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ABSTRACT

It is a difficult scientific problem of applied fluid mechanics that the flame is too long and does not match the
furnace chamber in a small restricted heating space. This paper aims to investigate the effect of the air
quantity distribution ratio on the flame height of a flue gas self-circulation burner. In order to obtain a better
combustion emission effect and a shorter flame height, a burner head structure with a small flue gas self-
circulation was designed. Numerical simulation was employed to investigate the effect of the different
distributions of central air, swirling air and secondary air on flame height. The periodic boundary condition
model was adopted and the numerical model was compared and validated by experiment. Correlation analysis
was used to determine the influence of the air inlet ratio of each part on the flame height and recirculating flue
gas ratio (RFGR). The results show that the influence of different air quantity distributions on flame length is
very significant. A reasonable central air ratio is a necessary condition for the good combustion of this flue
gas self-circulation burner. Secondary air can effectively increase the RFGR, and flame height was
significantly shorter with the increase of RFGR, but when it increased to more than 12%, the flame length
was basically no longer shortened. On the premise of stable combustion, when the ratio of central air, swirling
air and secondary air are respectively 25%, 35% and 40%, the shortest flame length is achieved. This work
reveals an influence mechanism of the flame height of a small burner with a flue gas circulation structure.
These results can provide theoretical support and an engineering design basis for the short flame problem in a
small restricted space.
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NOMENCLATURE
E specific internal energy Re relative Reynolds number
f average mixture fraction RFGR  Recirculating Flue Gas Ratio
Fo drag force of the droplet T local temperature
h specific enthalpy u instantaneous velocity
k turbulent kinetic energy Y fuel mass fraction
L flame length tij viscous stress tensor
LES Large Eddy Simulation
p pressure a spray cone angle
PDF Probability Density Function y swirl groove angle
r air—fuel ratio & turbulence dissipation rate
RANS  Reynolds  Averaged Navier-Stokes p density
Simulation o standard deviation
1. INTRODUCTION transfer process in the industrial process (Daho et
al., 2014). The required flame length is closely
Spray flame in small confined spaces is widely used ~ rélated to the limited space size. If a small

in logistical stoves, small furnaces, emergency combustion chamber has a long flame, the flame
rescue square cabins and other chemical heat will directly flush the heating surface, resulting in
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the sudden cooling of unburned oil mist or gas and
carbon accumulation on the heating surface. If the
combustion chamber is large and the flame is
especially short, the phenomenon of poor flame
saturation and low temperature will appear in the
furnace, which will seriously affect the thermal
utilization of the heating surface.

The fuel needs to be atomized before evaporative
ignition, which belongs to vaporization combustion.
There is no accurate theoretical formula to
determine the flame length of the nozzle for forced
air supply. The structure and temperature of a flame
under different distribution ratios of a fuel burner
were investigated (Qiu et al., 2009). The study
showed that the effect of secondary air can reduce
the flame temperature and create an even mixture of
oil mist and air evenly. Some studies (Xu et al.,
2012) have shown that the central air volume
should not be too large, otherwise the formation of
backflow area will be affected, thereby affecting the
ignition position of fuel oil. The initial and
secondary air of a 600 MW large-scale cyclone
burner were studied (Zhou et al., 2014). The results
showed that the secondary air is more favorable for
the high temperature area of the flame to move
towards the nozzle, so the flame becomes shorter.
Similar results were obtained in the study of air
distribution in a propane burner (Liu et al., 2015). A
number of experiments have shown that a
reasonable combination of primary air and
secondary air has a very positive effect on the flame
temperature in the furnace (Wu et al., 2016). Some
scholars have studied the adaptive air distribution
by improving the nozzle structure and the results
also showed that the organization of air flow is very
important (Li et al., 2018; Elbaz and Roberts,
2016). Ling et al. (2015a and 2015b) investigated
the location of flue gas self-circulation in a heavy
oil swirl burner, and found that different flue gas
reflux ratio had a great impact on the flame
position, temperature and pollutant emission.
Similar studies of large boiler swirl burners have
shown that the flame height increases as the ratio of
secondary air increases (Wang et al., 2018). For the
study of the air distribution of a slightly less
powerful burner (900 kW), Luo et al. (2015) also
believed that the reasonable secondary air ratio was
beneficial to the increase of the combustion
temperature. In smaller restricted spaces, the
required burner power is usually less than 100 kW.
It is difficult to adjust the flame length for small
power burners with a flue gas self-circulation
structure. For fuel injection burners, in addition to
good atomization conditions, only the accurate
regulation of distribution proportion ensures the
best airflow structure to form a flame that is best
adapted to small restricted spaces.

The current research shows that the adjustment of
flame length can be achieved by proper air
distribution (Savard et al., 2018). Although many
scholars have made significant contributions to the
relationship  between  air  distribution  and
combustion, these are mainly concentrated in large
and high-power industrial combustion devices.
There is not a very deep understanding of the
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influence of the air quantity distribution ratio on
flame height. We aim to determine the ratio that can
keep the flame stable and the ratio that should be
employed when the shortest flame possible is
needed in a small structure. In addition, there is no
definite answer as to whether the recirculating flue
gas ratio (RFGR) plays a decisive role in regulating
the flame length of a low-power fuel burner with a
flue gas self-circulation structure. Therefore, this
paper focuses on the study of the air distribution
ratio in a smaller power burner with a flue gas self-
circulation structure. The effect of RFGR on flame
length is also investigated. This research can play
an important theoretical guiding role in the design
of burners for small-scale furnaces and chemical
heating equipment.

In the present work, first a combustion head structure
with flue gas self-reflux structure is designed to
reduce the emission of the pollutant NOXx by flue gas
self-circulation during combustion. Experiments
show that NO emissions are relatively low when this
structure is adopted, so this paper does not elaborate
on the pollutant. In the process of swirl spray
combustion, the air distribution pattern includes the
following three types: central air, swirl air and
secondary air. The optimal proportions of these three
air intake forms is the focus of this research.

2. METHODOLOGY

2.1 Burner Modeling

Eldrainy et al. (2011) designed a structure with an
adjustable air distributor for gas turbine burners,
and the large eddy simulation results showed that
the central flue gas backflow area is crucial to the
stable flame. For the swirl spray jet in the restricted
space of the furnace, in addition to the central
vortex reflux region, an external reflux region is
generated under the strong entrainment action of the
outer boundary of the jet, thus forming two stable
combustion heat sources in the central and
peripheral reflux regions.

Figure 1 presents the structure diagram of the
burner head with flue gas self-circulation. In the
flue gas self-circulation burner, an outer cylinder
with a 7.5 mm wide annular outlet is placed over
the flame holder. Meanwhile, in order to enhance
the ejection effect at the edge of the inner cylinder,
a contraction structure replaces the previous exit.
With this structural design, the negative pressure
inside the inner cylinder increases with the
enhanced of secondary air ejection, which can
improve the reflux flow of the flue gas. The ratio of
the flue gas flow through this opening to the total
air flow is the RFGR.

Two air distribution devices both the prototype
burner and new burner, feature a swirl flame holder
with an opening groove at an angle of 45°, as shown
in Fig. 2. The swirl slots are uniformly distributed
in the range of 360°. The total length of the
combustion chamber is 1150 mm, the bottom
diameter is 500 mm, the flue gas outlet is 150 mm
and the outlet diameter is 250 mm. In addition, the
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Fig. 1. Structure of the burner head with flue gas self-circulation.

periodic boundary condition model is used to
reduce the calculation cost. Because of the
symmetry of the burner head model and the
combustion chamber, the model is one-fifth of the
actual device. The combustor model is shown in
Fig. 3.

swirl slots

Fig. 2. Three-dimensional structural drawing of
the flame holder.

Unit: mm

burner head with flue
(a) gas self-circulation

Fig. 3. Computation model of the meshing (a)
Entire combustion chamber model, (b) burner
head with flue gas self-circulation.

According to the actual situation of this model, the
whole solution region is divided into several small
regions. In the regular region, a structured grid is
used, and in the small irregular region an
unstructured grid is used. The number of grids in
the final calculation model is 199,000, and the
relevant grid independence verification is detailed
in Section 3.1. The maximum skewness is 0.78, so
the mesh quality is adequate.

2.2 Numerical Theory and Model

Numerical calculation has been widely used in
combustion, and its calculation accuracy is
comparable with experimental results, especially in
engineering applications (Shi et al., 2015; Alam et
al., 2019).

Kurreck et al. (1998) measured various flow
characteristics and the temperature distribution in a
three-dimensional stable jet combustor model using
the standard k-¢ model. They then compared their
numerical simulation results with the measured data
reported by Bauer et al. (1995) and verified the
reliability of the model. The LES model is indeed
much more accurate in the solution of vortices, but
in the engineering application research of fluid
structures, if the internal structure of the flame is
not studied and the computational cost is taken into
account, the RANS model is still the first choice.
Yilmaz et al. (2017) studied different turbulence
models of hydrogen-air flames, and the results
showed that there was no significant difference in
the simulation results of the two equation
turbulence models (standard k-¢, renormalization
group k-¢, realizable k-¢). The swirl intensity of the
simulated combustion flow in this paper is not high,
and the economic efficiency of the calculation is
taken into account when there is no obvious
difference in the results. In this paper, the k-¢
turbulence model was selected. Earlier, Repp et al.
(2002) studied the turbulence-chemical interaction
in a closed swirl diffusion flame with the assumed
Probability Density Function (PDF) model and
found that the model fully met the engineering
application  requirements. Subsequently, some
scholars (Jones et al., 2012; Shum-Kivan et al.,
2017) used the PDF model to calculate the spray
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combustion and obtained good prediction results of
flame temperature and morphology.

In this paper, the standard k-¢ turbulence model
suitable for initial iteration, design selection, and
parameter study was selected, and the droplet
distribution and flow trajectory were predicted
using Discrete Phase Modeling (DPM) coupled
with a calculation method (Jenny et al., 2012).
The combustion model was simplified as a PDF
model. The assumption of the whole numerical
calculation is that the flame is stable and steady in
the combustion chamber.

Fundamental Governing Equation. The gas phase
control equation describing the three-position
steady-state flow in the combustion chamber mainly
includes the following (taking the x-direction as an
example) (Datta and Som, 1999).

Mass conservation equation:

op O

4 ou:)=0 1
at axi ( I) ( )
where p is the density and ui is instantaneous

velocity in the i direction.

Momentum conservation equation in the i direction

(in the inertial (non-accelerating) coordinate

system):
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where i is the viscous stress tensor and Fj refers to
the external volume force (such as the lift force
generated by the interaction of discrete phases),
which is not limited to a certain force and includes
other related source terms of the model.

Species transport equation:

%(ﬁ(i)+V(pWi):—VJi+Ri+S (3)
where Y is the mass fraction of the components, Ji is
the diffusion of component i, Ri is the net rate of the
chemical reaction for component i and S is the extra
formation rate of the discrete phase and other
source phases.

Energy conservation equation:
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where ket is the effective heat transfer coefficient,
Jj' is the diffusion flux of component j’ and zj is
effective viscous stress tensor. The first three
terms on the right-hand side of the Eq. (4)
describe energy transport due to heat transfer,
component diffusion, and viscous dissipation,
respectively. Sh is the heat source term. It contains
the heat of chemical reaction, the term of
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radiation source and heat transfer between

continuous and discrete phases.

Turbulence Model. The turbulent kinetic energy
and turbulent dissipation rate in the turbulence
model are determined by the following two
equations:
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where wt is the turbulence viscosity coefficient,
determined by the following formula:
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whereC,, =1.44,C,, =1.92,C, =0.09,
oy =10,0,=13.

Discrete Phase Model. Due to the strong
momentum, mass and energy transfer between the
droplet and gas phases in the combustion reaction
of discrete oil droplets, the coupling calculation
method was adopted in this paper to predict
droplet distribution and flow trajectory. The
Lagrange method was used to track the motion
and transport of the discrete droplets in the flow
field (Fossi et al., 2015). The particle inertia force
equation is:

CE vy, 90 —p)
at =Fp Vp)+p7+|: ()]

P
where V is the continuous phase velocity, Vj, is the

particle phase velocity, g is the gravitational
acceleration, and F is the additional force caused by
the fluid pressure gradient in the flow field.

The drag force per unit mass of diesel droplet is:

_ 18u CpRe

9
ppdp 24 ©

D

where Cp is the drag coefficient and Re is the
relative Reynolds number. Equation (10) is the
expression of Re.

Re :pd(\f—\fp)
i

Considering the influence of turbulence on the
randomness of particles, this paper adopted the
random orbit model. In this model, the influence
of instantaneous velocity on particle orbit is
considered by random method. By calculating
particle orbits enough times, the momentum, mass
flux and other parameters defined by the jet
source are evenly distributed across each particle
orbit.

(10)
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Radiation Model. For the combustion process with
a two-phase coupling problem, the influence of
discrete second-phase particles (such as carbon
black particles generated by high-temperature and
low-oxygen combustion) needs to be considered.
The discrete ordinates radiation model (DO model)
was applied in this paper, which is applicable to
media of any optical thickness. The radiation
intensity transfer equation in the space coordinate
system is as follows:

8 gs’g)+(a+as)' (Fvg):anz%‘l (11)
e

where o is the absorption coefficient, n is the
refraction coefficient, os is the scattering coefficient,
o is the Stefan—Boltzman constant, 1 represents the
position vector, § is the direction vector, and §is
the scattering direction vector.

Combustion Model. Light diesel is a high-chain
alkane mixture fuel composed of CioHz20 to CisHzs,
etc. In terms of the hydrocarbon mass ratio, the
combustion characteristics and equivalent mixing
fraction of Ci2H23 are close to those of light diesel.
Consequently, the light diesel component was
simplified as a single component Ci2H2s (Klan¢isar
etal., 2016).

The combustion calculation based on a non-
premixed combustion  equilibrium  chemical
reaction was carried out in this paper. According
to the chemical reaction mechanism of high-chain
alkanes, and considering the existence of
intermediate products, it is assumed that the
reaction process consists of 21 components: Nz,
02, C12H23(g), CHO, CO, COz, H, Hz, H20, HCO,
O, OH, HO2, HONO, H202, C2Hs, CHs, HCOOH,
HOCO, Os, c<s>. Here, g represents gas and s is
solid. CO, Hz, OH, H, O, C (s) and so on are
products of high-temperature dissociation.

Flame height is the focus of this paper. Here we
calculate the chemical equivalent mixing fraction to
define the flame front. Based on mole chemical
equivalents, the chemical equation can be written
as:

CyoHos +71/4(0,+3.76N,) —12C0, +

(12)
23/2H,0+66.74N,
The mass flow rate of light oil is 2.6 kg/h.
According to the calculation of chemical mass
conservation, the oxygen consumed is 8.84 kg/h,
and the theoretical air consumed is 37.92 kg/h. So,
the equivalent air—fuel ratio is calculated as:

(13)

where, mair is the mass of air consumed in theory
and mruel is the mass of fuel.

The chemical
calculated as:

equivalent mixed fraction is
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Flame length was defined according to the

stoichiometric fraction, then the average mixture
fraction of f between 0.064 and 1 represented the
flame. The height in the contour of the mean
mixture fraction is the flame length.

The whole calculation was conducted by the finite
volume method. In order to ensure the reliability of
the calculation results, the “PESTRO!” (Pressure
Staggering Option) format was applied to the
pressure item of spatial discretization. In addition,
in all transport equations, a second-order upwind
precision calculation was adopted for space
derivatives of the advection terms and a SIMPLE
(Semi-Implicit Method for Pressure Linked
Equations) algorithm was used to solve the
pressure—velocity coupling. The continuous phase
was predicted by a Eulerian formulation, and the
discrete liquid phase was tracked by a Lagrangian
formulation. The gas phase data calculated by the
Eulerian method and the particle data of the discrete
phase interacted with each other, and the trajectory
of the droplet was finally obtained by interactive
calculation. In addition, the source term in the
energy equation was an important link connecting
the whole radiation, discrete phase and combustion
components. All calculations were done in ANSYS
FLUENT.

2.3 Scheme for Numerical Calculation

In this paper, the original burner without a flue gas
self-circulation  structure ~ was  numerically
calculated, and the feasibility of the numerical
model was verified by comparing the numerical
calculation and experimental results. The air
distribution ratio parameters of this experiment and
numerical calculation are shown in Table 1. In
addition, the new burner with flue gas self-
circulation structure was designed in this paper for
numerical calculation, in which the proportion of
central air was 15%-~45%, the swirling air was
15%-~40%, and the proportion of secondary air was
25%~50%. The selection of these air ratio
calculation ranges is based on the combination of
various air ratio ranges of the prototype burner and
the actual numerical calculation results. To ensure
that the minimum ignition of a central air ratio and
non-extinguishing  secondary air ratio. The
following Table 2 is the specific simulation
experiment design table. In all the experiments, the
spray cone angle is 60° and the swirl groove angle
of the flame holder is 45°.

Table 1 Scheme for numerical calculation of
prototype burner

Air quantity distribution ratio (%)

Cases e
Central | Swirling | Secondary
air air air
0 31.39 28.32 40.29
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Table 2 Scheme for numerical calculation of flue
gas self-circulation burner

Air quantity distribution ratio (%)
Cases Central | Swirling | Secondary

air air air

1 25 25 50

2 25 30 45

3 27 33 40

4 30 30 40

5 30 35 35

6 30 40 30

7 33 27 40

8 35 25 40

9 35 30 35
10 35 35 30
11 40 20 40
12 40 25 35
13 40 30 30
14 45 15 40
15 45 30 25
3. RESULTS AND DISCUSSION

3.1 Model and Mesh Independence
Validation

The simulation results of temperature field and
flame length of the prototype are respectively
shown in Figs. 4 and 5. Compared with the results
of simulation and experiment (Li, 2012), both of
them have primary and secondary reaction zones
and the corresponding positions and distribution
laws are basically found to be consistent.

800

600 -

Z/mm

200 -

1=
: -200

Y/mm
Fig. 4. Prototype of the simulated flame
temperature field.

The maximum temperature of the simulated flame
was 1834 K, and the maximum value of the
experiment was 1810 K. Although the temperatures
differed slightly, the corresponding position was
consistent. The error was within the allowable
range. In addition, the flame length fluctuated
around 460 mm during the experiment, while the
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simulation results are 483 mm. In the calculation
model, the depth of combustion head into
combustion cylinder was 42mm; the value of
483mm was obtained by subtracting 42 from the
actual scale size of 525 mm. The error between the
two methods was less than 5%. Therefore, the
simulation results were basically consistent with the
experimental values within the error range. In
conclusion, the applicability of the model was
verified.

For numerical simulations, the appropriate mesh
amount is equally important. The influence of the
mesh size on the flame length was investigated by
inspecting different mesh sizes within the range of
105,000~380,000 cells. Figure 6 confirms the
independence of the present results in terms of
flame height and maximum flame temperature from
the mesh size. As can be seen from the figure, when
the mesh cells were between 196,000 and 380,000,
the flame length and the average temperature of the
flame tended to be stable. Combined with the
economy of the calculation time, the mesh of
190,000 cells was regarded as the optimum. This
optimal mesh number was used throughout the

present work.
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Fig. 5. Simulated contour of the mean mixture
fraction (f = 0.06416~1).
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Fig. 6. Independence of the present solution from
the mesh size: flame height and flame
temperature.
3.2  Correlation  Analysis of Air
Distribution Ratio and Flame Length

The data of flame length and reflux ratio under
different air distribution ratios were obtained
according to experimental cases 1-15, as shown in
Table 3.
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Table 3 Flame length and recirculation ratio

datasheet

Cases Flame length RFGR

(mm) (%)
1 655 18.71
2 635 16.88
3 655 14.79
4 615 14.87
5 625 11.76

6 535 8.88
7 425 15.00
8 375 14.88
9 435 13.16
10 465 10.13
11 385 15.62
12 405 13.61
13 425 11.20
14 395 15.07

15 475 9.56

In the correlation analysis table, the two asterisks
represent the correlation at the level of 0.01. One
asterisk indicates correlation at the 0.05 level. Of
course, the correlation is stronger at the 0.01 level.
In the analysis in Table 4, the central air and flame
length were significantly correlated at the level of
0.01, and the swirling air and flame length were
significantly correlated at the level of 0.05. The
influence of central air on RFGR was not so
important. Both the correlation between secondary
air and RFGR and the correlation between swirling
air and RFGR were significant at the level of 0.01,
and the correlation between secondary air and swirl
air was as high as 0.966.

It can be seen that, as the air quantity distribution
ratio has a greater impact on the flame length, and
the central air is significantly correlated with the
flame length, good combustion can be ensured in
the initial oil and air mixture. Otherwise, the
phenomenon of oil mist hitting the wall will occur
or the device will be unable to burn. A good central
air ratio is the first necessity to maintain good
combustion. Increasing the proportion of central air
can enhance the intensity of spray combustion at the
nozzle outlet and shorten the flame. Moreover, it
was found that the flame length of experiments 1 to
5 was too long without good central air conditions.
Therefore, the correlation analysis was carried out
from experiment 6 to experiment 15 with better
central air conditions, as shown in Table 5.

As can be seen from Table 5, after ensuring a
primary central air supply, swirling air had a
significant correlation with flame length, with a
value of 0.865 and a significant correlation at the
level of 0.01. Secondary air also significantly
correlated with flame length at the level of 0.01,
with a value of 0.719. This indicates that swirling
air plays a key role in determining the flame length.
The influence of swirling air and secondary air on
RFGR is more obvious, and this value increases
from 0.609 to 0.844. After ensuring a good primary

central supply of air, the swirling air, secondary air
and RFGR were found to significantly correlate
with the flame length. A certain amount of
recirculating flue gas flow can shorten the length of
the flame after ensuring a good initial mixing of
central air and oil mist for stable combustion.

3.3 The Relationship  Between  Air
Distribution Ratio and Flame Length

Firstly, the proportion of secondary air was
analyzed. Figure 7 shows the flame length contour
in different secondary air conditions. The relation
between secondary air and flame length can be
obtained as shown in Fig. 8. The outer edge of the
flame showed an inward contraction with the
increase of secondary air. This is mainly because
with the increase of the proportion of secondary air,
the proportions of central air and swirling air were
lower. At this time, the effect of the axial
momentum and radial momentum of the central air
and the swirling air was obviously weaker than the
ejection effect of the secondary air. Therefore, the
increase of the proportion of secondary air caused
the flame to shrink inward. Although secondary air
can increase the RFGR, it should not be too large in
the actual air quantity distribution. With the
increase of secondary air, the flame length was first
shortened. When secondary air contributed around
40%, the shortest flame was achieved, after which
the flame length increased rapidly. This is mainly
because the proper increase of the secondary air
ratio enhanced the combustion rate of the initial
flame area and made the flame shorter. However,
once its ratio exceeded the critical value, it
increased the instability of the flame, elongated the
flame and eventually caused blow-off.

O

4800

4600

AR RN

25%  30% 3% 40%  45% 50%
Fig. 7. Flame length contour with different
secondary air ratios.
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Fig. 8. The relation between flame length and
secondary air ratio.



K. Xie et al. / JAFM, Vol. 13, No. 1, pp. 233-243, 2020.

Table 4 Correlation analysis of experimental cases 1 to 15

Parameters Central air|Swirling air|Secondary air| Flame length | RFGR
Pearson Correlation 1 —-0.489 * -0.549 * —-0.814 ** -0.375
Central air| ianifi
Significant 0.032 0.017 0.000 0.084
(one-sided)
- Pearson Correlation | —0.489 * 1 —0.460 * 0.487 * —0.609 **
Swirling o
air Significant 0.032 0.042 0.033 0.008
(one-sided)
Pearson Correlation | —0.549 * | —0.460 * 1 0.363 0.966 **
Secondary| o
air Significant 0.017 0.042 0.092 0.000
(one-sided)
Pearson Correlation [-0.814 **| 0.487 * 0.363 1 0.218
Flame i
length Significant 0.000 | 0.033 0.092 0.218
(one-sided)
Pearson Correlation| —0.375 | —0.609 ** | 0.966 ** 0.218 1
RFGR iqnifi
Significant 0.084 0.008 0.000 0.218
(one-sided)

Note: * Indicates significant correlation at the 0.05 level (one-sided); ** indicates a significant correlation at 0.01 level (one-sided)

Table 5 Correlation analysis of experimental cases 6 to 15

Parameters Central air | Swirling air |Secondary air| Flame length | RFGR
Pearson Correlation 1 -0.638 * —0.085 —-0.440 0.158
Central air ianifi
Significant 0.024 0.408 0.102 0.332
(one-sided)
Pearson Correlation | —0.638 * 1 -0.713 * 0.865 ** | —0.844 **
Swirling air ianifi
g Significant 0.024 0.010 0.001 0.001
(one-sided)
Pearson Correlation| —0.085 -0.713 * 1 —0.719 ** | 0.948 **
Secondary T
air Significant 0.408 0.010 0.010 0.000
(one-sided)
Flame Pearson Correlation | —0.440 0.865 ** -0.719 ** 1 -0.872 **
length Significant 0.102 0.001 0.010 0.001
(one-sided)
Pearson Correlation | 0.158 —0.844 ** 0.948 ** —0.872 ** 1
RFGR ignifi
Significant 0.332 0.001 0.000 0.001
(one-sided)

Note: * Indicates significant correlation at the 0.05 level (one-sided); ** indicates a significant correlation at the .01 level (one-sided)

When secondary air amounted to 40%, the ratio of
central air and swirling air was correspondingly
changed. The flame length contour is shown in Fig.
9. In this picture, we can intuitively see that both
the central air and swirling air need to maintain
reasonable and moderate proportions for the flame
to maintained at a relatively short length. In
addition, the relationship among swirl air, central
air, and flame length can be obtained by an
interpolation method, as shown in Fig. 10. It can be
clearly seen from the figure that the flame is divided
into three zones according to its length. The outer
edge of the flame expands outward with the
increase of central air. It is very necessary to
maintain a certain central air quantity to ensure that
the oil mist and air fully mix in the early stage. As
the proportion of central air decreases, the flame
length will be rapidly elongated. When both
swirling air and central air are greater than 30%, an
unstable flame area is created, resulting in excessive
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flame length, instability and even blow-off. The
ratio that achieves the shortest flame length is
around 35% central air and 25% swirling air. The
central air of the flue gas self-circulation burner
should not be less than 30%, otherwise, the flame
will be quickly elongated and will not burn
sufficiently. In addition, too small of a proportion of
swirling air will inevitably lead to a larger axial
momentum, in which is not easy to stabilize the
flame, resulting in a longer flame and an outward
expansion along the radial direction.

With the swirling air set to 30%, five groups of data
were selected for the analysis of central air and
secondary air. The flame length contour is shown in
Fig. 11. The relationship among central air,
secondary air and flame length is shown in Fig. 12.
Consistent with the abovementioned observations,
there were also three similar zones in terms of flame
length. The obvious conclusion is that the
difference between the proportion of central air and
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secondary air should not too large. An unstable long
flame area was created when central air amounted
to less than 30% and secondary are amounted to
more than 40%. This is mainly due to excessive
secondary air, resulting in massive axial momentum
at the exit of the burner cylinder edge. It is better to
maintain the central air at around 35% under the
structure of a flue gas self-circulation burner head.
The proportion of secondary air at the point at
which the shortest flame length was obtained was
about 35% to 40%.

L A

1RRRAA;

-0

b

Ceniralair 27% 30% 33% 35% 40% 45%
Swirling air  33% 0% 27% 25% 20% 15%

Fig. 9. Flame length contour with different
swirling gas and central air ratios (secondary air
40%).

700+ Unstable flame zone

Ordinary flame zone
The shortest flame zone

A
PR
5 2% * co® =

Fig. 10. Three-dimensional relationship of flame

length with different swirling air and central air
ratios.

I

800
600
400

L

— o

Centralair  27% 30% 33% 35% 40%% 45%

Swirling air  33% 30% 2% 25% 20% 15%

Fig. 11. Flame length with different central air
and secondary air ratios (swirling air 30%).

3.4 The Relationship Between RFGR and
Flame Length

According to the correlation analysis in Table 5, the

correlation between RFGR and flame length was
expressed at the level of 0.01. This is because after
ensuring a good initial mixing of central air and oil
mist for stable combustion, RFGR was found to be
significantly correlated with flame length, and a
moderate RFGR can thus shorten the flame length.
The relationship between the flame length and
RFGR is shown in Fig. 13.

First, we explain the unreasonable air distribution
point in Fig. 13 after RFGR is greater than 12%.
We used the difference of standard deviations
between adjacent discrete data sets to analyze the
dispersion of flame lengths in this interval
(12<RFGR<16%). As a shorter flame length was
the target, as we increased the value of RFGR, the
flame length was calculated from the smallest to the
largest, which are listed in Table 6. The equation for
calculating the standard deviation here is as follows:

fl n _\2
o = Hizl(Li—L) (15)

where, Li is the flame length of the it" data and L is
the average flame length from data 1 to data n.

Obviously, when n=5, the value of on — on1
suddenly increases, that is to say, the dispersion
index of the whole data set increases after adding
the fifth value, indicating that the air distribution
corresponding to these two points s
unreasonable.

Unstable flame zone
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3 8

Ordinary flame zone
; The shortest flame zone

g 8

flame height /mm

g 8

40 45

Se
0
o, % 35 %

LY R
"% Cc\\m\\

Fig. 12. Three-dimensional relationship of flame

length with different central air and secondary
air ratios.
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.| trendline
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E
=
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RFGR /%
Fig. 13. The relation between flame length and
RFGR.



Table 6 Dispersion index analysis using the
standard deviation of flame length

Parameters
n On On-On-1
RFGR | L (n>2) (n>3)
(%) | (mm)
1] 1488 | 375
2 | 1562 | 385 5
3] 1507 | 395 | 816 3.16
4| 1361 | 405 | 1118 3.02
5 | 1500 | 425 | 17.20 6.02
6 | 13.16 | 435 | 21.15 3.94

When RFGR is relatively large, the mixing effect of
oil mist and primary air will worsen, which is not
conducive to combustion. Low-oxygen combustion
will expand the flame volume and lengthen the
flame. Therefore, a reasonable air quantity
distribution ratio is particularly important. With the
increase of RFGR, the flame length was obviously
shortened, but after increasing to 12%, the curve
tended to flatten. So, there is no need to increase
RFGR blindly, as an overly large RFGR is
ineffective.

4. CONCLUSION

In this paper, a flue gas self-circulation burner head
structure was adopted, and the standard k-¢
turbulence model, DPM, PDF, DO radiation models
and periodic boundary conditions were applied in
CFD calculations to simulate the flame of the
burner in the closed combustion chamber. The
results were compared and verified with the
experiment. The influence of different proportion of
central air, swirling air, secondary air and RFGR on
flame height were investigated. The following
conclusions were drawn:

(1) The effect of the air quantity distribution ratio
on flame length is very significant. Under the
structure of a flue gas self-circulation burner, a
good central air ratio is the first necessary
condition, and the primary air ratio should be
kept at around 35%.

(2) The proportion of secondary air is reasonable at
around 40%. To guarantee the flame stability,
the swirling air should not be less than 20%. In
this flue gas self-circulation burner, under the
premise of ensuring flame stability, when the
proportions of central, swirling and secondary
air are 35%, 25%, and 40%, respectively, the
flame length is the shortest as 385 mm, which is
15.4% lower than the length achieved with the
original structure.

(3) The flame length becomes shorter as the RFGR
increases (8.88%~15.62%), but an overly
RFGR does not make the flame shorter. The
optimum air quantity distribution ratio is
especially important. In engineering
applications, blindly pursuing a large RFGR is
not an economic choice. Rather, a reasonable
RFGR should be maintained.
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