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Abstract: Due to its enhancement in the flame speed, ozone added in lean premixed syngas turbulent
jet flame was investigated by the three-dimensional direct numerical simulation method in the near
field of the flame. In the present study, numerical simulations were conducted in the lean premixed
syngas turbulent jet flame configuration to explore the effects of ozone addition on freely-propagating
turbulent flames. It was seen that turbulence began to significantly affect the flame surface to
produce wrinkles in lean premixed gas flame with ozone added after 4D; ozone started to affect
the composition field and temperature field after 8D; it accelerated the generation of intermediate
products, OH and O radicals; and it will promote the production of CO2 in the near field range.
Ozone will increase the flame surface area of the lean premixed syngas flame during the ignition
period and can promote the ignition process and make the combustion occur earlier. The flame
surface of the case with ozone added is more easily stretched by turbulence, and ozone can improve
the stability of combustion. Ozone does not affect the effective radius of the flame curvature but will
broaden the distribution of the curvature term because of the enhancement effect on the displacement
speed of the flame surface.

Keywords: ozone; premixed; lean; syngas; turbulence; direct numerical simulation; enhancement

1. Introduction

Coal is an important primary energy source in China, but the use of coal will cause
significant environmental pollution. China has put forward the goal of striving for a carbon
peak by 2030 and a goal of achieving carbon neutrality by 2060; the use of coal will usher
in a transitional period. The gasification of coal to obtain secondary products before use
is a form of coal utilization, and its main effective components are CO and H2. From the
direct utilization of coal to the use of syngas, it can greatly reduce pollutants, emissions,
and greenhouse gas emissions such as CO2. The study of the combustion characteristics of
syngas will be a branch of achieving the dual carbon goal.

The strengthening of combustion is also one of the research directions. Ozone, as the
long-lived component of active molecules, is used and studied by researchers as a means of
strengthening combustion [1–4]. Ombrello [5] discussed the strengthening effect of ozone
on the flame propagation in propane combustion in 2010. The study found that ozone had
an effect on the fluid dynamics of the flame front to enhance the flame propagation speed,
and they obtained that the zone mainly affects the methane combustion by producing O
radicals. Wang et al. [6] used a heat flow furnace to measure the laminar flame velocity and
combined the CHEMKIN calculation method to study the ozone strengthening mechanism
in a methane/air premixed combustion. They proposed a 16-step elementary reaction ozone
kinetic mechanism, and the calculated results of CHEMKIN were in good agreement with
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the experimental values. It is pointed out that the strengthening of ozone is reflected in the O
radical generated by the decomposition of ozone in the preheating zone, which accelerates
the chain reaction and increases the laminar flame speed. On this basis, Liu et al. [7]
further reduced the mechanism reaction and proposed an 18-step, 22-species reduced
global mechanism for ozone-enhanced CH4/air combustion processes. The calculation
results were in good agreement with the results using the detailed mechanism. Ji et al. [8]
used a constant volume burner to find that ozone can shorten the ignition delay time of
methane lean premixed flame and accelerate its combustion speed. Wu et al. [9] studied
the effect of ozone on the liftoff height of the ethane non-premixed jet flame. They found
that increasing the triple-flame propagation speed will reduce the liftoff height. Increasing
the axial jet velocity along the stoichiometric contour will increase the liftoff height. The
interaction ultimately affects the value of the liftoff height.

Nowadays, the research on the ozone strengthening mechanism is still in the exper-
imental and one-dimensional calculation; the simulation method of three-dimensional
direct numerical simulation (DNS) can obtain detailed turbulence and chemical reac-
tion interaction information [10,11], which can conduct more in-depth research on the
strengthening mechanism [12–15]. DNS has also been applied to the combustion of syngas;
Chi Cheng et al. [16] used the means of a DNS box to study the syngas combustion flame
and found the physical quantity that can be used to characterize the heat release rate; the
physical quantity, which is expressed as c1.5

HCO × c0.75
OH by the concentration of HCO and

OH, can be measured by experimental methods. Roys et al. [17] used the 2D DNS box
method to study the ignition characteristic parameters of syngas. The study found that
for the larger RMS temperature fluctuation, the deflagration during ignition is the main
source of the heat release rate, while the spontaneity during ignition is the main source of
the heat release rate for the smaller RMS temperature fluctuation. Bhide et al. [18] used
the DNS box method to study the influence of the Lewis number and turbulence in the
lean premixed syngas flame on the heat release rate. The study found that the peak of the
heat release rate moved to the zone of low temperature under high turbulence conditions,
and highly diffusible hydrogen atoms play a decisive role in the heat release rate. The use
of DNS in syngas flame is rarely reported in current research, and performing DNS on
a three-dimensional full-scale flame can obtain a more realistic flame structure, which is
more helpful for understanding the interaction between combustion and turbulence in a
real flame. In this paper, the DNS method was used to study the strengthening effect of
ozone in the three-dimensional lean premixed syngas turbulent jet flame, which can more
accurately capture the effect of ozone on the internal structure, composition, and statistics
of the flame at the real scale. The strengthening mechanism at the three-dimensional scale
is discussed to some extent.

2. Method and Definition
2.1. Numerical Method

The governing equations of mass, momentum, species, and energy and the equation of
the state are simplified as below (in Cartesian coordinates); parameters involving acoustic
interactions, compressibility, viscous dissipation heating, bulk viscosity, body forces (except
gravity), and diffusion by pressure gradients were not implemented.

∂ρ

∂t
+∇(ρu) = 0 (1)

∂(ρu)
∂t

+
∂(ρuu)

∂x
= −∇p +∇τ + ρ∑Ns

n=1 Yn f n (2)

∂(ρYn)

∂t
+∇(ρuYn) = ∇(ρV nYn) + ρωn, n = 1, 2, 3, ..., Ns (3)

∂(ρT)
∂t

+∇(ρuT) =
1
cp
∇(κ∇T)− 1

cp
∑Ns

n=1 ρcp,nYnV n∇T − 1
cp

∑Ns
n=1 ρhnωn + q̇ (4)
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p0 = ρ∑Ns
n=1

(
Yn
Mn

)
RT (5)

The gas mixture density is represented by ρ (unit is kg·m−3); the fluid velocity vector
is represented by u (unit is m·s−1); the fluid viscous vector is represented by τ (unit is
kg·m−1·s−2); the unit gravity for component n is represented by fn (unit is m·s−2); the
hydrodynamic pressure is represented by p (unit is Pa) (shown in Equations (2) and (3));
the net formation rate of species n is represented by ωn (unit is s−1); the mass fraction of
component n is represented by Yn; the number of species is represented by Ns; the species
diffusion velocity is represented by Vn (unit is m·s−1); and a simple formula proposed
by Bird [19] was used to calculate the approximate mixture diffusivities. The thermal
conductivity of the mixture is represented by κ in Equation (4) (unit is W·m−1·K−1); the
temperature is represented by T (unit is K); the average specific heat capacity is represented
by cp (unit is J·kg−1·K−1); the specific heat capacity of n is represented by cp,n (unit is
J·kg−1·K−1); the specific enthalpy of n is represented by hn (J·kg−1); the radiation source
term, which is calculated using the model proposed by Barlow [20], is represented by q̇
(unit is kg·K·m−3·s−1). The thermodynamic pressure is represented by p0 (unit is Pa), and
the molar weight of n is represented by Mn in Equation (5).

A staggered space–time method was used for improving the numerical stability. The
equations were integrated by a semi-implicit method [21], and the discretization was
conservative. The six-order central difference method shown in Equation (6) was used for
spatial discretization. The six-order center interpolation method shown in Equation (7) was
used for velocity interpolation. δnφ

δnx is the finite difference operator; φ̄nx is the interpolation
operator; n is the distance between the two points used for the difference divided by grid
spacing. The WENO5 method [22] was used for scalar interpolation in order to ensure
the stability of a staggered grid simulation. Each species’ Lewis number was defined in
code. The DVODE solver [23] was used to implement the calculation of detailed chemical
kinetics. The 38-step syngas chemical mechanism used was derived by Davis et al. [24],
and the 16-step ozone chemical mechanism used was derived by Wang et al. [6].These two
mechanisms can help the simulation to obtain accurate intermediate species without too
much computational cost.

∂φ

∂x
∼=

150
128

δ1φ

δ1x
− 25

128
δ3φ

δ3x
+

3
128

δ5φ

δ5x
(6)

φ ∼=
150
128

φ̄1x − 25
128

φ̄3x +
3

128
φ̄5x (7)

2.2. Case Definition

The premixed jet device used for the size setting of the center nozzle in the design
conditions of this study comes from the water-cooled Mcknena burner, which was used for
a turbulent premixed methane flame by Weng [25]. The Mcknena burner uses a mixture of
methane/air to prevent its flame from being flown out by high turbulence and is ignited
by an ignizer, but the ignition of the simulated premixed flame is generally realized by
the coflow of high-temperature products, and the equivalent ratio of the premixed gas can
be ensured by this treatment. Two cases were discussed in this article: one is the basic
syngas premixed condition with an equivalent ratio of 0.7, and the jet velocity at the center
nozzle was 40 m/s; the Reynolds number of the central jet was 4980; and the velocity of
the coflow was set to 1% of the central jet velocity based on the principle that the coflow
velocity cannot affect the central jet field, 0.4 m/s. The temperature of the central jet was
set to 300 K, and the temperature of coflow was 1500 K because of its function of igniting
the central jet. The second case was added with ozone; the ozone in the experiment was
generated by the ozone generator using O2, which was in the oxidizer; the added 8500 ppm
ozone in the second case was transformed from the O2 too; and the mixed gas was taken as
the inlet component of the central jet. The specific parameters are listed in Table 1 in detail.
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Table 1. The parameters of the two cases.

Case 1 Case 2

Inner diameter of central
jet nozzle 2.3 mm (D) 2.3 mm (D)

Thickness of central jet nozzle 0.5 mm 0.5 mm
Velocity of central jet 40.0 m/s 40.0 m/s

Component in central jet
(volume fraction)

11.36% H2, 11.36% CO,
77.28% Air

11.40% H2, 11.40% CO,
15.30% O2, 61.25% N2,

6.56% O3
Temperature of central jet 300 K 300 K

Velocity of coflow 0.4 m/s 0.4 m/s
Temperature of coflow 1500 K 1500 K
Component in coflow

(complete combust products)
12.82% H2O, 12.82% CO2,

5.49% O2, 68.88% N2

12.82% H2O, 12.82% CO2,
5.49% O2, 68.88% N2

The setting of the calculation area is shown in Figure 1; the center jet nozzle parameters
refer to the real nozzle; the nozzle diameter D was 2.3 mm; and the nozzle wall thickness h
was 0.5 mm. The distance of the nozzle into the calculation area was controlled to four grids;
the radial half-width Ly was 6D, and the axis Lx was 12D. The overall grid was generated
using cylindrical coordinates, and the near field of the flame was simulated because of the
high computing cost of the direct numerical simulation. The grid size of 0D∼1D remained
50 µm when dividing the grid in the radial direction, but the diffusion was not strong
after 1D in the near field of the flame for the premixed flame, so the grid can be stretched
appropriately. A stretch rate of 1.01 was used to stretch the grid in the interval from 1D to
6D. The grid size in the axial direction was maintained at 60 µm because the flame structure
changes are more complicated in the near field. The number of grids along the angular
direction was 128 so that the grid size near the pipe wall was about 50 µm. The grid size
was less than twice the Kolmogorov scale of the cases[26], which meets the requirement of
DNS. It can be known that the flame surface thickness of a syngas premixed flame with an
equivalent ratio of 0.7 is 530 µm according to previous research [27]. The flame surface was
analyzed by 10 grids using the settings of the grids above; so, it is believed that the changes
in the flame surface can be captured accurately under this grid scale. The specific number of
grids in the axial direction was 456; the number in the radial direction was 146; and the total
number was about 8.52 million. The specific grid distribution is shown in Figure 2. The
calculation time step was 2.5 × 10−7 s. The direction of gravity was the negative direction
of X, and the magnitude was 9.87 m/s2. The initialization of the field was done using the
parameters of coflow, and the calculation time was 17 ms; time-averaged statistics were
performed after 10 ms. The total CPU hours spent was about 150,000.

Figure 1. Schematic diagram of calculation area.
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(a) (b)

Figure 2. Schematic diagram of meshing. (a) plane across central axis (b) x = 0 plane.

The turbulence part of the calculation program was used by the author to study the
influence of the equivalent ratio and the Reynolds number in the interaction between
turbulence and the flame surface by using the DNS method [27]. Wan et al. used the LES
method to study the pulverized-coal-pyrolysis and the release law of alkali metal in the
turbulent flame [28,29]. Liu et al. verified the accuracy of the LES code under the low
Mach number [30]. The calculation accuracy of the code’s chemical mechanism module
was also verified in the author’s article on the interaction of turbulence and the flame
surface [27]. The laminar speed simulated by the DNS code was in good agreement with
the corresponding experiment data shown in Figure 2a of Ref. [27].

3. Results and Discussion
3.1. Transient Field Analysis

The central jet had formed a stable premixed flame after 15 convection cycles. The
method of defining the reaction process by reactants was used when studying the flame
surface, and the reaction process c was defined as c = 1 − YCO/max(YCO) . Figure 3 shows
the flame surface, the temperature field of the section through the central axis, and the mass
fraction fields of OH and O radicals of the section through the central axis at c = 0.7—and
the mass fraction of O radicals at cross-section x/D = 6 and x/D = 11 in the premixed flame
with ozone added. It can be seen from the figure that the flame surface did not change
much before 4D, indicating that the turbulence had little effect on the flame surface. The
flame surface began to wrinkle slightly after 4D. The turbulence caused obvious wrinkles
on the flame surface after passing through the flame surface, which can be inferred from
the temperature field and the O radicals field. The effect of the turbulence on the flame
surface became more obvious as the turbulence passed through the flame surface. The
wrinkles on the flame surface became more obvious. The downstream chemical reaction
was becoming stronger, which can be inferred from the temperature field. The O radicals
were enriched on the side that protrudes toward the reactant, which can be seen from the
O radical field; the place where the flame surface protrudes toward the reactant indicates
that the local turbulent flame velocity was temporarily greater than the gas velocity; so, it
is shown that the concentration of O radicals was positively correlated with the turbulent
flame velocity. The O radicals at x/D = 11 were significantly higher comparing with that
at x/D = 6. This indicates that the O radical at this position began to play an important
role in the reaction process. Ozone, as a substance that can generate O radicals, should also
start to significantly affect the reaction process at this location.



Energies 2022, 15, 3945 6 of 15

3.2. Time-Averaged Statistical Analysis

The field shown in Figure 3 is transient, and the time-averaged statistics of velocity,
temperature, and the main components are discussed next. Figure 4 shows the time-
averaged velocity, temperature, fuel, product, and intermediate product OH and O radical
mass fraction distribution on the central axis. It can be seen from the figure that the addition
of ozone will not affect the velocity decay on the central axis. The temperature curve shows
that the overall temperature curve starts to rise, indicating that the wrinkles caused by the
turbulence on the flame surface from 6D began to affect the instantaneous flame surface
to approach or even appear at the central axis position, which caused the time-averaged
temperature on the central axis after 6D to start to increase obviously. The time-averaged
temperature of the case with ozone added was higher than that of the case without ozone
after 8D; the mass fraction of fuel decreased faster than that of the case without ozone;
and the production of O radicals and OH was greater than that of the case without ozone,
but only the mass fraction of CO2 in the product increased, and the mass fraction of H2O
basically had no change, indicating that ozone will promote the formation of CO2 and has
little effect on the formation of H2O in the near field.

(a)

(b)

Figure 3. Cont.
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(c)

Figure 3. The transient field of case added ozone at 17.5 ms (a) The flame surface, temperature field,
and O radicals field at c = 0.7; (b) the mass fraction of O radicals at cross-section x/D = 6; (c) the mass
fraction of O radicals at cross-section x/D = 11.

(a)

(b)

Figure 4. Cont.
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(c)

(d)

Figure 4. The time-averaged velocity, temperature, fuel, product, and intermediate product OH
and O radical mass fraction distribution on the central axis. (a) The time-averaged velocity and
temperature, (b) mass fraction of H2 and CO, (c) mass fraction of H2O and CO2, and (d) mass fraction
of O and OH.

The axial distribution of the near field reflects the combustion characteristics along
the jet direction, while the radial distribution reflects the combustion characteristics on the
flame front to a greater extent. Figure 5 shows the time-averaged velocity, temperature,
fuel, product, and intermediate product OH and O radical mass fraction distribution on
r/D = 3, 6, 11. The change in axial velocity and radial velocity also reflects the change in
flame velocity because of passing through the flame surface; the velocity curves at three
positions of the case with ozone added showed the enhancement of the flame speed. The
flame temperature curve also showed that the overall temperature of the case with the
ozone added was greater than that of the case without ozone, indicating the addition of
ozone will increase the heat release rate of the overall chemical reaction. The time-averaged
results of r/D = 3 and r/D = 6 show that the addition of ozone began to affect the generation
of intermediate products OH and O radicals on the flame surface upstream before 6D, but
it did not affect the production of the products, while the time-averaged results showed
that the strengthening effect of ozone on the premixed combustion of syngas in the near
field downstream was reflected in the product. The mass fraction of CO2 in the case with
ozone added near the flame surface in the entire radial direction was significantly greater
than that in the case without ozone, which is consistent with the trend on the central axis. It
is shown that ozone can significantly strengthen the combustion reaction and promote the
generation of CO2 in the near field of the entire premixed flame. The mean mass fraction
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of CO2 of different radial positions at x/D = 11 are listed in Table 2. The role of ozone in
promoting CO2 production is particularly obvious at the center of x/D = 11, which can
increase the production rate of CO2 by 10.8%.

(a)

(b)

(c)

Figure 5. Cont.
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(d)

Figure 5. The time-averaged velocity, temperature, fuel, product, and intermediate product OH and
O radical mass fraction distribution on r/D = 3, 6, 11. (a) the time-averaged velocity and temperature,
(b) mass fraction of H2 and CO, (c) mass fraction of H2O and CO2, and (d) mass fraction of O and OH.

Table 2. The mean mass fraction of CO2 of different radial positions at x/D = 11.

r/D 0.25 0.5 0.75 1.0 1.25 1.5

case 1 0.037 0.097 0.159 0.171 0.156 0.14
case 2 0.041 0.104 0.162 0.172 0.158 0.14

enhanced rate/% 10.8 7.2 1.9 0.6 0.1 0

3.3. The Effect on Ignition

The ignition of the two cases was in the form of coflow ignition, which is realized
by the complete combustion product of 1500 K in the coflow. The influence of ozone on
the ignition was analyzed in this study through the influence of the flame surface area.
The flame surface area was used as a parameter to characterize the component exchange
and energy exchange intensity in the flame. It can be concluded that the effect of ozone
on the intensity of mass–energy exchange during flame combustion is strong or weak by
comparing the area of the flame surface. Similarly, the influence of ozone on the ignition
process can be judged by comparing the size of the flame surface during the ignition process.
The full-field initialization component can not be zero based on the calculation stability—it
will cause the definition of reaction process, and it can not be used when the flame surface
area is calculated during the ignition phase. Therefore, the surface of YH2 = 0.007 was
simply used as the flame surface for flame surface area statistics, and the specific curve
is shown in Figure 6. It can be seen from the figure that the flame surface area increases
sharply due to the intense mass–energy exchange during the ignition process, and the flame
surface area gradually stabilizes as the flame stabilizes. It can be found that ozone makes
the curve of the flame surface change forward comparing the case without ozone, and the
maximum flame surface area was s also larger than the case without ozone. In connection
with the previous conclusion, it shows that the content of intermediate products OH and O
radicals in the ignition process were re greater than those of the case without ozone due to
the addition of ozone; this phenomenon makes the combustion reaction proceed earlier,
and the combustion was more intense; thereby, the ignited speed of the premixed syngas by
the high-temperature combustion products was increased. Therefore, it can be concluded
that ozone can significantly promote the ignition of the free jet discussed.
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Figure 6. Variation curve of flame surface area with time at flame surface YH2 = 0.007.

3.4. Flame Surface Statistics Analysis

Many analyses of the two-dimensional flame surface were carried out by discussing
the statistics of its flame surface, such as the tangential strain rate, the curvature, etc. The
flame surface of the three-dimensional free jet can also be analyzed using this method so
that the effect of adding ozone on the overall shape of the flame surface can be obtained.

The PDFs of the tangential strain rate and curvature on the isoline of c = 0.4 at
t = 17.5 ms are shown in Figure 7. The overall distribution is biased towards positive
values, which can be seen from the distribution of the tangential strain rate, indicating
that the stretching effect on the flame surface is greater than the extrusion effect on the
flame surface because of fluid dynamics. This tendency is different from the trend of the
two-dimensional flame surface at an equivalent ratio of 0.7 but is consistent with the trend
of the two-dimensional flame surface at an equivalent ratio of 2.0 and 3.0. The reason is
that the combustion of the near-field flame still showed stability, and the flame surface
shape was relatively complete, so its tangential strain rate distribution trend was biased
to a positive value. This phenomenon further shows that the effect of turbulence on the
flame surface in a stable flame is mainly to stretch the flame surface. The density of the
positive tangential strain rate is becoming larger when the ozone is added, indicating that
the flame surface after ozone addition is more easily stretched by turbulence. It can be
found that adding ozone can improve the stability of combustion. As for the curvature term
caused by the propagation of the reaction front, the distributions of the two cases are both
nearly symmetric with the zero curvature line, which is consistent with the conclusions of
previous studies. From an overall point of view, the curvature of the flame surface with
ozone added had a wider distribution. According to Figure 7, the effective radius of the
flame curvature did not change after the addition of ozone, indicating that the addition
of ozone will not affect the degree of the wrinkle of the flame surface. The difference in
the curvature between the two is because the addition of ozone increases the displacement
speed of the flame surface, which is shown in Figure 7d.
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(a)

(b)

(c)

Figure 7. Cont.
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(d)

Figure 7. Probability density distribution of statistics on the flame surface. (a) Tangential strain
rate, (b) curvature, (c) the effective radius of flame curvature, and (d) the displacement speed of the
flame surface.

4. Conclusions

Three-dimensional simulation of the near-field (0∼12D) of the lean premixed syngas
flame without ozone and with ozone was carried out through direct numerical simulation.
The following conclusions were drawn after comparing the transient field, time-averaged
results, ignition process, and flame surface statistics:

(1) It can be seen from the transient field and the time-averaged results that turbulence
begins to significantly affect the flame surface to produce wrinkles in lean premixed
gas flame after 4D, while ozone starts to affect the composition field and temperature
field after 8D and accelerates the generation of intermediate products OH and O
radicals and will promote the production of CO2 in the near field range.

(2) It can be seen from the ignition process that ozone will increase the flame surface area
of the lean premixed syngas flame by comparing the area of the flame surface during
the ignition period, and the conclusion can be obtained that ozone can promote the
ignition process and make the combustion occur earlier.

(3) It can be seen from the flame surface statistics that the flame surface of the case with
ozone added is more easily stretched by turbulence, and adding ozone can improve
the stability of combustion. Ozone does not affect the effective radius of the flame
curvature but will broaden the distribution of the curvature term because of the
enhancement effect on the displacement speed of the flame surface.

The present numerical simulations investigated the enhancement of lean premixed
syngas turbulent jet flame by ozone addition and also compared the flame with ozone and
the flame without ozone. Future studies can advance the understanding of the change in
ozone content in the flame through a more detailed design of numerical conditions. As our
understanding of the combustion-enhancing effect of ozone on syngas deepens, a suitable
means is provided to improve combustion conditions and adjust combustion characteristics
without altering fuel and intake air in combustion technologies that are using syngas, such
as IGCC.
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