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We carried out numerical simulations to understand how CO2 dilution in either fuel or oxidizer stream
changes the flame-vortex interactions in terms of hydrodynamic effects in CH4–air nonpremixed jet
flames. The simulation used a time-dependent, axisymmetric computational model and a low Mach
number approximation. Reaction rates were calculated from a two-step global reaction mechanism that
considered six species. Studies were conducted with fixed initial velocities for three different cases of CO2
introduction: (1) without dilution, (2) dilution in a fuel stream, and (3) dilution in an oxidizer stream.
A single vortex was generated by an axisymmetric jet driven of cold fuel, after a flame development
was reached to quasi steady-state condition. The simulation shows that CO2 dilution in a fuel stream
leads to a slightly increased vortex radius and more entrainment of surrounding fluids compared to the
other dilution methods tested. Thus, dilution of CO2 in a fuel stream enhances the mixing inside a single
vortex and increases the stretching of the flame surface. The vorticity transport equation budgets were
examined to reveal the mechanisms of vortex formation in the presence of CO2. In the stage of vortex
formation, vortex production due to baroclinic torque and vortex destruction due to volumetric expansion
were found to be greater in the case of CO2 dilution in a fuel stream than in the other dilution cases.
However, after vortex formation, there terms showed the opposite tendencies.

© 2008 Elsevier Masson SAS. All rights reserved.
1. Introduction

Carbon dioxide (CO2), produced by the burning of hydrocarbon
fuels, is widely known as a greenhouse gas. Recently, attention has
focused on reducing CO2 emission by increasing the thermal effi-
ciency of combustion systems. Oxygen-enriched combustion [1] as
a CO2 reduction technique is believed to hold tremendous promise
for protecting the environment as well as saving energy. However,
since flame temperature increases with the oxygen concentration
ratio in oxidizer, controlling the flame temperature in oxygen-
enriched combustion is necessary for maintaining the thermal sta-
bility of the combustor. Often, an exhaust gas including CO2 is
introduced into either the fuel stream or the oxidizer stream. Other
examples in which CO2 is used in combustion are the exhaust
gas recirculation (EGR) technique for NOx reduction in industrial
burner applications and the utilization of landfill gas (LFG) [2],
which contains considerable quantities of CO2. CO2 dilution in the
fuel or oxidizer streams is thought to affect strongly the character-
istics of flow and reaction in a reacting flow field. It also leads to
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significant changes in flame structure and flame stability as well as
pollutant emissions of NOx, CO, and soot.

Various published reports have examined the effects of CO2 di-
lution in fuel or oxidizer streams. Bae et al. [3] and Satio et al. [4]
recently reported the effects of CO2 dilution on flame stability and
extinction behavior for a laminar jet flame. Lee et al. [5] studied
the effects of including CO2 in an oxidizer stream on flame struc-
ture and NOx formation in a CH4–air counterflow nonpremixed
flame. Feese et al. [6] discussed the NOx emission and detailed
flame chemistry depending on whether the dilution was done in
the fuel stream or the oxidizer stream. Liu et al. [7] studied the
chemical effects of CO2 as an additive on soot and NOx formations
in an ethylene nonpremixed flame. All of these studies focused on
the molecular transport and chemical kinetic characteristics of CO2

dilution, which they sought to explain mainly through chemical
and thermal effects.

In addition to these effects, however, the hydrodynamic effects
due to CO2 dilution can change many fundamental phenomena
such as entrainment and mixing, local extinction due to flame
stretching, diffusion and differential diffusion and vorticity dis-
tribution in a reacting flow field [8]. In particular, whether CO2

dilution is carried out in the fuel stream or the oxidizer stream is
expected to strongly influence these many phenomena. However,
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few studies on CO2 dilution have addressed such as hydrodynamic
effect.

To identify the effect of CO2 dilution on the dynamic behavior
of turbulent flame, an understanding of flame-vortex interactions
is required since a turbulent flame can be viewed as an ensemble
of flame-vortex interactions. The flame-vortex interactions contains
many of the fundamental aspects of the coupling between fluid
dynamics and combustion that could be investigated with more
controllable conditions than are possible under direct investiga-
tions of turbulent flames [9]. In addition, the interactions between
the large vortices generated in the shear layer and flame zone are
of essential importance because they are related to various aspects
of combustion phenomena such as instability and transient effects
of a turbulent flame, flame stability, and local extinction [10]. Thus,
many investigations have looked closely at the interactions be-
tween flames and single vortices; this system has characteristics
similar to those of turbulent flames [11,12].

In the present study, numerical calculations were preformed for
a single vortex generated in a CH4–air nonpremixed jet flame. To
identify the effect of CO2 dilution on flame-vortex interactions,
CO2 was diluted in either the fuel or oxidizer stream. The anal-
yses of vortex dynamics interacting with a flame were carried out
to understand how CO2 dilution in either fuel or oxidizer stream
changes the vorticity field globally.

2. Description of numerical model

2.1. Governing equations and numerical methods

This study used a time-dependent axisymmetric configuration
to accommodate an unsteady nonpremixed jet flame. A set of
model-free equations with a low Mach number approximation
[13] was used. The resulting conservation equations are written in
Eqs. (1)–(5).

∂ρ

∂t
+ ∇ · (ρu) = 0 (1)

∂(ρu)

∂t
+ ∇ · (ρuu)

= −∇p1 + ∇ · μ[
(∇u) + (∇u)T − 2

3
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(∂ρYi)
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where, p0 and p1 are the thermodynamic and hydrodynamic pres-
sures, respectively, and have the relationship of p = p0 + p1; u
is the velocity vector; T is the temperature; ρ is the density of
mixture; ρ0 is the density of ambient air at standard state condi-
tion; R0 is the universal gas constant; and Yi , ho

i , ω̇i , and cpi , are
the mass fraction, heat of formation, production rate, and specific
heat of species i, respectively. In addition, Dim denote the mixture-
averaged diffusion coefficients of species i, which are calculated
from the following averaging formulation:

Dim = 1 − Yi∑N X j/D ji

(6)

j �=i
where X j is mole fraction and D ji are the binary diffusion coeffi-
cients obtained from the collision integrals. The Soret and Dufour
effects were not considered in this study. The detailed descriptions
on the transport model can be found in [14].

QUICK [15] and second-order central difference schemes were
used to discretize the convection and diffusion terms of the gov-
erning equations. A predictor-corrector scheme nearly identical to
that of Najm et al. [16] was used for time integration of the
governing equations. Efficient algebraic relaxation for the velocity-
pressure correction was performed using the HSMAC method [17].
The CHEMKIN-II [18] and TRANFIT [14] packages were adopted for
the calculation of thermodynamic and transport properties. The
detailed numerical scheme can be found elsewhere [19,20].

The nonpremixed flame considered in this study was devel-
oped from a 10 mm-diameter fuel nozzle with a rim thickness of
0.46 mm. Fuel and oxidizer were supplied at atmospheric pressure
with an inlet temperature of 298 K. The mean velocities of fuel
and oxidizer at nozzle exit were set to be 0.6 and 0.2 m/s, re-
spectively. A top-hat velocity profile similar to that of a contoured
nozzle was applied to the nozzle exit. The top-hat velocity profile
at the nozzle exit was given by:

u(r) = u0

[
1

2
− 1

2
tanh

{
10

(
r

R
− 1

)}]
(7)

where r is the radial distance; R , the radius of fuel nozzle; and u0,
the representative exit velocity of the fuel. The velocity profile of
oxidizer was also assigned a uniform distribution except near a
nozzle.

A numerical calculation was carried out on a domain size of
Lx × Lr = 85 mm × 70 mm (x = −5–80 mm and r = 0–70 mm).
A non-uniform grid system having Nx × Nr = 240 × 160 grid points
was used for axial and radial direction to achieve higher resolution
in the regions of steep gradients. The schematic of the calculation
domain and details of each boundary condition (BC) are shown in
Fig. 1. The BCs at the central and lateral boundaries were taken
to be axisymmetric and slip, respectively. At the wall of a noz-

Fig. 1. Computational domain and boundary conditions.
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Fig. 2. Velocity program at the exit of fuel nozzle for the generation of single vortex.

zle, a no-slip BC was also used. The Neumann BC was imposed
for the species and temperature at these boundaries. A new BC
was devised to serve as the outflow BC of an unsteady jet flame.
Thus, the outflow boundary was characterized with the convective
BC for pressure defined by Eq. (8). Furthermore, the velocities at
the outflow boundary were evaluated through extrapolation. The
velocity-pressure correction was then conducted using an HSMAC
method at all grid points. This allowed simultaneous mass conser-
vation for each grid point and for the entire solution domain.

∂ p1

∂t
+ u0

∂ p1

∂x
= 0 (8)

In this study, a single vortex was generated by an axisymmetric jet,
which was made by an impulse of cold fuel after a flame develop-
ment was reached to quasi steady-state condition. In an unsteady
jet flame, the outer vortex, formed by buoyancy-driven instabil-
ity, moves downstream periodically through the processes of bulge
and roll-up. To ensure identical control of the interactions between
flame and outer vortex on single vortex dynamics, a single vortex
was generated at the instant that the outer vortex moved com-
pletely through the computational domain. The velocity program
used to generate the single vortex at the exit of the fuel nozzle is
shown in Fig. 2.

The two-step global reaction mechanism for methane oxidation
originally proposed by Dupont et al. [21] was used in this study.
This mechanism consists of six species (CH4, CO, CO2, H2O, O2,
and N2), and the N2 species is present as an inert gas. The reaction
mechanism and reaction rates are given by:

CH4 + 3

2
O2 → CO + 2H2O (R1)

CO + 1

2
O2 → CO2 (R2)

ω1 = 1010.0 exp

(−12,019

T

)
[CH4]1.0[O2]1.0 (9)

ω2 = 1010.0 exp

(−12,019

T

)
[CO]1.0[O2]1.0 (10)

[ ] denotes the species concentration (kmol/m3). The reaction was
initiated by applying a high ignition temperature of 1300 K to the
small area near the nozzle exit when the fuel jet had proceeded to
approximately one-third of the solution domain. The advance time
step (�t) was fixed at 5 μs to ensure stable convergence.
Fig. 3. Instantaneous flame shape with CO2 addition in fuel stream by direct photog-
raphy. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

2.2. Flame shape with CO2 dilution

To determine the amount of CO2 to be mixed in the fuel and
oxidizer streams, direct photography was used to visualize the in-
stantaneous flame shapes with the CO2 addition in the fuel stream
as shown in Fig. 3. This experiment was conducted under condi-
tions equivalent to those used in the numerical simulation. The
flame gradually gains a blue color with increasing addition of CO2.
When the composition (by volume) of CO2 in the fluid supplied
in the fuel nozzle reaches 50%, the flame lifts up from the noz-
zle and becomes unstable. In the case of 40% CO2, however, the
flame is stable and it displays an almost blue color, except for the
flame bulge that expands in the radial direction (Fig. 3(c)). Thus,
CO2 at a concentration of 40% by volume in the fuel stream was
applied in our simulations to study the effect of CO2 dilution on
the interactions of a CH4–air nonpremixed jet flame with a single
vortex.

Table 1 provides relevant information for each of the case stud-
ies. No dilution, which used pure CH4 and air as fuel and oxidizer,
respectively, was considered a reference case. Fuel dilution, corre-
sponding to the addition of CO2 to the fuel stream, was examined
to study the effect of CO2 dilution on a single vortex generated
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Table 1
Compositions of fuel and oxidizer stream for CO2 dilution at inlet boundary.

Fuel stream
(Mole fraction)

Oxidizer stream
(Mole fraction)

Equilibrium
temp. (K)

CH4 CO2 O2 N2 CO2

No dilution 1.0 0 0.210 0.790 0 2246.6
Fuel dilution 0.6 0.4 0.210 0.790 0 2103.9
Air dilution 1.0 0 0.196 0.738 0.066 2103.9

(a) Temperature and axial velocity at x = 12 mm

(b) Major species concentration at x = 12 mm

Fig. 4. Comparison of simulation results and experiment data for the CH4–air lami-
nar nonpremixed jet flame.

from a fuel nozzle. In the case of air dilution, the amount of CO2
dilution was decided to obtain the same adiabatic equilibrium tem-
perature as in the case of fuel dilution to identify the influence of
heat on vortex dynamics.

2.3. Validations numerical code

The present numerical code was validated for temperature, ma-
jor species concentrations and axial velocity profile for a CH4–air
laminar nonpremixed jet flame by comparing with the experiment
data by Peters et al. [22]. The diameters of fuel and ambient air
nozzle are 12.7 and 50.8 mm, respectively. The average velocities
at the fuel and ambient air nozzle exits are 4.5 and 9.88 cm/s, re-
spectively. The comparison between the simulation results and ex-
periment data at an axial location of x = 12 mm is shown in Fig. 4.
The overall trend of temperature and axial velocity were well pre-
dicted by the simulation except for the slightly over-predicted
temperature at the region of r � 8 mm. It is also seen from the
figure that the predicted species concentrations are in good agree-
ment with the measurements. Considering that the radiative heat
loss was neglected and a relatively simple two-step global reac-
tion mechanism was used in the simulation, the simulation results
were found to be within reason. In addition, the prediction perfor-
mance of the numerical code used in this study was also validated
for counterflow flames [19,23,24] and jet flames interacting with
vortices [20] by comparing the main features with experiments.
Thus, it can be concluded that the present numerical code is suit-
able for investigating the interactions of CH4–air nonpremixed jet
flame with a single vortex.

3. Results and discussions

3.1. Dynamic behavior of a single vortex

To study the dynamic behaviors and mixing characteristics of a
single vortex, the evolutions of temperature and flame surface of
unsteady nonpremixed jet flames were followed over time for each
dilution scenario as shown in Fig. 5. Five representative snapshots
produced by the velocity program in Fig. 3 are shown. Each con-
tour is plotted for temperatures above 500 K. The dashed lines in
the figure correspond to the flame surface and indicate the loca-
tion of the stoichiometric mixture fraction. The mixture fraction is
defined as follows:

Z = νYF − YO2 + YO2,2

νYF,1 + YO2,2
(11)

where ν = ν ′
O2

WO2/ν
′
FWF is the stoichiometric oxidizer-to-fuel

mass ratio; the subscript O2 and F indicate oxidizer and fuel, re-
spectively; ν ′ is the stoichiometric coefficients; and the subscripts
1 and 2 correspond to the initial fuel stream and air stream, re-
spectively.

Fig. 5(a) shows the results for no dilution, which used pure CH4
and air as fuel and oxidizer, respectively. The outer vortex, gen-
erated by buoyancy-driven instability, starts to bulge outward in
the region of x = 50 mm and to move downstream. At 18.75 ms,
the instant when high-speed fluid is injected, the surrounding flu-
ids located near the flame surface are entrained to the inside of
the single vortex while the inner single vortex is generated. At
23.75 ms, fuel is supplied by 0.6 m/s again as shown in Fig. 2 and,
the single vortex radius and the entrainment of surrounding fluid
to the inside of the vortex increase further. Although the flame
surface is significantly stretched, no local extinction is observed.
Subsequent images in the series show that mixing inside the vor-
tex is enhanced and that the temperature distribution inside the
vortex appears to approach uniformity. Furthermore, disturbance
of the flow field moves the flame surface located behind the vor-
tex into the central axis, which instantaneously causes cutoff of the
high-speed fluids.

The results for CO2 dilution in the fuel stream are shown in
Fig. 5(b). The case of fuel dilution shifts the location of the flame
surface to the inside compared to the case of no dilution at 0.0 ms.
Comparison of the dynamic behavior of a single vortex in the no
dilution and fuel dilution shows that, at 18.75 and 23.75 ms, the
fuel dilution involves a larger vortex radius and the entrainment of
more mass flux to the inside of the vortex at a temperature greater
than 500 K. This is caused by the fact that CO2 dilution of the
fuel stream changes the density, which significantly increases the
momentum flux. At 28.75 ms, the temperature inside the vortex
exceeds 500 K faster than in the no dilution. The flame surface in
fuel dilution is also significantly more distorted than in no dilution
due to the higher momentum flux. Thus, the interaction between
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(a) No dilution

(b) Fuel + CO2

(c) Air + CO2

Fig. 5. Temporal evolutions of temperature and flame surface for no dilution, fuel dilution and air dilution of CO2.
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Fig. 6. Radius of single vortex over time for dilution conditions.

flame and vortex appears to be significant when CO2 dilution oc-
curs via the fuel stream.

Fig. 5(c) shows the results for CO2 dilution in the oxidizer
stream. At 0.0 ms, the locations of the flame surface are almost
identical to those in the no dilution. This is because the differ-
ences in stoichiometric mixture fraction are very small between
the no dilution and air dilution. That is, although the adiabatic
flame temperature in air dilution is lower than in no dilution by
approximately 140 K, the amount of CO2 diluted in the oxidizer
stream (mole fraction, 0.066) for air dilution is very small, as pre-
sented in Table 1. At 23.75 and 28.75 ms, the flame shapes and
single vortex outlines are similar to those in no dilution, but the
mixing effect inside the vortex is very weak compared to the other
cases. This result can be attributed to the higher weight of the ox-
idizer stream due to CO2 dilution, even though the fuel stream in
air dilution has the same momentum flux as in no dilution.

Fig. 6 shows the single vortex radius for three dilution con-
ditions as a function of time. The single vortex radius is calcu-
lated from the location of the core with the maximum vorticity.
The single vortex radii in the no dilution and air dilution behave
nearly identically over time. In these two dilution conditions, the
single vortex radii increase with time then gradually decrease at
25.0 ms. In the fuel dilution, in which CO2 is included in the
fuel stream, the single vortex radius is larger than in the other
dilution conditions. This can be attributed to greater entrainment
of high-temperature fluid due to the high momentum flux of the
fuel stream, as described in Fig. 5. Furthermore, the vortex in fuel
dilution appears to affect flame behavior significantly, since the in-
crease in vortex radius stretches the flame surface.

The maximum and minimum values of vorticity over the calcu-
lation domain over time are shown in Fig. 7. The vorticity increases
up to a maximum value during vortex formation, then gradually
decreases with time. The time histories of vorticity are nearly iden-
tical for the no dilution and air dilution. In contrast, the maximum
and minimum vorticity values in the fuel dilution are lower than
in the other dilution conditions, and they fluctuate irregularly over
time. These results imply that CO2 dilution in the fuel stream
makes the behavior of the combustion field more complicated.

From Figs. 6 and 7, it can be known that the vortex radius in
fuel dilution is larger than in other dilution conditions, whereas
the maximum and minimum values of vorticity are lower than in
other conditions. These opposite tendencies of vortex radius and
vorticity magnitude cannot provide the consistent analysis to un-
derstand how much CO2 dilution affects flame-vortex interactions
Fig. 7. Maximum and minimum values of vorticity over time for dilution conditions.

in terms of hydrodynamic effects. Thus, we adopt the additional
parameters of total circulation and hydrodynamic impulse over the
entire computational domain, as shown in Figs. 8 and 9.

To determine how CO2 dilution alters the vorticity field glob-
ally, the total circulation of the flow field with time is shown in
Fig. 8. Total circulation is the measure of the strength of the vor-
ticity field, and it can be calculated using Eq. (12):

Γ =
∫
A

ωθ dA (12)

where ωθ denotes the azimuthal component of the vorticity. The
integration for this equation is performed over the entire compu-
tational domain area, as shown in Fig. 1.

The total circulation is normalized by the total circulation at
0.0 ms (Γ0) to provide a meaningful comparison between the re-
sults for each dilution condition since a flow field already has
some finite total circulation before the formation of a single vor-
tex. For all dilution conditions, the circulation increases during the
formation of a single vortex, sharply decreases when a forced fuel
jet is cut off corresponding to near 20.0 ms, and then gradually
increases. The circulation value at 20.0 ms for the fuel dilution
is significantly larger than in the other dilution conditions. This
result can be explained from the vortex radius and the values
of maximum and minimum vorticity. In other words, this means
that the area including a high-order vorticity magnitude increase
more than in the other dilution conditions, although the maximum
and minimum vorticity values are smaller than those of the other
conditions. Meanwhile, total circulation is nearly identical for the
no dilution and air dilution, except for a small discrepancy after
25.0 ms.

In Fig. 5, we indicated visually that the entrainment and mix-
ing of surrounding fluids inside the vortex change significantly due
to the momentum difference with CO2 dilution in the fuel or the
oxidizer streams. Hydrodynamic impulse which plays the part of
vortex momentum, is thought to be an adequate parameter for
quantifying the effect of momentum difference on vortex dynam-
ics. The hydrodynamic impulse is expressed in three-dimensional
motion as shown in Eq. (13). It can be written, however, for two
spatial dimensions as Eq. (14) since the hydrodynamic impulse
only validates the component of axial direction in two-dimensional
cylindrical coordinates:

�I = 1

2

∫
ρ�r × �ωdV (13)
V
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Fig. 8. Relative total circulation over time for dilution conditions.

Fig. 9. Relative hydrodynamic impulse over time for dilution conditions.

Ix = π

∫
A

ρωθ r2 dA (14)

where �r is the position vector of a point in the flow field. Hence-
forth, when the term impulse is used, it refers to the axial compo-
nent of �I , and it will be referred to as I .

Fig. 9 shows the evolution of hydrodynamic impulse over time
in three dilution conditions as an indication of the entrainment
and mixing behavior inside the vortex. The hydrodynamic impulse
in the fuel dilution, in which CO2 is added in the fuel stream,
varies rapidly over time, while that of the air dilution varies most
slowly among the three dilution conditions. Thus, in the case of
CO2 dilution in the fuel stream, the increase in entrainment of sur-
rounding fluids near the flame surface appears to promote mixing
inside the vortex.

3.2. Vorticity transport mechanisms

To determine how CO2 dilution in the fuel and oxidizer streams
changes the vorticity field globally, contributions to the total cir-
culation were calculated by integrating each term in the vorticity
transport equation over the computational domain, as shown in
Fig. 10. For a two-dimensional flow field, the vorticity transport
equation may be written as:

∂ωθ

∂t
= −(u · ∇)ωθ + (ωθ · ∇)u − ωθ(∇ · u) + 1

ρ2
(∇ρ × ∇p)

+ ∇ ×
(

ρ − ρ∞
ρ

)
g + (Viscosity-related terms) (15)

In this equation, the first term on the right side is the convec-
tive term, and the second term is referred to as the stretching
term having an inherently three-dimensional phenomenon. How-
ever, since this calculation is limited to a two-dimensional flow
field, only the stretching effect in the θ -direction is considered in
the present study. The third term, called the volumetric expansion
term, corresponds to the reduction in vorticity arising from fluid
expansion. The fourth term is the baroclinic torque caused by the
non-collinearity of the density and pressure gradients, which plays
an important role in vortex generation when the density changes
significantly, such as in the reacting flow. The gravitational term re-
sulting from the interactions of the radial density gradient (∂ρ/∂r)
and gravitational acceleration is represented by the penultimate
term. Because of the sign change of ∂ρ/∂r across the reaction
zone, it takes a negative sign on the inner side and a positive
sign on the outer side of a flame surface. This term contributes
mainly to an increase in flow vortical level. The last terms on
the right-hand side are referred to as the viscosity-related terms,
which consist of the vorticity diffusion term due to the action of
viscosity and the terms due to shear stress variations in a den-
sity gradient field. These terms are calculated from the difference
between the left- and right-hand sides of Eq. (15). In addition, the
∂ωθ/∂t term in Eq. (15) is related to the change in total circulation
as follows:

∂Γ

∂t
=

∫
A

∂ωθ

∂t
dA (16)

The ∂ωθ/∂t term in Eq. (16) can be replaced by the right-hand
side of Eq. (15). Therefore, the integration of each term on the
right-hand side of the vorticity transport equation over the compu-
tational domain gives the contribution of each term to the change
in total circulation.

Fig. 10(a) shows the contributions of vortex stretching to the
total circulation over time for all dilution conditions. The stretch-
ing term can be expressed as ωθ(v/r) since the stretching effect in
the θ -direction is valid only in a two-dimensional cylindrical co-
ordinate system, as previously mentioned. This term depends on
both the radial velocity and the vorticity ωθ , which is typically
positive. The stretching effects for all dilution conditions rapidly
increase near 15.0 ms, since the radial velocity v is typically pos-
itive when a vortex is formed from the fuel nozzle. Meanwhile,
the contribution of vortex stretching decreases sharply at the high-
velocity fluid cutoff time of t = 20.0 ms. During the initiation of
vortex formation (t = 15.0–20.0 ms), the stretching term of fuel di-
lution contributes less to the increase of flow vorticity than in the
other dilution conditions. As a single vortex moves downstream,
the stretching effect develops differently than in the other condi-
tions.

The overall effect of volumetric expansion on the change in
total circulation is represented in Fig. 10(b). The volumetric expan-
sion terms for all dilution conditions are typically negative during
the initiation of vortex formation, which means that volumetric
expansion affects the attenuation of the flow vorticity. In the fuel
dilution, the destructive effect on the vorticity is greater than in
the other dilution conditions until 20.0 ms. This is because the
increase in entrainment of the surrounding and high-temperature
fluids inside the single vortex significantly affects the volumetric
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(a) (b)

(c) (d)

Fig. 10. Contributions to the change in total circulation over time for dilution conditions from the terms in Eq. (15) related to the following: (a) Stretching, (b) volumetric
expansion, (c) baroclinic torque, and (d) gravitational term.
expansion. However, in fuel dilution, after 20.0 ms, uniform tem-
perature distribution inside the single vortex due to increase in
mixing rate reduces the effect of volumetric expansion on vortical
flow field compared to other dilution conditions.

Fig. 10(c) indicates that the baroclinic torque term for all di-
lution conditions contributes primarily to the generation of vor-
ticity during the initiation of vortex formation. In addition, this
term plays the most important role for the change in total circu-
lation compared to other terms, with the exception of the viscous
terms. The significant increase in the baroclinic torque terms at
20.0 ms, for the fuel dilution, can be attributed mainly to the
change in density gradient inside the vortex as a result of CO2 di-
lution in the fuel stream. Nevertheless, the single vortex for all
dilution conditions is likely to have a similar pressure distribu-
tion as estimated from the vortex shapes in Fig. 5. Consequently,
the baroclinic torque term for fuel dilution is more important to
the generation of vorticity than in the other dilution conditions.
As a single vortex develops downstream, however, the baroclinic
torque term for fuel dilution contributes mainly to the attenuation
of vorticity, while the corresponding terms in the other dilution
conditions exert little influence on the rate of change in total cir-
culation.

The contribution of the gravitational term to the change in to-
tal circulation is shown in Fig. 10(d). The gravitational effect, which
depends on the radial density gradient in all dilution conditions, is
initially constant, and it gradually increases at 25.0 ms. The effect
for fuel dilution is not larger than in other dilution conditions since
CO2 dilution causes a very small change in fuel density (1.11 kg/m3

at inlet) and oxidizer density (1.17 kg/m3). The density difference
between fuel and oxidizer in no dilution is less than in air dilution,
but the generation effect on vorticity in no dilution is greater than
in air dilution because the flame temperature for no dilution is
higher than in air dilution, as shown in Fig. 10(d). Although the ef-
fect of viscosity-related term on the change in total circulation was
not presented in the paper, a comparison of the three dilution con-
ditions did not reveal any significant difference on viscosity-related
terms except that the effect in fuel dilution is slightly greater than
in the other cases. In result, the change of dynamic viscosity due
to CO2 dilution has little effect on vorticity generation and attenu-
ation.
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Further studies related to the flame-vortex interaction under
various conditions are essential to investigate the specific effect
of CO2 dilution in a turbulent flame. Furthermore, in the present
study, we have observed only a single vortex generated at a fuel
nozzle with specific impulsive intensity, but, if we can expand the
simulation to include control of the location and impulsive inten-
sity of vortex generation as well as the amount of CO2 dilution, the
methodology of the present study may prove useful for elucidating
the hydrodynamic effects of CO2 dilution on turbulent flames.

4. Conclusions

The effects of CO2 dilution on a single vortex in a CH4–air non-
premixed jet flame have been numerically investigated. We draw
the following conclusions from analyses of vortex dynamics inter-
acting with flame-diluted CO2:

The CO2 dilution in fuel stream results in an increased momen-
tum flux leading to a larger vortex radius and greater entrainment
of surrounding fluid than in the other dilution conditions. Thus,
the dilution of CO2 in the fuel stream enhances mixing inside the
single vortex and increases the stretching of the flame surface.
Therefore, the interaction between flame and vortex appears to be
more important in fuel dilution than in no dilution and air dilu-
tion.

Regarding the contributions to the change in total circula-
tion, the results show that, in the stage of vortex formation, the
vorticity-generating effect of the baroclinic torque term and the
vorticity-attenuating effect of the volumetric expansion term are
greater in fuel dilution than in the other dilution conditions dur-
ing vortex formation. However, after vortex formation, these terms
show the opposite tendencies. In addition, the effects of CO2 dilu-
tion on the stretching, gravitational, and viscous terms have little
influence on total circulation except for causing minor variation
among the dilution conditions.

The present study, which uses flame-vortex interaction to inves-
tigate the effects of CO2 dilution, is expected to give good impli-
cations on the hydrodynamic effects by CO2 dilution in turbulent
flame, if the location and impulsive intensity of vortex generation,
and the amount of CO2 dilution, can be adequately controlled.
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