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The problems of long flame and high pollution emissions in low power burners
are of wide concern in small heating devices. To solve this problem, a small diesel
burner with self-circulation flue gas was designed herein. In order to obtain a
deeper scientific understanding of the flame and emission characteristics of the
burner with different spray cone angles, a numerical calculation method was used
to investigate them. Reasonable flow, heat transfer, and combustion models were
selected, and periodic boundary conditions were used to verify the feasibility of the
numerical model. The results indicate that the flame length increases with increas-
ing spray cone angle, and then the flame length basically stabilizes at 410 mm. The
maximum flame temperature decreases slightly with increasing spray cone angle.
Besides this, the NO emission of this small flue gas self-circulation burner decreas-
es with increasing spray cone angle and is as low as 10 ppm at an 80° spray cone
angle. In addition, the influence mechanism of the spray cone angle on the flue gas
self-circulation ratio was analyzed from the physical aspect of the spray area and
the chemical aspect of combustion. This study is of great significance to research
on the flame morphology of small flue gas self-circulation burners and the selec-
tion of different spray cone angles.

Key words: spray cone angle, spray flame, NO emission, flame height,
re-circulation ratio

Introduction

Oil burners are widely used in various industrial and civil heating equipment, such as
boilers and stoves [1]. At present, the miniaturization of limited heating equipment is increasingly
attracting attention, especially in small stoves. A burner with flue gas self-circulation is an effec-
tive way to solve the defects of excessive flame length and high NO emissions. In this kind of
small burner, the spray cone angle has a vital influence on the flame and emission characteristics.

At present, the international general methods to reduce NO emission mainly include
the two-stage combustion method [2], flue gas re-circulation method [3], low oxygen com-
bustion [4], bias combustion technology [5], and non-flame combustion technology [6]. The
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internal structures of burners with graded combustion and bias combustion are complex. Flue
gas reversed flow requires a circulating fan, and flameless combustion requires an efficient heat
storage device. Flue gas re-circulation combustion technology can be divided into self flue gas
re-circulation and fan inlet flue gas re-circulation. Among these, in flue gas self-circulation, the
flue gas is made to circulate in the burner by improving the structure of the burner and using
the ejecting effect of combustion air. Therefore, for simplicity and economy of small heating
devices, flue gas self-circulation combustion technology has gradually attracted the attention
of scientists.

Shinomori et al. [7] designed a 65 kW oil burner for a small boiler with self-circu-
lating flue gas. The burners control the flue gas reversed flow by varying the size of the flue
gas return orifice. The results of particle image velocimetry flow field testing and experimental
study showed that the flue gas gradually changed from yellow fire to blue fire with increasing
flue gas reversed flow. The volumetric reversed flow ratio of the flue gas in this structure is up
to 50%, which can reduce NO emissions from 222-32 mg/m?® (3% O,). Xie et al. [8] designed a
small burner with a flue gas self-circulation structure and studied the effect of different air dis-
tribution ratios on the flame length. Xu et al. [9] conducted detailed experiments and numerical
studies on a large flue gas self-circulation burner fueled by coke oven gas and found that NO
emissions could be greatly reduced by adjusting and optimizing the operating parameters [10].

Previous researchers have explored the use of fuel nozzles in conventional burners,
high powered boilers, and reheating furnaces using theoretical and experimental methods [11,
12]. It was found that the spray cone angle has important effects on flame height, width, tem-
perature, and NO emission [13, 14] because it affects the fuel distribution [15] and atomization
state in the initial combustion area [16]. It is generally believed that with decreasing spray
cone angle at the same flow rate, the spray penetration distance will increase and the flame
height will be greater. Bonefaci¢ et al. [17] conducted experimental studies on a 7 MW oil-fired
boiler with different spray cone angles and found that a larger spray cone angle in such a large
furnace could optimize the spatial distribution of droplets in the outlet area of the burner. San
Jose et al. [18] conducted experimental research on a low pressure auxiliary air-fluid atomizer
under different test conditions and found that the lower the spray cone angle, the greater the
combustion efficiency. Amoresano et al. [19] investigated combustion evolution by utilizing a
high speed camera and the Lagrangian method to determine cone angle fluctuation of the pres-
sure atomizing nozzle. They found that each combustor exhibited its best combustion and heat
transfer properties only under specific design conditions, depending on the value of the spray
cone angle. This is because the mixing of the two-phases is heavily dependent on the angle of
the two flows, including the jet fuel and the oxidized air.

However, these experiments were carried out in a conventional burner or a high pow-
ered furnace. There are few studies on small fuel gas self-circulation burners below 40 kW,
and there are few reports on the consideration of the spray cone angle in such small burners.
However, the spray cone angle has a direct effect on the atomization distribution characteris-
tics of droplets in fuel burners [20], especially in such small burners and confined spaces [21].
Filling the knowledge gap in the aforementioned effect of the spray cone angle of a small flue
gas self-circulation burner is also the innovation of this paper. Umyshev et al. [22] studied NO
emissions for different /-shaped jet cone angles using propane as the fuel and found that NO
emissions decreased and combustion efficiency increased as the spray cone angle decreased.

In this paper, based on the combustion head structure of the Riello G40 fuel burner,
a kind of burner with a flue gas self-circulation structure was developed. In the previous liter-
ature, we studied different air distribution ratios and obtained relatively short flames when the
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central air, swirling air, and secondary air proportions were 35%, 25%, and 40%, respectively.
Based on these proportions, the flame length and NO emission characteristics at different spray
cone angles (50-90°) were numerically studied in this work.

Model of the flue gas self-circulation burner
Structure of the small flue gas self-circulation burner

The basic structure of the small flue gas re-circulation fuel burner is shown in fig. 1.
We added a 35 mm high combustion outer cylinder above the initial flame holder, which was
connected by brackets on both sides. A 7.5 mm high annular opening was opened at the bottom
of the outer cylinder. In normal combustion, a negative pressure area will form above the flame
holder, and the flue gas can then flow back to the combustion cylinder from the opening to form
flue gas self-circulation combustion. The specific sizes and internal cross-section are shown in
fig. 2.
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Figure 1. A schematic diagram of the Figure 2. A schematic diagram of the
combustion head for a small flue gas self- inner section and dimensions of the
circulation burner burner head

The ratio of the flue gas reversed flow at the annular opening to the mass-flow at the
outlet is defined as the flue gas self-circulation ratio:

nr mOUI (1)
where 7, is the flue gas self-circulation ratio, m, [kgs™'] — the quantity of reversed flow flue gas,
and m,, [kgs™'] — the exit mass-flow rate.

Previous studies have shown that although the amount of self-circulating flue gas is
mainly affected by the proportions of primary air and secondary air distribution, variation of the
spray cone angle also affects the air-flow distribution over the flame plate. We will also analyze
this briefly in the discussion of the results.

This paper mainly considers the effect of the spray cone angle on the flame and emis-
sion of a low power flue gas self-circulation burner. Figure 3 is a schematic diagram of the spray
cone angle. Based on the actual situation, variation of the spray cone angle from 50-90° was
mainly considered in the numerical experiments.
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Computational model and meshing

Due to the symmetry of the combustion
head model and the furnace, the calculation cost
can be reduced, and the model can be simpli-
fied in simulation. Periodic boundary conditions
were adopted to simulate only one-fifth of the
shape and simplify the nozzle structure at the
same time. The total length and diameter of the
combustor were 1150 mm and 500 mm, respec-
tively. The flue gas outlet at the top was 250 mm
Figure 4. A schematic diagram of the in diameter, and the overhanging length was
combustor model size and mesh division 150 mm. A schematic diagram of the combustor

model size and mesh division is shown in fig. 4.

The combustion head structure studied in this paper is relatively complex, and even

after the model was simplified using periodic boundary conditions, well-integrated grid divi-

sion could not be achieved. At the same time, considering the grid quality and computational

cost, the method of block grid division was adopted for the model, that is, for the regular area

of the combustion chamber and combustion cylinder, common structured grid division was

adopted, and for irregular areas such as the small flame holder, unstructured grid division was

adopted. The mesh of the burner head section was densely processed, while the mesh size of the

furnace area away from the combustion area could be slightly larger. The maximum skewness
of the grid was controlled below 0.8.

Numerical methods and validation
Fundamental governing equation
The mass conservation equation, namely, the continuity equation, has the differential
form of conservation:
op
El

For the momentum conservation equation of incompressible fluid, namely, the N-S
equation, its differential form is shown:

0
+a—xl_(pul-) =0 )
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where f; is the mass force on a unit mass of fluid and «; — the insantaneosus velocity in the i-direction.

The component conservation equation, namely, the component diffusion equation,
can be simplified for the steady-state conservation equation of component i in a multi-compo-
nent gas:

oY, oY, oY, o oY, 0 oY, 0 oY,
pu—-+ pv——+ pw——=—| pD,— |+—| pD,— |+—| pD,— |- W, 4
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where Y; is the concentration of component i, D, — the diffusion coefficient of component 7, and
w; — the formation rate of the net reaction.

In the numerical calculation of the combustion process, radiation, convection, and
component diffusion should be considered simultaneously. The energy equation:

0
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The first term on the right of eq. (5) is the radiation heat transfer term, the second term
is the heat flow term of heat conduction heat transfer, and the third term is the heat exchange
term generated by component diffusion, where V; is the component of the diffusion velocity of
component 7 in the x-direction, and @ — the dissipative power.

Mathematical model of combustion

The NO emission forms mainly include the thermal type, prompt type, and fuel type.
The fuel used in the small flue gas self-circulation burner studied in this paper was light diesel
oil, in which the N content is very low and the generation of fuel NO can be ignored. Therefore,
we only considered the generation of thermal-type and prompt-type NO. The generation of
thermal NO can be predicted by an extended Zeldovich mechanism:

N, + O & NO+ N (R1)

0,+N & NO+O0(R2)
N+ OH & NO + H (R3)
The concentration of [O] can be obtained by the local equilibrium method:
[0]=36.64"°[0,]"" exp[—#] ©)
The expression of the generation velocity, v, of the prompt NO:
E
Veno = fckpmmpt [0, ]ﬁ [N, ][C,,H,; Jexp (_ﬁ) (7)

where kyom = 6.4-10°, E = 72500 cal/gmol, and 4 is the oxygen response index, which depends
on the flame conditions and is only related to the mole fraction of oxygen X, in the flame. The
expression [23]:
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The f; is the correction coefficient determined by the equivalence ratio and fuel type
[24]:

£, =4.75+0.0891n - 2324+ 3247 ~12.24° 9)

where n = 12, referring to the number of carbon atoms in the fuel formula and ¢ is the equiva-
lence ratio.

For solving the N-S equation of turbulence, we chose the most basic standard k-¢ tur-
bulence model. This model has been verified by numerical calculations of various non-premixed
combustors, which can be solved both accurately and quickly. A pressure atomizing model was
used to simulate the atomizing process of light oil. After the fuel was atomized, the liquid particles
were added by the discrete phase model, for which the Lagrange method was adopted to track the
movement and transport of the discrete liquid droplets. In the combustion model, we adopted the
non-premix combustion model of the probability density function of the conserved scalar meth-
od, which has the advantage that the concentration of each component can be derived by solving
the transport equation of one or two conserved scalars (mixed fraction). The fuel components of
the light oil used in the small flue gas self-circulation burner could be simplified to C;,H;;, and
there were a total of 21 components of all combustion products. In the combustion process, gas
radiation has an important influence on the distribution of the atomized combustion temperature
field and wall heat transfer, so gas radiation must be considered in the combustion simulation. The
DO model namely the discrete ordinates model, is chosen for the radiation model. This model is
computationally intensive but can be applied to any medium with optical thickness. It can also
consider the radiation heat exchange between gas and particles. The selected mathematical mod-
els are listed in tab. 1, which also contains the various boundary conditions.

Table 1. Models and boundary conditions

Model Detailed settings Boundary conditions

Turbulence model Standard k-¢

No-slip on the wall: u=0,v=0,w=0
Radiation model DO radiation model Inner wall emissivity of the
combustion chamber: 0.6

Air mass-flow: 0.01138 kg/s,

The gas-phase com- PDF model with T=300K,
bustion model 21 reaction components Outlet pressure: 35 Pa,
T=1200K;
. Light diesel oil (Ci,Hys)
Discrete phase model U Mass-flow rate:

tracking method 0.0001444 kg/s, T=300 K

Atomization model PressureA atomization Injection pressure P = 1.2 MPa
crushing model

Extended Zeldovich
mechanism prediction [25] Equivalence ratio ¢ = 0.926
and local equilibrium method

Pollutant
formation models
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Discretization and solution of equations

To ensure the reliability of the calculation results, the convection term was calculat-
ed with second-order precision, and the semi-implicit method for pressure linked equations
(SIMPLE) algorithm was adopted to solve the coupling of pressure and velocity. In order to
speed up the calculation and ensure the convergence of the calculation, the following steps were
adopted in the calculation:

— the non-reactive cold air-flow field was calculated to convergence,

— the particle phase was added to solve the equations, except for the radiation and NO models,

— the reaction flow field to be burned was basically stable, and the DO radiation model was
added to continue solving until convergence, and

— because the concentration of NO generated in the combustion system is usually low, the NO
compound has little impact on the prediction of the flow field, temperature, and concentra-
tion of main combustion products.

Thus, in the last step, only the NO generation model and temperature equation were
retained, and the distribution of the pollutant field was calculated in the post-treatment.

Mesh independence and model validation

In previous studies on the proportions of the air distribution, we verified the correct-
ness of the numerical model from the aspects of flame height and flame temperature, and we
examined the influence of different grid sizes (100.000~380.000 cells) on flame height. The
detailed results were presented in the literature [8], and here we will cover only the key results
of grid independence and model validation.

The Riello 40G5 type burner was used
as the prototype model for experimental verifi-
cation. This is because the new self-circulation
burner structure is an improved design based on
this burner, and the basic size is the same. The
minimum mesh volume was 1.04-107'° m?, and
the maximum mesh volume was 1.35-10°¢ m’.
The maximum skewness of grids is used as
the evaluation standard for grid quality, and its
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Figure 5. Independence of the present
solution from the mesh size: flame height
and flame temperature

value was 0.74, which meets the requirement
of less than 0.85 for good grid quality. Figure
5 shows mesh-independent verification of the
flame height and maximum flame temperature
on this numerical model.

As the number of grid cells increases, the calculation results tend to be more stable.
That is, the maximum temperature of the flame and the height of the flame defined by the av-
erage mixing fraction gradually decrease and become stable. Considering the calculation time
cost, the minimum number of grid cells that tends to be stable for both the flame height and the
maximum flame temperature can be selected as the optimum mesh number for the following
numerical calculation. After grid independence verification and calculation cost considerations,
196.000 element mesh models were selected to study the influence of different spray cone an-
gles on the flame.
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Results and discussion

Flame height and emissions are two main characteristics of combustion [26, 27]. The
spray cone angle mainly affects the distribution of diesel droplets after nozzle exit, and it causes
changes in the flame morphology and temperature distribution, which may affect the reversed
flow ratio and NO emission characteristics. In the following sections, we analyze the variation
rules of the flame temperature field, flame height, and NO emission characteristics. It is import-
ant to note that in the simulated experimental conditions, when the spray cone angle was 80°
or 90°, the flame morphology was shifted laterally in the radial direction; in particular, when
the nozzle cone angle was 90°, the spray droplets in the discrete phase collided with the wall.
Because droplets hit the wall at 90°, this spray cone angle is not suitable for engineering ap-
plications, so we did not consider this situation in our analysis. The discussion in this chapter
is based on numerical calculation results. Although grid independence and prototype burners
were verified in the past, this new type of self-circulation flue gas burner has not been tested yet.

Flame height

Spray cone angle (mm]

s - . a° | The flame configuration parameter is an
17000 important parameter of the flame characteristics
] [28], especially the flame height. It can be seen
] from fig. 6 that the flame length is the shortest at
Jeoo  aconeangle of 50°. The change in flame height
with spray cone angle between 60° and 80° is
f \ 7400 not very obvious. This is because in the case of

{800

i | " 1 35% central air, 25% swirling air, and 40% sec-
y y ) ':200 ondary air, the central air volume accounts for
¥ ¥ W] Ly 1, a large proportion. That is, when the air-flow
Figure 6. A comparison of the flame momentum of the central part is high, the spray
morphology under different spray cone angle has no significant influence on the
cone angles flame height.
420 With increasing spray cone angle, the
E 400 4 flame morphology is shifted outwardly in the
£ TR
= radial direction. For a spray cone angle of 80°,
s 3807 it is obvious that the maximum flame width is
g 360 1 outside the combustion cylinder in the radial di-
T 340 rection. When it increases to 90°, the discrete
phase spray droplets hit a wall.
3207 Detailed results of the flame height values
300 ; . . . varying with the spray cone angle are shown in

40 50 60 70 80 920

Spray cone angle [ fig. 7. If a shorter flame is needed in practical

Figure 7. The change curve of flame height engineering, a 50.° nozzle can be used for the
dimension with spray cone angle burner, the resulting flame is more than 20%

shorter than the flame produced with a 70°
spray cone angle. This is inconsistent with the previous conclusion for a high power burner that
a smaller spray cone angle makes the flame volume expand and the flame lengthen. The most
important reason for this difference is that the self-circulation combustion mode of negative
pressure dilutes the oxygen content and preheats the air at the same time. Although the oxygen
content in the combustion air decreases, the combustion speed does not decrease but speeds up
the fuel combustion, and the flame length becomes shorter as the temperature rises. Second,
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when the spray cone angle is reduced to 50°, there is less fuel in the secondary air, and the en-
hanced ejection capacity also shortens the flame.

The NO emissions

The NO emissions are one of the most important properties of the flame, and NO is
one of the most representative pollutants. The NO concentration at the exit of the combustion
chamber is the best standard to evaluate the final emissions for the whole combustion process.
Table 2 shows the variation of the NO concentration at the exit with the spray cone angle. Ac-
cording to China’s General technical requirements for low power 0il fuel burners and the com-
mon standards in other parts of the world, we used a 3% reference oxygen concentration as the
calculation standard for NO concentration conversion. The oxygen content at the outlet section
of the furnace calculated numerically was 1.35%, which was converted to the internationally
accepted NO emission concentration for a reference oxygen content of 3%:

209-3.0
(NO),,,,, =(NO)

o, S 10
135%0: 0.9 -1.35 (10

Table 2. The concentration of NO emissions at the exit under different spray cone angles

Spray cone NO emission concentration [mgm=] | NO emission concentration [mgm ]
angle [°] (1.35% O,) 3% 0O,)
50 22.03 20.17
60 17.33 15.87
70 14.01 12.83
80 10.07 9.22

Under a 3% reference oxygen content, the NO emission concentration of this self-cir-
culation burner is far lower than the NO emission standard for China’s fuel burners (200 mg/m?).
Generally speaking, the NO emissions of small flue gas self-circulation burners are relatively
low. This is due to the reversed flow of inert combustion products at the opening of the com-
bustion cylinder, which dilutes the chemical reaction zone and reduces the hot spot of the flame
at high temperatures. With increasing spray cone angle, the concentration of NO emissions at
the exit gradually decreases, and the NO emission at 80° is only about 45% that at 50°, which
indicates that the emission reduction effect is obvious. Therefore, although the flame length is
shortened at a 50° spray cone angle, the pollutant emission rate is higher, which is related to the
reversed flow rate and combustion temperature of the self-circulating flue gas and other factors.
We will discuss these in more detail in the next section.

Temperature field and comprehensive analysis

The relationships between flame height, NO emissions, and spray cone angle were
analyzed separately. In fact, the spray cone angle affects the distribution characteristics of the
initial droplets and, thus, the combustion temperature, while a burner with a flue gas self-circu-
lation structure in turn affects the flow distribution and combustion intensity in the combustion
center.

Figure 8 shows the temperature distribution contours on the axial section when the
spray cone angle varies from 50-80°. For the axial direction of the Z-axis, the temperature of
the flame basically increases first and then decreases, because the secondary high temperature
area of the flame exists in the middle and front parts of the flame. As a whole, the distribution
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of flame temperature is similar to that of flame height. With increasing spray cone angle, the
overall temperature of the combustion chamber shows a downward trend. This is precisely
because most of the NO is thermal, so NO emission at the exit decreases with increasing spray

cone angle.
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Figure 8. The temperature profiles of the combustion
chamber axial section at different spray cone angles

The flue gas re-circulation ratio has an important effect on the initial combustion area
of the small flue gas self-circulation burner. Table 3 lists the quantities of reversed-flow flue gas
and flue gas self-circulation ratios at different spray cone angles. It can be seen that the flue gas
self-circulation rate does not increase monotonically. It first increases with increasing nozzle
cone angle, reaches a maximum at 60°, and then decreases accordingly. This is mainly because
the size of the spray cone angle directly affects the speed of secondary air and then affects the
pressure difference inside and outside the combustion cylinder. However, if the spray cone an-
gle is too large (greater than 60°), the position of the reaction zone moves outward, which also
reduces the self-circulation ratio of the flue gas.

Table 3. The relationship between the spray cone angle and re-circulation ratio

Quantity of reversed flow [kgs'] | Exit mass-flow rate [kgs™'] Re-circulation ratio [—]
0.0002932 0.002419 12.12
0.0003893 0.002420 16.09
0.0003602 0.002420 14.88
0.0003136 0.002420 12.96

When the spray cone angle is relatively small (from 60-50°), as mentioned in section
Flame height, the increased combustion speed in the reversed-flow zone and the reduction
of fuel in the secondary air lead to flame shortening, and the flue gas reversed flow is corre-
spondingly reduced. As the spray angle continues to increase, the reversed flow of the flue gas
self-circulation decreases gradually. This is because when the spray cone angle increases to a
certain value, the reaction area near the combustion head moves outwardly and the gas in the
reaction area expands with heat, resulting in a decrease in density, meanwhile, the flue gas re-
versed flow is restricted by volume flow, so the reversed flow quantity decreases accordingly.
The fundamental reason for this phenomenon is that the pressure of outward expansion of the
gas inside the combustion cylinder increases, so the pressure difference outside the combustion
cylinder decreases, resulting in a decrease in the quantity of the backflow.
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Conclusions

In this paper, the flame characteristics of a new type of small diesel spray burner with

self-circulating flue gas under different spray cone angles (50-90°) were investigated using a
periodic model and the CFD. This mainly included investigations of the flame height, tempera-
ture distribution, and NO emission characteristics. Our main conclusions are as follows.

To obtain a shorter flame, a small flue gas self-circulation burner requires a nozzle with a
spray cone angle of 50°.

The NO emissions are still dominated by the thermal type. With an increase of the spray
cone angle to 80° and a decrease in the overall combustion temperature, NO emissions are
significantly reduced to as low as 9.22 mg/m*under 3% O, reference flue gas conditions.
An increase in the spray cone angle leads to a positive gain in the reversed flow ratio from
a physical perspective and a negative gain from a chemical combustion perspective. The
reversed flow ratio of this small flue gas self-circulation burner reaches its maximum at a
60° spray cone angle.
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Nomenclature

D; — diffusion coefficient of component i

f. —correction coefficient

fi —mass force on a unit mass of fluid

k — turbulent kinetic energy

L —flame length, [mm]

m, — quantity of reversed flow flue gas, [kgs™]
Moy — exit mass-flow rate, [kgs™]

p —pressure, [Pa]

t; — viscous stress tensor

T —flame temperature, [K]

u; — instantaneous velocity in the i-direction
v — diffusion velocity

w — formation rate of the net reaction

X —horizontal length above the nozzle, [mm]

Y — concentration of component

Greek symbols

S — oxygen response index

¢ — turbulence dissipation rate
n, — flue gas self-circulation ratio
p —density

@ —equivalence ratio

@ — dissipative power

Subscript

0 - initial state
i —component
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