain and dimensions. The figure is not to scale.
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FIG. 3. Visualization of the two-
dimensional mesh.

we list the boundary conditions used in OpenFOAM for all field
variables (including the wall functions). All the field variables were
initialized using uniform values. In all simulations, the flow was
assumed to be adiabatic. That is, there is no heat or mass transfer
between the computational domain and the external environment.
The initial estimates of the turbulent quantities k and ε were obtained
using Eqs. (24) and (25), and the values of u′ and lt are listed in
Table II. A fully developed velocity profile was defined at the inlet
boundary (plotted in Fig. 4), which was obtained from a separate
two-dimensional axisymmetric pipe flow precursor simulation,

k = 3
2

u′2, (24)

ε = 0.093/4 k3/2

lt
. (25)

D. Numerical setup and discretization schemes
The governing equations were solved using the collocated finite

volume method in OpenFOAM.12,13 As the solution takes place in

TABLE III. Boundary conditions used in OpenFOAM. Note that the type of the
boundary conditions is specific to OpenFOAM. FV = fixedValue, C = Calculated,
ZG = zeroGradient, NS = noSlip, UDP = User-Defined velocity profile
(plotted in Fig. 4), KWF = kqRWallFunction, EWF = epsilonWallFunction,
NKWF = nutkWallFunction.

Variable Inlet Outlet Wall

k FV ZG KWF
ε FV ZG EWF
νt C ZG NKWF
U UDP ZG NS
p ZG FV ZG
T FV ZG ZG
b FV ZG ZG

collocated meshes, the Rhie–Chow interpolation method is used
to prevent the pressure checkerboard instability.33 OpenFOAM’s
XiFoam solver is a transient solver for compressible premixed and
partially premixed combustion with turbulence modeling. To con-
duct the numerical simulations with XiFoam, we used the least-
squares cell-based method for gradient discretization. In order to
prevent spurious oscillations, a multi-dimensional gradient limiter
was used.34 The diffusive terms were discretized using a second-
order centered differences scheme with non-orthogonality correc-
tions. This corrected numerical scheme for the diffusive terms takes
into account mesh non-orthogonality and mesh stretching. The con-
vective terms appearing in the governing equations were discretized
using a limited linear scheme. This scheme tends toward upwind in
regions of rapidly changing gradients. In this discretization scheme,
the amount of upwinding can be controlled by using a blend-
ing coefficient bounded between zero and one, where one means

FIG. 4. Inlet velocity profile computed using a precursor simulation. The inlet
extreme is located at 12.5 mm from the pipe axis line.
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aggressive limiting (upwinding) and zero means pure linear scheme
(very accurate but oscillatory).

For the time discretization, we used OpenFOAM’s Crank–
Nicolson formulation. This formulation uses a blending coeffi-
cient bounded between zero and one. A value of zero is equiv-
alent to the first-order Euler scheme (stable but diffusive), and
a value of one is equivalent to the pure Crank–Nicolson scheme
(second-order accurate but slightly oscillatory). By setting the blend-
ing coefficient to a value between 0.7 and 0.9, we can obtain a
good compromise between stability and accuracy. The time step
was chosen in such a way so that the Courant number does
not exceed a value of three, which was found to be a good
compromise among stability, accuracy, boundedness, and conver-
gence rate. To obtain extra stability, we used explicit and implicit
under-relaxation, where all the Under-Relaxation Factors (URF)
were set to 0.9.

The pressure–velocity coupling was achieved by means of the
iterative PISO algorithm35 (PIMPLE method in OpenFOAM), where
we used at least five corrector steps and one outer-corrector step.
During the iterative marching, the number of correction steps was
increased in order to stabilize the solution and improve the accu-
racy of the results. This added extra stability and accuracy comes at
a higher computational cost because we need to solve the pressure,
momentum, energy, and additional transport equations (turbu-
lence equations, regress variable equations, etc.) several times. As
a side note, all the simulations were started using a stable method
(first-order accuracy), and, as the solution progressed, we switched
to a more accurate but potentially unbounded method (second-
order accuracy).

Finally, the convergence of the solution was judged based on the
shape of the flame (the brush). As soon as a steady flame shape (or
brush) was achieved, the simulation was stopped. This requires the
computation and continuous monitoring of the average field values
during the simulation.

IV. RESULTS AND DISCUSSION
In this section, we present the numerical results obtained

using the implementation of the AFSW model in OpenFOAM. In
addition, we also compare OpenFOAM’s results with the results
obtained using a similar implementation of the AFSW model in
Ansys Fluent.36 In order to make a fair comparison between both
solvers, we used the same mesh, with equivalent boundary con-
ditions and initial conditions, and similar numerical discretization
schemes and iterative marching techniques. For a more complete
discussion regarding the implementation of the AFSW model in
OpenFOAM and Fluent, and the main differences between both
computational fluid dynamics (CFD) solvers, the interested reader
is invited to consult Ref. 37. All the necessary files needed to repro-
duce the numerical results presented in this work can be found
in Ref. 14.

Figure 5 shows the comparison of the flame shapes. The
experimental flame shapes were obtained using OH∗ chemilumines-
cence imaging, as described in Ref. 8. The numerical flame shapes
were obtained using the scalar variable c̃ (Favre-averaged progress
variable), which was converted to the scalar variable c (Reynolds-
averaged progress variable) by means of Eq. (26).15 This approach
was adopted since Reynolds averaging provides the mean value

FIG. 5. Comparison of flame shapes (brush). Top row: experimental normalized OH∗ chemiluminescence.8 P. Siewert, Ph.D. thesis, ETH Zurich, 2006; licensed under a
Creative Commons Attribution (CC BY) license. Middle row: numerical flame shapes visualization using c (Ansys Fluent results). Bottom row: numerical flame shapes using
c (OpenFOAM results). The left column of all rows corresponds to the case 100% CH4. The right column of all rows corresponds to the case of 60% CH4+ 40% H2.
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FIG. 6. Plot of the c distribution over the axisymmetric axis. In the figure, the
horizontal green line represents c = 0.5. A value of c = 0.5 corresponds to the
mid-isosurface between the unburned state and the burned state. The intersec-
tion of this line with the axial c distributions (the numerical results) was used to
compute the flame height.

over a time sequence, similar to the averaging in the experiments,
where simultaneous images are averaged to obtain the mean flame
shape,

τ = ρu

ρb
− 1, c = (1 + τ)c̃

1 + τc̃
. (26)

From Fig. 5, we can observe that the AFSW model implemented
in OpenFOAM provides a reasonably good qualitative agreement
with the experimental results and the numerical results obtained
with Ansys Fluent. The AFSW model captures the flame shorten-
ing effect due to the Leeff and SL0 terms appearing in Eq. (6). As
the H2 content increased, SL0 increased as well (refer to Table I).
Leeff decreased due to high mass diffusivity (DH2); consequently,
St increased.

In Fig. 6, we plot the c distribution along the axisymmetric axis.
In the figure, a value of c = 0.5 (the horizontal green line) corre-
sponds to the mid-isosurface between the unburned state (reactants)
and the burned state (products).

In Table IV, we list the values of the flame height at
c = 0.5 (hc=0.5) for the different conditions studied. The flame height
was calculated from Fig. 6 by projecting the intersection points of
the line c = 0.5 (the horizontal green line in Fig. 6) and the numer-
ical c distributions over the abscissa. Note that the values shown in
Table IV correspond to the values sampled along the axisymmetric
axis (refer to Fig. 2).

TABLE IV. Numerical and experimental flame height values hc=0.5. The numerical
values are estimated at c = 0.5.

Case
Volumetric
ratio (%)

OpenFOAM
(mm)

Fluent
(mm)

Experiment
(mm)

1 100% CH4 + 0% H2 103.74 86.35 140.36
2 60% CH4 + 40% H2 58.98 51.56 50.16

TABLE V. Numerical and experimental flame speed values St,c=0.5. The flame speed
was calculated using Kobayashi’s method.6

Case
Volumetric
ratio (%)

OpenFOAM
(m/s)

Fluent
(m/s)

Experiment
(m/s)

1 100% CH4 + 0% H2 4.78 5.73 3.54
2 60% CH4 + 40% H2 8.29 9.42 9.67

Comparing OpenFOAM’s XiFoam solver results against the
outcome of Ansys Fluent, we can observe that OpenFOAM slightly
over-predicts the flame height in reference to Ansys Fluent. For
the case of 100% CH4, both solvers predicted shorter flames than
the experiments. For the case of 60% CH4 + 40% H2, OpenFOAM
slightly over-predicted the flame height, whereas Ansys Fluent bet-
ter predicted the flame height (refer to Table IV), always in reference
to the experiments.

In Table V, we list the values of the flame speed at
c = 0.5 (St,c=0.5). The flame speed values shown in Table V were cal-
culated using Kobayashi’s method.6 Comparing Tables IV and V, it
can be evidenced that hc=0.5 and St,c=0.5 are inversely proportional.
That is, larger flame heights results in smaller flame speeds, and vice
versa.

In Ref. 38, it is stated that the first term on the RHS of Eqs. (1)
and (3) controls the flame brush thickness and, the second term
(which is a function of St,c=0.5) controls the flame length. Based on
this statement, the good agreement of the flame brush thicknesses
with the experiments confirmed the validity of the turbulent Schmidt
number used in the CFD simulations (Sct = Prt = 0.7).

As seen in Eqs. (1) and (3), the RHS depends on the turbulence
model via the scalar variables μt and Sct . Therefore, discrepan-
cies between Ansys Fluent and OpenFOAM can be attributed to
the specific implementation of the turbulence model and the addi-
tional corrections implemented. On the other hand, the turbulence
flame speed St , responsible for the turbulence chemistry interac-
tion, strongly depends on the turbulence model through the u′ and
lt terms. Hence, the turbulence model is of paramount importance
when modeling combustion.

Finally, it is important to note that it is difficult to do an honest
comparison of the results shown in Fig. 5, mainly because the exper-
imental image is not 100% equivalent to the numerical images. We
can do a similar statement regarding the results presented in Fig. 6,
where we used the line c = 0.5 to compute the flame height hc=0.5.
Slightly smaller or larger values of the reference c value can result in
different flame heights.

V. CONCLUSIONS AND PERSPECTIVES
In this study, we implemented the Algebraic Flame Surface

Wrinkling (AFSW) model in the CFD solver OpenFOAM. We
also validated the performance of the model using the Paul Scher-
rer Institute (PSI) high-pressure, turbulent premixed Bunsen flame
experiments.8 It was found that the outcome of the numerical simu-
lations obtained with OpenFOAM was in good agreement with the
experimental results described in Ref. 8, quantitatively and qualita-
tively speaking. Further assessment of the results confirms that, as
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much as the chemistry, the turbulence model and turbulent con-
ditions (boundary and initial conditions) significantly impact the
flame height and speed.

To further improve the results presented in this manuscript
and to reduce the uncertainty related to the numerical simulations
and physical models, we envisage extending the numerical simu-
lations to three-dimensional domains (abandoning in this way the
axial symmetry hypothesis), a better estimation of the turbulent
conditions (boundary and initial conditions), the inclusion of the
turbulence grid upstream of the domain (as illustrated in Fig. 1), and
the use of non-linear eddy viscosity models. To facilitate the moni-
toring of the solution, we also expect the use of image and pattern
recognition methods to compare in real time a target image (exper-
imental results) with a source image (numerical results), similar to
the workflow presented in Ref. 39.
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NOMENCLATURE

Notation

a JANAF table coefficient, non-dimensional
AFR air-to-fuel ratio, non-dimensional
As Sutherland model coefficient, measured in kg/m s

√
K

b regress variable, non-dimensional
c progress variable, non-dimensional
CH4 methane species
Cp specific heat, measured in J/kg K
Cp

o standard state specific heat, measured in J/kg K
D binary mass diffusivity, measured in m2/s
h enthalpy (specific), measured in J/kg
hc=0.5 flame height at c = 0.5, measured in mm
H2 hydrogen species
Ho standard state enthalpy (specific), measured in J/kg
k turbulent kinetic energy, measured in m2/s2

K specific kinetic energy, measured in m2/s2

Le Lewis number, non-dimensional
lt turbulence length scale, measured in m
m mass, measured in kg

n mole number, measured in mol
N2 nitrogen species
NOx nitrogen oxide
O2 oxygen species
P absolute pressure, measured in Pa
Pr Prandtl number, non-dimensional
R universal gas constant, measured in J/kg K
Re Reynolds number, non-dimensional
Sc Schmidt number, non-dimensional
SL0 unstrained adiabatic laminar flame speed, measured in

m/s
So standard state entropy (specific), measured in J/kg K
St turbulent flame speed, measured in m/s
t time, measured in s
T temperature, measured in K
Tref standard state temperature, measured in K
Ts Sutherland model coefficient, measured in K
u velocity, measured in m/s
u′ turbulent fluctuating velocity, measured in m/s
x spatial coordinates, measured in m
X molar ratio, non-dimensional
Yf fuel mixture mass fraction, non-dimensional
¯ Reynolds average
˜ Favre average
ΔHo

c lower heating value of combustion, measured in J/kg
α thermal diffusivity (molecular), measured in m2/s
ε turbulence dissipation rate, measured in m2/s3

λ thermal conductivity, measured in W/m K
μ dynamic viscosity, measured in kg/m s
ν kinematic viscosity, m2/s
ρ density, measured in kg/m3

τ heat release factor, non-dimensional
ϕ equivalence ratio, non-dimensional
ω̇ reaction rate source term, measured in kg/m3 s
ω̇b ω̇ in the regress variable b equation, measured in kg/m3 s
ω̇c ω̇ in the progress variable c equation, measured in kg/m3 s
∆ gradient operator

Sub-indices

a absolute
ad adiabatic conditions
air mix of O2 and N2 species
b burnt conditions
chem chemical
CH4 methane species
eff effective
f fuel
fuel 100%CH4 or 60%CH4 + 40%H2

i index of the spatial dimension, where i = 1, 2, 3
H2 hydrogen species
t turbulence related quantity
u unburnt conditions

Acronyms

AFSW algebraic flame surface wrinkling
CFD computational fluid dynamics
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JANAF joint army, navy, and air force
k–ε standard k–ε turbulence model
PDF probability density function
PSI Paul Scherrer Institute
RANS Reynolds-averaged Navier–Stokes
RHS right-hand side
SIMPLE semi-implicit method for pressure linked equations
UDF user-defined function
URANS unsteady Reynolds-averaged Navier–Stokes
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