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Abstract: At present, the treatment of landfill leachate is an unavoidable challenge facing environ-
mental problems. Incineration is one of the effective methods to treat landfill leachate which meets the
3T+E principle and can avoid the production of dioxin in the process of treatment. Based on the 3T+E
principle, this paper studied the influence of burner arrangement on the treatment of landfill leachate
through the numerical simulation method. The research showed that the symmetrical arrangement
of reverse swirl and same direction flow were more conducive to the combustion of landfill leachate
concentrations in the incinerator so that the residence time of the flue gas in the second combustion
chamber can also exceed 2 s. When the nozzle arrangement height is 0.9 m–0.8 m, the wall collision
rate of concentrated liquid droplets can be reduced, and the burnout rate of landfill leachate was the
highest, reaching more than 92%.

Keywords: landfill leachate; waste liquid incineration; numerical simulation; incinerator

1. Introduction

Landfill leachate [1–6] contains high concentrations of organic matter, inorganic pollu-
tants, pathogens, corrosive acid, ammonia, nitrogen, heavy metals, foreign matter, inorganic
salts, etc. [7–10]. Toxicological tests have confirmed that landfill leachate has mutagenic,
teratogenic and carcinogenic effects on bacteria, algae, invertebrates and fish [11], and as
the landfill time increases, the organic matter in the landfill leachate becomes more complex
and difficult to deal with [12]. One of the evaluation criteria for landfill leachate treatment
is the “3T+E” principle (temperature, time, turbulence and excess air, that is, when the
temperature of the flue gas in the secondary combustion chamber or the flue before entering
the waste heat boiler is not lower than 850 ◦C and the temperature of the flue gas in the
furnace and secondary combustion chamber is no less than 2 s, there is sufficient turbulent
intensity in the furnace and appropriate excess air coefficient).

The arrangement of the burner has a very important influence on the combustion effi-
ciency of the reactor [13–15]. Rohini’s [16] results show that different burner arrangement
affects the uniform temperature distribution in the combustion space and the effective
heating of combustion gas. Li [17] used a new burner arrangement scheme, which can
improve the aerodynamic field in the furnace and improve the combustion efficiency of
coal. Liu [18] found that in the methanol reforming burner, the 45◦ + 60◦ blade angle
arrangement has the best combustion characteristics. Ghasemi’s [19] research shows that
the asymmetric burner arrangement can improve the heat transfer coefficient and Nussel
number of the burner.

At present, incineration is one of the effective methods to treat landfill leachate, and its
core idea is to thoroughly reduce the amount of landfill leachate through high-temperature
combustion. Ehrhardt [20] carried out combustion experiments on an industrial-scale waste
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liquid incineration device. The experimental results show that when the temperature is
higher than 900 ◦C, due to the fast oxidation kinetics of carbon monoxide and hydrocarbons,
the combustion process is only affected by the evaporation efficiency of the waste liquid.
When the temperature is lower than 850 ◦C, the combustion process is not only affected by
the evaporation efficiency of waste liquid but also limited by chemical kinetics. Bai [21] put
forward the strategy of treating waste liquid with a cement rotary kiln as a zero emission
strategy, calcined the waste liquid, and evaluated its impact on products by characterizing
the mineral phase and strength of cement clinker. The results show that after adding
waste liquid, the main phase and strength of cement clinker have little difference, and the
burnability of raw meal was improved. The waste liquid can be used as an alternative fuel
in actual production. Liu’s experimental [22] results show that the higher the ash content,
the lower the concentration of polyfluoroalkyl substances (PFAS) in the leachate when the
ashes of municipal solid waste incineration are treated together with the landfill leachate.
Zhang’s experimental results show that COD in waste liquid is degraded fastest in the
temperature range of 600–1000 ◦C, while NH3–N is degraded fastest in the temperature
range of 400–800 ◦C. In addition, oxygen concentration and residence time also have a
certain impact on the degradation rate of COD and NH3–N [23].

To sum up, the feasibility of using the incineration method to treat the landfill leachate
has been verified by some scholars. Using this method to treat landfill leachate can ef-
fectively remove toxic and harmful substances in landfill leachate, and the incineration
method, as a fully quantitative treatment method, will not leave secondary pollution prod-
ucts such as concentrate or sludge. This paper takes a large landfill as an example. The
treatment capacity of the landfill leachate concentrate is 2 t/h. The incineration process
of the landfill leachate concentrate after precipitation and concentration is mainly studied.
The biogas generated by the landfill is used for auxiliary landfill leachate combustion. In
addition, this paper optimizes the atomization and combustion process of landfill leachate
concentrate in the furnace so that the combustion process meets the “3T+E” principle, and
the feasibility of its treatment method is improved.

2. Methods
2.1. Physical Model

The incineration method of landfill leachate concentrate is to spray the leachate into
the incinerator through the atomizing nozzle after precipitation and concentration, and
then evaporate and burn it with the help of combustion-supporting biogas. The whole
combustion process is a complex, multi-relative heat and mass transfer process. Due to the
complexity of the actual process, some necessary simplifications have been made on this
basis. The model of the landfill leachate concentrate incinerator used in this paper is shown
in Figure 1. The combustion-supporting biogas is sent into the furnace by the swirl burner
and is fully mixed and burned under the action of swirl wind, providing conditions for
the evaporation and combustion of landfill leachate concentrate. The concentrated liquid
is sprayed into the furnace from the front end of a combustion chamber by an atomizing
nozzle, and the evaporation combustion process is completed in the first combustion
chamber. Finally, all combustion products enter the second combustion chamber and finally
enter the flue.

The overall design of the landfill leachate concentrate incinerator meets the require-
ments of 75–100 kW/m3 of furnace volume thermal intensity in burner area, as required
in Boiler Principle and Calculation, and the thermal intensity of furnace section in burner
area does not exceed 4.6 MW/m2. After accounting, the size of the incinerator was finally
determined as shown in Figure 2, with the length of L (L = 4 m) and located at the X axis.
The width is W (W = 3 m), located in the Z axis, and the height of the whole incinerator is
H (H = 3 m), of which the height of the first combustion chamber is H1 (H1 = 1.5 m), and
the height of the second combustion chamber is H2 (H2 = 1.3 m), which is located on the Y
axis. According to the calculation, the thermal strength of the furnace volume of the landfill
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leachate concentrate incinerator is 90.45 kW/m3, and the thermal strength of the furnace
section is 542.68 kW/m2, which meets all design requirements.
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Figure 2. Three views of landfill leachate concentrate incinerator.

The incinerator adopts swirl burners. In order to increase the turbulence intensity of
air flow in the furnace, the burners were arranged symmetrically in the same direction of
swirl, symmetrically in the opposite direction of swirl and staggered in the same direction
of swirl. The four swirl burners are arranged on both sides of the first combustion chamber,
with an arrangement height of 0.75 m and a spacing of 1 m between the two burners,
which meets the burner spacing index in the design manual of oil and gas fired boilers. For
the convenience of subsequent description, the parameters are described here. Figure 3
is a three-dimensional view of the landfill leachate concentrate incinerator, showing the
direction of the three-dimensional coordinate axis in the incinerator. The incident position
of landfill leachate concentrate is indicated, which is located on the wall of X = 4 m. The
nozzle arrangement height is the vertical distance from the incident position of the nozzle
to the wall of Y = 0 m.

In the “3T+E” principle, the excess air coefficient and turbulence intensity are qualita-
tive indicators which are not easy to evaluate, while the residence time and outlet flue gas
temperature are quantitative indicators, so this paper mainly evaluates the residence time
and outlet flue gas temperature under working conditions.
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2.2. Mathematical Model

In this paper, the combustion process of landfill leachate concentrate in the incinerator
was studied, which can be regarded as a fluid system with radiation heat transfer and
combustion reaction. The governing equations are as follows:

(1) Continuity equation:

∂ρ

∂t
+

∂

∂xj

(
ρuj
)
= Sm (1)

In the formula, t is the time (s), uj is the velocity vector and Sm is the mass added to
the continuous phase from the dispersed secondary phase, which in this context refers to
the evaporation of landfill leachate concentrate droplets.

(2) Momentum equation:

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂τij

∂xj
+ ρgi + Fi (2)

In formula, ρ, u and p represent the density, velocity and static pressure, respectively,
τij is the stress tensor, ρgi and Fi are the gravitational body force and the external body
force, respectively, in the i direction.

(3) Energy equation:

∂

∂t
(ρE) +

∂

∂xi
(ui(ρE + p)) =

∂

∂xi

ke f f
∂T
∂xi
−∑

j′
hj′ Jj′ + uj

(
τij
)

e f f

+ Sh (3)
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ρ and u represent the density and velocity of the gas phase, respectively, P and τij
represent the pressure and shear stress tensors and E = h− p

ρ + V2

2 represents the total
energy of the fluid micelles, that is, the sum of internal energy and kinetic energy. ke f f
is the effective heat conductivity, ke f f = kt + k. Jj′ is the diffusion flow of component j′.
The first three terms on the right in the equation describe the energy transport caused
by heat conduction, component diffusion and viscous dissipation, respectively, meaning
exothermic and endothermic, due to the chemical reaction.

(4) Turbulence equation:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

((
µ +

µt

σk

)
∂k
∂xj

)
+ Gk + Gb − ρε−YM + Sk (4)

∂

∂t
(ρε)+

∂

∂xj

(
ρεuj

)
=

∂

∂xj

((
µ +

µt

σε

)
∂ε

∂xj

)
+ ρC1Sε− ρC2

ε2

k +
√

νε
+C1ε

ε

k
C3εGb + Sε (5)

C1= max
[

0.43,
η

η+ 5

]
(6)

η = S
k
ε

(7)

In the formula, Gk is the turbulent kinetic energy due to laminar velocity gradient,
Gb is the turbulent kinetic energy due to buoyancy, Ym is the fluctuation due to excessive
diffusion in compressible turbulent flow, C2 and C1ε are empirical constants and σk and σε

are the k equations and the Prandtl number for turbulent flow of the e equation.

2.3. Discretization Method and Boundary Conditions

This paper adopted a solver based on pressure/velocity. In order to study whether
the incinerator conforms to the predetermined “3T+E” principle after stabilization, the
steady-state solver was selected. The selected mathematical model was relatively simple,
and the coupled algorithm has advantages in solving the incompressible flow of rotat-
ing motion and has good stability. Therefore, the coupled algorithm was selected. The
structure of the model is simple, so the hexahedral mesh, which has obvious advantages
over tetrahedral mesh in computing speed, was used to generate meshes with a total
number of about 140,000–820,000. Shown in Figure 4 are the meshes of the landfill leachate
concentrate incinerator.
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In the design of the concentrated liquid incineration process in the incinerator, the
gas–liquid, two-phase swirl and combustion reaction and the number of meshes affect the
calculation results to a certain extent. In order to avoid the influence of meshes on the
calculation results, this paper verifies the meshes with a total of 140,000; 260,000; 350,000;
460,000; 600,000 and 820,000 sizes detecting the speeds at different positions of the second
combustion chamber, as shown in Figure 5. With the increase in the number of meshes, the
speed of the detection points corresponding to 460,000–820,000 meshes basically changes
little. In order to save computing resources, the 460,000 meshes were finally selected for
numerical calculation.
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The parameters of burner inlet and landfill leachate concentrate are shown in Table 1.

Table 1. Gas–liquid two-phase flow parameters.

Flow Field Item Unit Design Condition

Gas phase

Air
N2 volume fraction % 79
O2 volume fraction % 21

Combustion-supporting biogas CH4 volume fraction % 60
CO2 volume fraction % 40

Burner swirl air inlet velocity Axial speed m/s 2
Tangential velocity m/s 1

Burner direct flow air inlet
velocity Inlet speed m/s 5

Burner combustion-supporting
biogas inlet speed

Axial speed m/s 8
Tangential velocity m/s 5

Liquid phase

Calorific value kJ/kg 3652.6
Moisture content (mass

fraction) % 76.25

Nozzle form Solid cone

Spray direction Perpendicular to the wall and facing the
furnace

The average particle
size um 150

Jet velocity m/s 18
Single-nozzle flow kg/s 0.139
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3. Results and Discussion
3.1. Combustion Characteristics of Landfill Leachate under Different Burner Arrangements

Figure 6 shows the complete burnout ratio of the concentrate in the incinerator un-
der the three burner arrangements. It can be seen that when the burner arrangement is
symmetrical, the burn-up ratio of the concentrated liquid in the incinerator is more than
92%, no matter whether the adjacent burners are reverse swirl or same direction swirl,
and most of the concentrated liquid has completed the evaporative combustion process.
However, when the burners are arranged in a staggered arrangement with co-rotating
flow, the burnout ratio of the concentrate drops slightly to only 87.5% because some of the
concentrate fails to complete its evaporation and combustion processes.
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This is because when the burner is arranged in a hedging arrangement, the airflow
collides and burns at the center of a combustion chamber, and a part of the flue gas forms
a backflow flue gas. However, the incident droplets just meet the backflow flue gas, and
the velocity of the droplets in the X direction are reduced by the influence of the backflow
flue gas; when the velocity of some droplets in the X direction is reduced to zero, they
flow to the lower half of the combustion chamber (Y direction), but the flame direction is
upward, the temperature of the lower half of the combustion chamber is lower, the heat
transfer driving force of the droplets in this area is also lower and the heat absorption and
evaporation ratio is slower. As a result, some of the droplets hit the wall at the bottom of
the combustion chamber before completely evaporating.

In Figure 7, the temperature distributions of the central cross-section of a combustion
chamber under three different arrangements of the burner are shown. When the burners
are arranged symmetrically, regardless of the same direction or the reverse swirl flow, there
is a large area of low temperature in the central cross section of a combustion chamber from
X = 2.5 m to X = 4 m. This is because the concentrated liquid droplets enter the incinerator
after atomization, absorb heat and evaporate in this area and then absorb a lot of heat,
resulting in low temperatures in this area. At X = 2.5 m, most of the concentrated liquid
droplets complete the evaporation process, the volatiles start to burn and release a lot of
heat, and the temperature of the combustion chamber gradually increases. From X = 0 m to
X = 0.5 m, the high temperature flue gas begins to transfer to the second combustion
chamber, and the temperature gradually decreases. When the burner is arranged in
staggered rows and swirling in the same direction, it can be clearly seen that due to
the dislocation of the burner, the low-temperature zone formed by the evaporation and
heat absorption of concentrated liquid droplets is more inclined to the positive direction
of the Z axis at X= 3 m, and after the combustion of the concentrated liquid droplets, the
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high-temperature flue gas flowing to the second combustion chamber is slightly inclined to
the negative direction of Z the axis.
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As can be seen from Figure 8, when the burners are staggered and arranged in the
same direction, the temperature distribution of the second combustion chamber is affected
because the high-temperature area of the first combustion chamber is biased towards the
negative direction of the Z axis, resulting in uneven temperature distribution of the second
combustion chamber in the case of the staggered arrangement of burners, which easily
forms a local, high-temperature area. In contrast, when the burners are symmetrically
arranged, the temperature distribution in the second combustion chamber is uniform, there
is no large temperature gradient, and it is not easy to form local, high temperatures.
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Table 2 shows the residence time of the flue gas in the second combustion chamber
and the temperature of the flue gas at the outlet under three different arrangements of
the burner. It can be seen from the table that under the three burner arrangements, the
outlet flue gas temperatures are all above 1123.15 K, which meets the outlet flue gas
temperature requirements. However, when the burner arrangement is staggered and with
same direction flow, due to the change of the flow field in the incinerator, the residence
time of the flue gas in the second combustion chamber is too short, only 1.64 s, which does
not meet the “3T+E” principle.

Table 2. Flue gas residence time and outlet flue gas temperature meter under different arrangement
modes of burner.

Item

Burner Layout
Symmetrical Arrangement of
Burners with Reverse Swirl

Symmetrical Arrangement of
Burners with Same Direction Flow

Burner-Staggered Arrangement
with Same Direction Flow

Residence time/s 2.18 2.45 1.64
Outlet flue gas temperature/K 1152.69 1153.20 1157.87

In Figure 9, the turbulent kinetic energy of a central cross section of a combustion
chamber (Y = 0.75 m cross section) when the burner adopts symmetrically arranged reverse
swirl and symmetrically arranged with same direction flow is shown. It can be seen
that when the burner adopts the symmetrical arrangement of reverse swirl and same
direction flow, the turbulent kinetic energy is very close, and the maximum turbulent
kinetic energy is 5.62 m2/s2 and 5.47 m2/s2, respectively. Overall, no matter which burner
arrangement is used, the central cross section of the combustion chamber has strong
turbulent kinetic energy.
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Figure 9. A cloud diagram of turbulent kinetic energy in the cross-section of the center of the
combustion chamber (Y = 0.75 m). (a) The burner is symmetrically arranged with re-verse swirl.
(b) Symmetrical arrangement of burners with same direction flow.

3.2. Influence of Nozzle Arrangement Height on Incineration Process of Landfill
Leachate Concentrate

The arrangement height of atomizing nozzles has a great influence on the incineration
process of the landfill leachate concentrate. The relationship between the different arrange-
ment heights of the atomizing nozzles and the burnout ratio of the concentrated liquid
when the size of the concentrated liquid droplets is 100 um, the incident speed is 10 m/s,
the atomization angle is 60◦ and the nozzle flow is 8.33 L/min is shown in Figure 10.
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It can be seen from Figure 10 that when the change law of the burnout ratio of the
landfill leachate concentrate in the furnace when the burner is symmetrically arranged
with reverse swirl (same direction swirl) and the nozzle arrangement height of the landfill
leachate concentrate changes from 1.2 m to 0.5 m, the burnout ratio of droplets is as shown
in Table 3, which shows that the burnout ratio of the concentrated liquid first increases with
the decrease of nozzle arrangement height. When the arrangement height changes to 0.8
and 0.9 m, the burnout ratio reaches the peak, and then reducing the nozzle arrangement
height reduces the burnout ratio the of concentrated liquid.

Table 3. The residence time of the flue gas, the burnout ratio of droplets and the outlet flue gas
temperature under different nozzle arrangement heights.

Symmetrical Arrangement of Burners with Reverse Swirl

Nozzle arrangement
heights/m 1.2 1.1 1 0.9 0.8 0.7 0.6 0.5

Residence time/s 2.12 2.27 2.45 2.26 2.18 2.08 2.75 2.73
Burnout ratio of droplets 78.91% 79.38% 81.25% 93.75% 94.53% 92.34% 83.75% 72.81%

Outlet flue gas
temperature/K 1150.25 1154.47 1157.87 1151.58 1152.69 1158.4 1155.94 1155.35

Symmetrical Arrangement of Burners with Same Direction Flow

Nozzle arrangement
heights/m 1.2 1.1 1 0.9 0.8 0.7 0.6 0.5

Residence time/s 2.62 2.33 2.37 2.85 2.45 2.64 2.78 2.79
Burnout ratio of droplets 80.16% 81.72% 83.91% 92.66% 92.34% 90% 82.5% 73.44%

Outlet flue gas
temperature/K 1152.57 1156.58 1158.35 1150.42 1151.2 1157.44 1154.68 1157.68

Table 3 reflects the residence time of the flue gas in the second combustion chamber and
the outlet flue gas temperature under different nozzle arrangement heights of droplets. It
can be seen from the table that the flue gas residence time is more than 2 s, and the outlet flue
gas temperature is more than 1123.15 K (850 ◦C), which meets the quantitative requirements
for flue gas residence time and outlet flue gas temperature in the “3T+E” principle.

Figure 11 shows the cloud diagram of turbulent kinetic energy in the central cross-
section of a combustion chamber at different heights. Due to the change of nozzle ar-
rangement height, the burnout ratio of the concentrated liquid and its evaporation and
combustion position in the incinerator change, which affects the turbulent kinetic energy in
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the incinerator and makes it slightly different, but it can be seen that the difference is small,
and the incinerators have a certain turbulence intensity.
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Figure 11. Turbulent energy cloud diagram of the center cross-section of the first combustion chamber
under different nozzle arrangement heights (Y = 0.75 m). (a) The burner is symmetrically arranged
with reverse swirl. (b) Symmetrical arrangement of burners with same direction flow.

In Figure 12, from the variation diagram of droplet size with trajectory under different
nozzle arrangement heights, it can be seen that when the nozzle arrangement height is
higher than 0.9 m, the droplet encounters strong reflux flue gas after the incident, resulting
in a sharp drop in the velocity of the droplet in the X direction, and the velocity in the X
direction becomes zero after moving for a short distance. Some of the low-speed liquid
droplets are picked up by the return flue gas and brought to the top of the combustion
chamber to impact the wall surface, while other liquid droplets are brought to the lower
half of the combustion chamber by the return flue gas to complete the evaporation process
or impact the wall surface of the region. With the decrease of the nozzle arrangement
height until the arrangement height avoids strong reflux flue gas, when the arrangement
height is 0.9–0.8 m, the incident droplets can move a long distance in the X direction, and
most of the droplets can complete the evaporation process in the high-temperature area
in the center of a combustion chamber. At this time, the burnout ratio of the droplets is
the highest and the wall collision ratio is the lowest. However, the arrangement height is
too low. For example, when the nozzle arrangement height is lower than 0.7 m, although
the incident droplets can run a long distance in the X direction, under the dual action of
gravity and reflux flue gas, the droplets move to the lower half of the combustion chamber.
The temperature in this area is low, and the evaporation time of the droplets is long. Some
droplets contact the bottom of the combustion chamber before complete evaporation, and
hit the wall at the bottom. At this time, the burnout ratio of the droplets is low.
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Figure 12. Change of droplet size with trajectory under different nozzle arrangement heights
(Z = 1.5 m). (a) The burner is symmetrically arranged with reverse swirl. (b) Symmetrical arrange-
ment of burners with same direction flow.
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4. Conclusions

(1) The symmetrical arrangement of burners is more conducive to the combustion of
landfill leachate in the incinerator. For the three arrangements of burners (symmetrical
arrangement of reverse swirl, symmetrical arrangement of same direction swirl,
staggered arrangement of same direction flow), the outlet temperatures of flue gas
are 1152.69 K, 1153.20 K, 1157.87 K, respectively, which are greater than 1123.15 K,
meeting the temperature requirements in “3T+E” principle. However, only when
the burners are symmetrically arranged, the residence time of the flue gas in the
second combustion chamber can exceed 2 s, which meets the requirements of “3T+E”
principle, so only the layout of burners should be symmetrical.

(2) When the nozzle arrangement height is 0.9–0.8 m, it is more conducive to the com-
bustion of landfill leachate. Only when the nozzle arrangement height is slightly
higher than the center line of a combustion chamber (0.9–0.8 m) can the situation
of concentrated liquid droplets rising with the flow field and concentrated liquid
droplets being rolled to the bottom of a combustion chamber and hitting the wall with
the reflux flue gas be avoided so as to reduce the wall-hitting ratio of the concentrated
liquid and complete evaporative combustion.
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