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Numerical analysis for non-premixed combustion interacting with a free vortex
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Abstract

The present study was carried out with the goal of investigating the effects of swirl intensity on flow fields. For this purpose, a
mesh was created to reproduce the benchmark test case developed by Roback and Johnson. With the main objective of properly
evaluating the mixing quality inside the combustion chamber, the transport equations were solved to obtain the passive scalar
and residence time in the combustion chamber for the isothermal case. The developed flow provides insights into the ways in
which the primary flow (axial nozzle) and the secondary flow (annular nozzle) are mixed and the residence time of the flow,
targeting the zones where the fluid becomes stagnant (i.e., long residence). The open-source code OpenFOAM®) is employed to
solve the Reynolds- Averaged Navier—Stokes (RANS) equations with the k-& standard turbulence model. In the isothermal case,
the numerical results demonstrate reasonable agreement with the relevant experimental data, paving the way for an equitable
understanding of the recirculation, mixing, and combustion zones. Moreover, a combustion model based on the Eddy Dissipation
Concept (EDC) is utilized to identify the zones where reactions are produced and to analyze the variation in the Damkohler
number with increasing swirl number.
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Resumen

El presente estudio se llevé a cabo con el objetivo de investigar los efectos de la intensidad de rotacion en los patrones de flujo.
Para ello, se cre6 una malla que reproduce el caso de prueba de referencia desarrollado por Roback y Johnson. Con el objetivo
principal de evaluar adecuadamente la calidad de la mezcla dentro de la cdmara, se resolvieron las ecuaciones de transporte para
obtener las distribuciones del escalar pasivo y del tiempo de residencia en la cdmara para el caso isotérmico. El flujo desarrollado
proporciona informacién sobre cdmo se mezclan el flujo primario (tobera axial) y el flujo secundario (tobera anular), asi como
sobre el tiempo de residencia del flujo, centrdndose en las zonas donde el fluido se estanca (es decir, residencia prolongada).
Se empled el codigo de codigo abierto OpenFOAM®) para resolver las ecuaciones de Navier-Stokes promediadas de Reynolds
(RANS) con el modelo de turbulencia estandar k-£. En el caso isotérmico, los resultados numéricos muestran una concordancia
razonable con los datos experimentales relevantes, lo que permite una comprension equitativa de las zonas de recirculacién,
mezcla. Ademds, se utiliza un modelo de combustién basado en el concepto de disipacién de remolinos (EDC, por sus siglas en
inglés) para identificar las zonas donde se producen las reacciones y para analizar la variacién del nimero de Damkahler con el
aumento del ndmero de swirl.

Palabras clave: flujos turbulentos; concepto de disipacién de torbellinos, vortices libres, edad del fluido, combustién no
premezclada.
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1 Introduction

In recent years, international regulations for emissions
and the increased efficiency of energy conversion
devices have motivated governments, industries and
academia to develop advanced combustion systems,
leading to significant improvements. In this context,
there are several challenges to overcome to achieve
decarbonization.

Enclosed non-premixed combustion with swirling
flows is a configuration frequently used in industrial
applications due to its favorable characteristics,
including stability of the flame when using lean
mixtures, low nitrogen oxide (NOx) emissions and
minimal maintenance, increasing the lifetime of the
equipment (Syred, 1971 and Zhen, 2011). Flames can
be stabilized through a bluff-body orientation (Lai
et al, 2026) or the use of swirling blades (Yu et
al.,2025). With these types of flow, recirculation zones
are created inside the chamber, with the interface
between these zones characterized by high shear
stress, favoring heat transfer between the inlet mixture
and the hot gases derived from combustion (Lin, 2025
and Mesquina, 2026). The vortex breakdown mode is
one of the most relevant parameters determining the
flame shape in swirling flows, thus influencing both
the emissions and flame dynamics and characteristics.
A previous study (Xu et al, 2026) provided evidence
for a tulip-shaped flame stabilized by bubble vortex
breakdown and a V-shaped flame stabilized by conical
vortex breakdown. Vortex breakdown and the flame
shape play key roles in characterizing the emission
behaviors of burners; in particular, efficiency can be
achieved when the device configuration ensures an
appropriate fuel—air mixture and an adequately stable
flame, leading to low NOx emissions (Kassem, 2011
and Messig 2013).

Experimental results, together with computational
results, constitute fundamental tools in advancing
industrial equipment designs (Tlatelpa-Becerro et al.,
2026; Martinez-Gutierrez, 2026 and Molina-Herrera,
2026). One of the greatest challenges in numerical
computation is capturing the interactions between
turbulence and chemical properties (Messig 2013 and
Bennett 2000).

Considering the importance of burners with
swirling flows as a new technology, several numerical
models have been developed to study associated
phenomena, including recirculation zones and high
velocity gradients, in such burners. These models have
been constructed using both commercial and open-
source codes (Pfeiler, 2010).

In the present study, the benchmark test case of
Roback and Johnson (1983) is reproduced, which
involves a simple burner with two coaxial flows: an
axial inlet providing an inert gas—fuel mixture and

an annular inlet providing a swirling air flow. The
expansion of the flow inside the chamber produces
an Outer Recirculation Zone (ORZ) at the border
and another Inner Recirculation Zone (IRZ) along the
central axis. The swirl number and the geometry of
the burner directly influence the position and size of
the recirculation zones. Experimental velocity profiles
in different sections of the chamber are available for
the validation of isothermal models.

In this study, a hexahedral mesh was constructed
for the domain using the snap-pyHexMesh tool. An
idealized swirl generator was designed for the creation
of free vortex, and various resolution schemes for the
convective term have been designed. In addition, a
model for resolution of the passive scalar and age
of fluid in the transport equation was implemented
in the isothermal case enabling a detailed analysis
of the mixing zones to be carried out. Finally,
a simplified combustion model named the Eddy
Dissipation Concept was applied (Kassem, 2011 and
Magnussen 1977).

2 Physical system

In this section, the geometry of the burner used in the
test case of Roback and Johnson is described in detail
(Roback and Johnson, 1983). The burner basically
consists of two coaxial flows—an axial flow where a
fuel-gas mixture enters the chamber, and an annular
flow where air comes in, with the flow characterized
by the swirl number determined according to the vane
swirler. Flow expansion at the inlet of the chamber
produces a toroidal Outer Recirculation Zone (ORZ).
If the swirl number is large enough (S > 0.6), the
incoming flow causes an inverted flow in the central
axis, creating a second Inner Recirculation Zone (IRZ)
(Olivani et al., 2007). The location of the flame
is directly related to the size and position of the
recirculation zones; in particular, the IRZ carries an
inverted flow with the hot gases of combustion, thus
providing energy for the ignition of the incoming flow
with the fresh inert gas—fuel mixture. The mixing of
the reactants is improved in the interfacial zone of the
two flows, consequently accelerating the combustion
process. Figure 1 and Table 1 describe the geometry of
the combustion chamber, including the inlets, in detail.

Table 1. Dimensions of the geometric model shown in

Figure 1.

Rii [mm]  Rj [mm] R, [mm]
12.5 15.3 29.5
Ro [mm] Lo [mm] L [mm]

61 50 1016
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Figure 1. Sketch of the inlets at the entrance of the
combustion chamber.

Various parameters have a direct bearing on the
characteristics of the fuel injection behavior, including
the: geometry of the combustion chamber, fluid
velocity, swirl number and fuel-air ratio (Iyogun, 2011
and Cuoci, 2013). This idea constitutes the primary
motivation for pursuing the present work.

An idealized swirl generator imposes a velocity
distribution that corresponds to a free vortex, which
maintains conservation of angular momentum. This
ensures that no energy is consumed; no secondary
flows appear, due to the equilibrium of pressures in
the radial direction; and no forced vortices occur,
which move in the manner of a solid with respect to
an axis of rotation. The distribution of velocities is
configured as a function of the swirl number and the
radial distance. As there is no unique definition for the
swirl number in the literature, for this particular study,
the swirl number is assumed as the ratio between the
angular and the axial mean velocities. Vignat (2022)
established that the conventional swirl number should
be acquired at an axial section as close as possible
to the outlet of the injector, as long as Ra/Ri2 > 2.0.
References (Lai, 2026 and Li 2025), among others,
used the same definition. Equation (1) shows the
formal and proposed definitions for swirl number, S,
while Equation (2) is the expression that defines a free
vortex. The tangential velocity is vy at any given radius
r whereas the axial velocity is v,. Figure 2 depicts the
imposed velocity field in the annular inlet for a free
vortex, where 7 denotes the mean radius of the annular
entrance. In this study, the swirl number is assumed
to be equal to unity. Recirculation zones are enclosed
within the iso-surfaces of zero axial velocity.

f p(rvg)v2nrdr v,
R [ pvZ2nrdr v

T-Vy= constant 2)

ey

3 Numerical procedure

This section delineates the governing equations for the
physical system, the applicable boundary conditions

and additional equations for mixing. The whole work
was implemented using the open-source CFD tool
OpenFOAM®-version 2.3.0 to solve the equations in
a 3D domain.

The main characteristics of the flow are three-
dimensional, transient, Newtonian, turbulent and
incompressible for the Reynolds-Averaged Navier—
Stokes (RANS) equations. On the other hand, when
there is no reaction, the flow is established as steady.
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The equations for Eddy Dissipation Concept
(Magnussen, 1977) consider that chemical reactions
are determined by the rate of dissipation of the eddies,
as follows:

&
Rfu = _CRpru_ (9a)

k
For local lean mixtures, oxygen will be the controlling
of the reaction rate where St is the stoichiometric
oxygen to burn.

Yo €
Rox = —Crp—== (9b)
st k
In the case of premixed flames, for local low products
of combustion, the rate is.

Ypr 2
(1+st)k

Rpr = —CRP (9¢)
The Arrhenius kinetic rate is calculated as follows:

-E
Rfu,kinetic =-A 1;)16'?” Cox exp( ) ( 1 0)
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Table 2. Details of the numerical model.

Case Isothermal Reactive Eddy Dissipation Concept (EDC)
CFD code OpenFOAM
Temporal formulation Steady Transient
Mesh 0.5, 2.1 and 5 million hexahedral cells 0.5, 2.1 and 5 million hexahedral cells
Pressure-Velocity coupling SIMPLE PIMPLE
Gradient scheme Second-order (Gauss Linear)
Divergence scheme Second-order (Gauss Linear)
Laplacian scheme Second-order (Gauss Linear)
Turbulence model k — & standard
Solver simpleFoam reactingFoam
Flow properties
Density 1.225 [kg/m?]
Viscosity 1.7894.10-5 [kg/ms]

Boundary conditions

Axial inlet

Mean axial velocity: 0.52 [m/s]
Turbulence intensity: 12%
Turbulence kinetic energy: 0.00195 [m?/s?]
Turbulence kinetic energy dissipation: 0.0344993 [m?/s?]

Stoichiometric condition:
CHy: 5%
Ar: 95%
0,: 0%

Annular inlet

Mean axial velocity: 1.66 [m/s]

Mean tangential velocity: vg = S * v,

Turbulence intensity: 7.5%

Turbulence kinetic energy: 0.015 [m2/s2]
Turbulence kinetic energy dissipation: 0.0155 [m?/s3]

Stoichiometric condition:

CHy: 0%
N»: 77%
05:23%
Outlet Outlet static pressure: 101325 [Pa]
Walls Standard wall functions

The local rate of combustion for EDC is the lowest
reaction rate of equations 9 and 10, as follows:

Repa = —min [_Rfu; —Rox; _Rpr; _Rfu,kinetic] (11)

Incidentally, Egs. (3), (4), (6) and (7) above are
associated with the isothermal case.

The SIMPLE algorithm is used in this work to
handle pressure—velocity coupling, due to its accuracy,
reliability and stability in simulating swirling flows
without reaction [16]. The z-axis is identified as the
central axis of the chamber.

Table 2 summarizes the boundary conditions, flow
properties and numerical details of the utilized model.

At the annular entrance, the expression for the free

7 -Dy -
: _ y Dx _ _
vortex is V = <x2+yZ’_x2+y2’vZ)” where D = 7% vg =

constant.

One of the main uncertainties when modeling
a swirl generator is the lack of specific details
regarding the geometry of the airfoils. References
(Wang, 2026; Yu, 2026 and Vivoli 2025) demonstrate
the variety of swirl generators, from blades to plates or
vanes. A common denominator is the desire to avoid
secondary currents and pressure losses. Considering
the abovementioned statements, the free vortex was
chosen to conduct this study. Essentially, the decision
to use the free vortex rests on the lack of geometrical
details of the swirl generator in the test for the
non-reactive case and the convenience of reducing
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the mesh elements in the annular nozzle to increase
the spatial resolution of the combustion chamber. In
this zone, the most relevant phenomena occur and,
consequently, it becomes necessary to model it as
best as possible. With the resulting mesh, the flame
could be characterized effectively by applying reactive
models.

4 Code validation and mesh
independence

The mesh resolution was varied to study its effect
on the accuracy of the results. Due to the complex
flow patterns inside the chamber, one of the principal
goals is to capture the main flow characteristics.
Automatic meshing in OpenFOAM can be performed
to obtain structured or unstructured meshes. Of
these, structured meshes show better convergence
performance and minimize diffusion errors (especially
near solid boundaries) as they are characterized
by a regularly repeated primitive shape in space,
resulting in a regular topology. The use of flow-
aligned hexahedral elements in structured meshes can
improve the solution accuracy with a minimal number
of cells; however, the mesh topology can be time-
consuming to create. Pietroni (2023) provides a list
of hex-mesh processing algorithms. A hexahedral
mesh was adopted to avoid numerical diffusion errors,
and because its use with OpenFOAM® significantly
increases the number of convergence patterns with
reference to tetrahedral meshes. Three different
configurations with 0.5, 2.1 and 5 million cells were
established.

To study the mesh independence, a systematic
convergence assessment was conducted across three
grid resolutions using the global error norms
ELi(MAE), E;2(RMSE), and maximum error Ej,
together with their corresponding Grid Convergence
Index (GCI) values. The procedure is detailed in (Celik
et al., 2008). These metrics quantify, respectively,
the average, quadratic, and maximum pointwise
discrepancies between two correlative meshes from
the coarsest of 0.5 million cells to the finest of 5
million cells are summarized in table 3. The GCI
provides a normalized measure of the uncertainty
associated with discretization. The results indicate
progressively stronger convergence for larger number
of cells. The grid resolution shows a reasonable
asymptotic regime.

To study the accuracy of the models, the numerical
results and experimental data regarding the axial and
tangential velocities in representative sections of the
chamber were compared. Figure 2 depicts some of
these results, which confirm reasonable agreement

when using the mesh with 5 million cells.

Table 3. Comparative convergence for the three
meshes.

Grid refinement MAE RMSE Lo GCI
factor

rm =17 0.135 0.165 0.301 16.9%
r3 = 1,59 0.043 0.056 0.083 5.4%

The results indicated higher errors for tangential
velocities compared with axial velocities, where the
mesh with 2.1 million cells yielded discretization
errors of 18.2% and 9.5%, respectively, while those
for 5 million cells were 11.5% and 7.5%, respectively.
Overall, the discretization error obtained with the 5
million cell mesh was considered acceptable. The axial
velocity errors indicated that the models were able to
capture the longitudinal dimension of the IRZ in the
central axis (which starts when the axial velocity turns
from a positive to a negative value and finishes where
it changes from a negative to a positive value).

The numerical results were in reasonable
agreement with the flow patterns obtained
experimentally by Roback and Johnson (1983) in all
sections for all velocity components (i.e., axial, radial
and tangential).

Burners with swirling flows have certain
characteristic flow patterns; for example, the incoming
flow expands in the radial direction and decelerates. If
this deceleration is high enough, a recirculation zone is
produced in the central axis (IRZ). On the other hand,
an outlet recirculation zone (ORZ) is created in the
corner between the expanding part and the walls of the
chamber, even if the flow is not swirling. The interface
between the recirculation zones has high shear and,
consequently, promotes mixing. In figure 3 the green
surfaces evidence the IRZ and ORZ. In Figure 4, the
black curved lines represent iso-lines of zero axial
velocity, characterizing the size, position and contour
of the recirculation zones.

5 Mixing model

Next, the mixing level of the coaxial flows is analyzed.
It is modeled at the macro- and meso-scales via
turbulent convection and turbulent diffusion, using
two different methods described by the following
equations:

0 0 oY

— Y)=—|pD;— 12
o oY) = - (p , 6x,-) (12)
0 0 0 0A

—(pA) + — A)= — | pD;— 13
50N+ 5 (puid) 8x,~(p taxl_)m (13)
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Figure 3. Diagram of vectors and velocity streamlines
for the annular inlet with a free vortex, with iso-surface
of zero axial velocity shown in green. Numerical
results obtained with swirl number = 1, isothermal
model, simpleFoam solver, k-¢ standard turbulence
model and 5 million cells.

where D; is the turbulent diffusion coefficient.
Equation (12) represents the transport equation for
the passive scalar, Y, where the boundary condition
corresponds to unity at the axial inlet and zero at the
annular inlet. The computed field allows us to analyze
mixing and the zones where it is favored. The upper
half of Figure 4 depicts the fully developed field of the
passive scalar, from which it can be seen that mixing
is considerably favored due the recirculation zones.
The incoming flow expands in the entrance of the
chamber and then meets the flow in the IRZ; the most
favorable condition is at the interface between the front
of the axial inlet and the IRZ. After the flow has fully
developed, the minimum value for the passive scalar is
around 0.075. In the absence of values equal to O or 1,
this means that all the incoming axial flow is mixed in
different proportions with the incoming annular flow
inside the chamber.

Meanwhile, Equation (13) describes the field for
the age of the fluid, where A is the age of the
fluid or the time of residence of the flow inside the
chamber. The boundary condition corresponds to zero
at both inlets, and because of the source term, it
increases every timestep. The initial conditions were
the converged flow filed for the steady state isothermal
case. This equation is solved in transient form until
achieving convergence.

The lower half of Figure 4 illustrates the age of
fluid, representing the residence time of the flow when
it enters the chamber until it leaves. The incoming
flow is not mixed immediately with the IRZ; instead,
it expands in the chamber, later becoming confined
inside the IRZ for a certain period of time until finally
returning to its ordinary upstream flow and reaching
the exit. Quantitatively, the residence time in the IRZ
is longer than that in the ORZ.

Age of fluid
\\0'\4\\\ Hwo\'éuu

« Z

Figure 4. Upper half: Passive scalar field for S = 1.
Lower half: Age of the fluid [s] for S = 1 in the range
of 0to 1 [s].

Figure 5. Temperature [K] (upper half) and velocity
[m/s] (lower half) fields in the entrance of the chamber
atS = 1.

6 Combustion modeling

An EDC-based combustion model was constructed to
analyze the simplified chemical structure of the flame,
as well as the velocity and temperature distributions
in the chamber. In this way, it was possible to
identify the position of the flame and quantify the
heat released from the chemical reaction. Thereby, the
best operating conditions (i.e., those that produce the
highest heat release from the flow) were determined
at given swirl numbers. To accomplish this, a mesh
comprising 5 million cells was used.

Properties such as the specific heat capacity vary
with the temperature and the local composition of the
fluid.

In Figure 5, the velocity and temperature
distributions are plotted for a swirl number equivalent
to unity. Similarly to the passive scalar results, it can
be observed that larger temperatures are reached in the
region where the axial incoming flow meets the IRZ.

As the flame is diffusive, it locally behaves in
either a rich or lean manner. Each point in the
combustion chamber represents a local behavior.
Being the burner thermally insulated, the heating of
recirculating gases represents an internal redistribution
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Table 4. Swirl number and their corresponding annular inlet velocities effect on maximum Damkohler value.

Swirl number 0.2 0.43 0.48 0.8 1 1.2 1.4
vg = f(r) 0.00743/r 0.0159/r 0.0178/r 0.0297/r 0.0371/r 0.0446/r 0.052/r
Maximum local Damkohler number 0.6 1.3 1.55 1.58 1.55 1.75

Figure 6. Iso-lines of zero axial velocity for different
swirl numbers.

of energy, hence the local flame behavior is affected;
for example, due to the heating of recirculating zones
or heat gains from the combustion gases. Therefore,
the local temperature in the reaction zone does not
necessarily coincide with the adiabatic temperature
corresponding to the mass fraction of methane
present at each point; in particular, most points have
temperatures below the adiabatic temperature.

7 Influence of the swirl number

The impact of varying swirl number values on the flow
pattern was examined conjointly, with representative
values listed in Table 4. Figure 6 outlines the iso-
lines of axial velocity equal to zero for various swirl
numbers, which serves to characterize and compare
the size and geometry of the associated recirculation
zones.

As the swirl number increases, the size of the IRZ
increases, and vice versa. Moreover, at a swirl number
equal to S = 0.45, the effects necessary for the creation
of the IRZ were not observed. The flow expands in the
chamber upstream of the ORZ. At S = 1, the ORZ is
smaller and the incoming flow meets a larger IRZ.

To ascertain the swirl number values capable
of enhancing the mixing effect, the Damkohler
number was evaluated. There are different definitions
depending on the importance of radiation, turbulence,

. In turbulent this work, the Damkohler number
represents the ratio between the turbulence time scale
t; (residence time) and the chemical reaction time scale
tc. The definition of the Damkohler number is

Da 14
Ie
with the expanded form
dQL
Da = 0 (15)
pUc,T

where dQ is the heat flow, L is the characteristic
length, p is the density, U is the velocity, cp is the
specific heat and T is the temperature.

Very small values of Da signify that the turbulence
is faster than the chemical reaction; in this case,
the flame is controlled by the reaction kinetics. In
contrast, sufficiently large values of Da signify that the
kinetics are effectively instantaneous and controlled by
turbulent mixing. Within the scope of this study, the
magnitude of the Da number is evaluated along the
central axis, as the representative zone of combustion.

Damkohler numbers greater than unity were
observed when the swirl number was equal to S = 0.43,
0.45, 0.8, 1, and 1.2. This was attributed to the ability
of the swirl number to modify the size and position
of not only the IRZ, but also the ORZ. Experimental
work of reference (Kariuki et al, 2016) claims that
methane-air flame extinction occurs at Da values close
to unity, using a different definition based on the flame
velocity of propagation. Igniting the jet at any given
downstream location would lead to flame blowoft,
with some studies having identified low Damkd&hler
numbers as being related to flame blowoff (Cuoci et
al., 2013) In this study, lower Damkohler numbers
are related to low swirl numbers and an IRZ located
farther from the injector, thus increasing the risk of
blowoff.

For swirl numbers greater than unity,
Damkohler number attained higher values.

the

Conclusions

The main conclusions that may be drawn from this
work are based on a rigorous evaluation of the
mixing quality for isothermal cases, achieved through
numerical solution of the transport equations for the
passive scalar and age of fluid values.

Through the implementation of a numerical model,
it was possible to appraise the mixing quality
at the macro-scale throughout the whole domain
with respect to the passive scalar. This provides
a useful tool that facilitates understanding of the
balance between the mixing quality and variations
in controllable parameters, such as the geometry,
swirl number and inlet velocity. With regard to the
age of the fluid, the residence time was also easily
analyzed through the numerical approach. This turns
out to be a relevant parameter with respect to the
efficiency of combustion, leading to minimal NOx
emissions under optimal conditions. In essence, this
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phenomenon arises as the reaction is directly related to
the exposure time of the combustion products at high
temperatures. A previous study has established that the
flow field is governed by the flow rate and chamber
geometry at high swirl numbers (Adam et al., 2025).

In addition, the flow pattern and main
parameters—including the velocity field, position
and size of the recirculation zones, temperature
distribution, heat transfer and mixture composition—
were easily established with the proposed model.
It was possible to study the influence of the swirl
number on the combustion quality through calculating
the maximum Damkohler number along the central
axis as the ratio between the turbulence time scale
and the chemical reaction time scale, with the results
demonstrating that Damkohler numbers greater than
unity were obtained when the swirl number was higher
than S = 0.43.

For this study, the open-source CFD codes
in OpenFOAM® were employed. Additionally, the
reliability of the results was found to be acceptable,
due to their good agreement with previously reported
experimental results and considering the complexity of
the obtained flow pattern for swirling flows in confined
chambers (e.g., recirculation zones, high gradients for
velocity, pressure and temperature).
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EDC Eddy Dissipation Concept
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