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Abstract: A 3D numerical model of the municipal solid waste incineration (MSWI) process was
constructed based on a grate furnace with a daily processing capacity of 800 tons. Fluent was used
for analyzing key factors affecting the concentration and diffusion level of particulate matter (PM).
According to the actual MSWI plant working condition, a 3D model of the incinerator and the
waste heat boiler has been constructed under benchmarks. Key factors affecting PM generation were
determined by combining mechanistic knowledge and experts’ experience. They were the combustion
temperature of solid phase municipal solid waste (MSW), the wall’s PM collision mode, and the
second baffle length. Subsequently, the process of resolving the 3D numerical model was delineated.
Then, a univariate analysis of the aforementioned 3D model was conducted for the three pivotal
factors mentioned above. Conclusively, the effect of the important factors on the number of particles
at the outflow of the incinerator was analyzed via orthogonal experiments to obtain the optimal
combination. PM concentration initially diminished and then rose with the increased combustion
temperature of the solid-phase MSW. Furthermore, a noteworthy reduction in PM concentration
was observed when the second baffle length was 12.45–12.95 m. The greatest influence on the PM
concentration of the outlet was posed by the wall’s PM collision mode, followed by the second
baffle length. The appropriate adjustment of the combustion temperature of the solid-phase MSW,
selection of wall materials, and design of the second baffle length were beneficial for diminishing
PM concentration and ensuring long-term stable operation of the MSWI process. The combinative
optimality of the three key factors was acquired via orthogonal experiments, which proved the
subsequent optimal control of PM concentration at the outlet.

Keywords: municipal solid waste incineration (MSWI); PM concentration; 3D numerical modeling;
single factor analysis; orthogonal experiments; optimal control

1. Introduction

Municipal solid wastes (MSWs) refer to items and substances with/without their
original value that have been abandoned in production, habitation, and other activities [1].
Increased MSW generation has caused negative impacts on daily lives and socio-economic
development, which causes environmental issues like Garbage Siege [2,3]. MSW incinera-
tion (MSWI) is an effective solution for environmental issues because of its high capacity
reduction rate, fast processing speed [4]. The grate-type incinerator is widely used due
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to its reliable technology, large capacity, strong adaptability, convenient operation, and
easy maintenance [5]. Adjusting the parameters to improve control can be inconvenient in
practice due to equipment safety and pollution emission [6]. Meanwhile, the high cost of
experimental research and the complexity of large incinerators also promote the control of
incinerators via numerical modeling [7].

Previous investigations into the application of numerical modeling for MSW processes
from a control perspective are as follows. Zhuang et al. [8] constructed a 2D model to
determine the effects of grate speed and primary/secondary air distribution ratio on the
combustion process. Tang et al. [9] analyzed the influence of primary air oxygen content
and secondary air velocity on the temperature and concentration fields within the furnace
with a 2D numerical simulation model. Nevertheless, the aforementioned 2D numerical
simulation models do not fulfill the criteria for accurately computing the velocity, pressure,
and concentration fields within the incinerator. Moreover, they do not take into account the
3D effect of the actual process.

The following studies offer insights into the 3D model of the MSWI process. Luo
et al. [10] investigated the correlation between the mean temperature and the number of
grids present in various height sections within the incinerator. Hu et al. [11] analyzed
the variance of the temperature distribution, flow rate, and O2 concentration distribution
of the furnace under SNCR positions. Gu et al. [12] analyzed the impacts of feedstock
variation, air supply, and heat input on the combustion conditions of the incinerator. Yan
et al. [13] leveraged a coupled Flic-Fluent simulation to evaluate the effect of primary air
preheating on the combustion characteristics of the MSW in a grate-type incinerator. Yang
et al. [14] studied the effect of different air supply methods and primary/secondary air
ratios on NOX. Xia et al. [15] proposed a method combining a two-dimensional bed model
with a three-dimensional stabilized furnace model. The three-dimensional steady-state
simulation of turbulent gas combustion in the whole furnace was carried out. Hu et al. [16]
investigated the effects of the primary NOX control (e.g., different loads, overfire air, and the
ratio of overfire air and secondary air) and the secondary NOX control on NOX emissions
and combustion characteristics.

Based on the aforementioned studies, the 3D simulation model mainly evaluates the
combustion of the incinerator or the impact of a parameter on the MSWI process. However,
there is a lack of numerical simulation and analysis of PM as well as an insufficient
investigation into the factors influencing its concentration characteristics. Consequently,
there is no study on the 3D numerical modeling and assessment of PM in the incinerator.

This study took the solid waste combustion and waste heat exchange stage of an
MSWI plant with a daily treatment capacity of 800 t/d in Beijing as its research object. The
above analysis was used to simulate the dispersion process of PM. As one of the main
pollutants of waste incineration, PM was toxic and adsorbable. Therefore, a 3D simulation
was performed for PM concentration and diffusion in the MSWI process. Feasible sugges-
tions were provided for controlling PM concentration and improving particle-capturing
equipment to reduce PM content.

Notwithstanding the certain merits of the MSWI technology, numerous air pollu-
tants are additionally created, including PM (PM 2.5 and 10), acid gases (NOX, SO2, HCl,
etc.), heavy metals and their derivatives, and trace organic compounds (dioxins, furans,
etc.) [17–19]. Refs. [20,21] show that the fly ash (FA) produced via the MSWI process is
toxic with a large yield. Fine PM, constituting the primary component of the FA produced
via MSWI processing, is one of the leading sources of PM 2.5 in the atmosphere [22,23]. The
composition structure of the incineration FA has obvious variability, with more irregular
agglomerated structures, uneven PM surfaces, and dispersive PM distribution [24].

The smaller the PM size, the smaller the corresponding inter-PM pore space, and the
more closely distributed PM [25]. The fine particles of the FA possess a high adsorption
affinity, and the concentration of heavy metals embedded within it increases as the particle
size of FA diminishes [26]. These heavy metals are non-degradable, toxic, and biologically
effective [27,28], and they pose a serious threat to human health by potentially causing
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various diseases and even death [29,30]. Dioxins (DXN), heavy metals, and furans are
carried on the surface of the particles. When these substances are discharged into the
air, a series of reactions will occur and spread widely in a variety of ways, resulting in
more pollutants. Dioxins can be transported and deposited in areas far away from their
emission sites through air, water, and migratory species and products. Furan floats in the
air during transportation and disposal with fly ash and is absorbed by the human body. It
pollutes water and soil through rainfall. It can also be accumulated in animals and plants
and absorbed by the human body through plant chains. These will cause serious harm
to human health and the environment. Reducing particulate matter emissions from the
source is conducive to the sustainable development of the environment.

A 3D numerical model of the MSWI process based on a grate-type furnace with a daily
processing capacity of 800 tons was constructed using Fluent to analyze the key factors
affecting the concentration and diffusion level of PM. Firstly, 3D models of the incinerator
and waste heat boiler were created following the actual design. Benchmark-operating
conditions were established, and benchmark experiments were performed. Subsequently, a
single-factor analysis was conducted for the principal determinants of PM concentration
at the outlet: the combustion temperature of solid-phase MSW, the wall’s PM collision
pattern, and the second baffle length. Finally, based on the results of the orthogonal
experiment, the impact of the aforementioned three key factors was analyzed, and the
anticipated optimal combination of key factors was identified. This work has the following
contributions in terms of directly being useful and applicable: (1) Data support for reducing
PM concentration was provided from the perspective of process improvement and optimal
control. (2) PM and its carrying pollutants were reduced from the source. (3) The suitable
combustion temperature of solid-phase MSW was studied to inhibit the generation of PM.
(4) The appropriate wall particle collision mode and the length of the second baffle were
studied to improve the trapping effect in the particle diffusion process. (5) The PM capture
technology has been improved, and the MSWI particulate matter simulation experience has
been accumulated, which has promoted the sustainable development of domestic waste
incineration technology.

2. Description of Municipal Solid-Waste Incineration Process with Regard to
PM Generation
2.1. Process Description

Figure 1 shows the process flow of a mechanical grate-type MSWI process in Beijing.
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Figure 1. MSWI process flow. 

The MSW is poured into the feed hopper and pushed into the grate furnace with the 
feeder carried by the movement of the grate. The combustion of the MSW on the grate 
consists of four stages: drying section, combustion section I, combustion section II, and 
combustion section. After fracturing, pyrolysis, and oxidation in the furnace, the MSW 
gradually decreases in volume and particle size and eventually forms PM. Particles float 
in the furnace air and their movements are susceptible to the solid-phase combustion tem-
perature, secondary air inlet temperature, and wall temperature. 

As the PM flows in the flue–gas fluid, interaction forces (e.g., trapping force, thermo-
phoretic force, and Saffman lift force) affect the accumulation and dispersion of PM. This 
affects particle concentration distribution. Hot gases from combustion up the flue. The 
flow rate and pressure change significantly through the second and third flue. Particle 
concentration is significantly reduced by the second baffle. The flue gas passes through 
the waste heat boiler and then through the superheater, evaporator, and coal saver. It is 
sent to the reactor and baghouse (containing activated carbon and lime to adsorb dioxins, 
large PM, and heavy metals) to purify the flue gas. 

2.2. Analysis of Influencing Factors of Particle Concentration 
Despite the significant features of MSWI technology in terms of non-hazardousness, 

minimization, and resource utilization, the process still emits various pollutants [31]. The 
MSW with complex compositions gradually decreases in size, and eventually forms PM af-
ter fracture, pyrolysis, and oxidation in the furnace [32,33]. PM is mostly irregularly shaped 
aggregates, with relatively few spherical bodies, rod-like aggregates, and flocculent aggre-
gates. The field measurement data of an MSWI plant in Beijing show that the size of flue-
gas PM presents normal distribution. In total, 70% are concentrated at 38.5–75 µm, and the 
FA with a PM size less than 38.5 µm and more than 450 µm accounts for 6.3 and 2.9%, re-
spectively. Figure 2 illustrates the microscopic morphology of FA’s PM with different sizes. 

Figure 1. MSWI process flow.
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The MSW is poured into the feed hopper and pushed into the grate furnace with the
feeder carried by the movement of the grate. The combustion of the MSW on the grate
consists of four stages: drying section, combustion section I, combustion section II, and
combustion section. After fracturing, pyrolysis, and oxidation in the furnace, the MSW
gradually decreases in volume and particle size and eventually forms PM. Particles float
in the furnace air and their movements are susceptible to the solid-phase combustion
temperature, secondary air inlet temperature, and wall temperature.

As the PM flows in the flue–gas fluid, interaction forces (e.g., trapping force, ther-
mophoretic force, and Saffman lift force) affect the accumulation and dispersion of PM.
This affects particle concentration distribution. Hot gases from combustion up the flue.
The flow rate and pressure change significantly through the second and third flue. Particle
concentration is significantly reduced by the second baffle. The flue gas passes through the
waste heat boiler and then through the superheater, evaporator, and coal saver. It is sent to
the reactor and baghouse (containing activated carbon and lime to adsorb dioxins, large
PM, and heavy metals) to purify the flue gas.

2.2. Analysis of Influencing Factors of Particle Concentration

Despite the significant features of MSWI technology in terms of non-hazardousness,
minimization, and resource utilization, the process still emits various pollutants [31]. The
MSW with complex compositions gradually decreases in size, and eventually forms PM
after fracture, pyrolysis, and oxidation in the furnace [32,33]. PM is mostly irregularly
shaped aggregates, with relatively few spherical bodies, rod-like aggregates, and flocculent
aggregates. The field measurement data of an MSWI plant in Beijing show that the size
of flue-gas PM presents normal distribution. In total, 70% are concentrated at 38.5–75 µm,
and the FA with a PM size less than 38.5 µm and more than 450 µm accounts for 6.3 and
2.9%, respectively. Figure 2 illustrates the microscopic morphology of FA’s PM with
different sizes.
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Figure 2. Scan and size characteristics of incineration fly ash’s PM (×2000).

The combustion temperature of solid MSW will affect the generation of particles due
to the difference in MSW components. The PM will be suspended in the furnace air under
the high-temperature flue gas. Meanwhile, different solid MSW combustion temperatures
affect the movement of particles in the furnace.

MSW combustion forms black smoke under incomplete combustion. A large number
of carbon particles attached to black smoke exist in the form of solid particles. Most of the
non-combustibles in the furnace are retained on the grate and discharged in the form of slag.
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Some small and light materials and high-temperature gas form flue gas flow containing PM
in the furnace. PM collides with the wall of the incinerator in the process of PM flowing
with airflow in the incinerator due to the turbulent gas.

Different wall materials affect the collision mode of particles, which results in the
adhesion, erosion, and deposition of particles on the wall. Therefore, particle concentration
is reduced. When the flue gas flows through the second/third flue, the process design
will add a particle capture device (second baffle) in the incinerator flue to reduce particle
concentration. That is, the length of the second baffle directly affects the PM-capturing
effect and reduces PM concentration.

In summary, the combustion temperature of the solid MSW, the collision mode of wall
particles, and the length of the second baffle affect particle concentration at the outlet of the
incinerator. The wall particle collision mode included reflection, trap, and wall jet. This
work simulated the above three factors (i.e., the combustion temperature of solid phase
MSW, the collision mode of wall particles, and the length of the second baffle) on particle
concentration at the outlet of the incinerator.

3. Material and Methods
3.1. Material

Data are derived from an MSWI plant site in Beijing. The calorific value of solid phase
MSW is 8350 kJ/kg, and the elemental composition of MSW is shown in Table 1. Fluent is
used to simulate the PM flow in the incinerator. The continuous phase is calculated using
the coupled method, and the velocities of the primary air inlet, secondary air inlet, and
outlet are 2.4, 0.4, and 13.4 m/s. The discrete phase is calculated using two-phase coupling.
PM is sprayed upwards from the primary air outlet into furnace chamber at 2.4 m/s for
1000 iterations. The exit velocity uses the entrance boundary condition; turbulence intensity
at the inlet and outlet is 5%; the turbulent viscosity ratio is 10. Moreover, the surrounding
walls are set to be adiabatic. Tables 2–4 list the temperature and material of each wall, the
discrete phase parameters, the point attributes, and physical model settings, respectively.

Table 1. Industrial and elemental analysis of MSW.

Industrial Analysis Elementary Analysis

Moisture
(ar)

Fixed
Carbon (d)

Volatile
(d) Ash (d) C (d) H (d) N (d) Cl (d) S (d) O (d)

36.3 14.16 60.08 25.76 47.66 6.17 0.33 0.88 0.17 19.03

Notes: (ar) is the receiving base, that is, based on the received state sample; (d) is the dry base, that is, the sample
in the hypothetical anhydrous state is used as the reference.

Table 2. Temperature and material settings of boundary.

Setting
Parameters

Primary Air
Inlet Secondary Air Inlet Outlet Wall

Temperature (K) 1080 1080 473 Thermal insulation

Material Air Air Air Aluminium

Table 3. Base settings of the DPM model.

Serial Number Setting Parameters Set Value

1 Injection source Surface

2 Spraying surface Primary air inlet

3 Materials Ash-solid

4 Diameter Distribution Rosin-Rammler

5 Jet Type Face normal direction injection
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Table 4. Point properties and physical model settings.

Serial Number Setting Parameters Set Value

1 Temperature (K) 300

2 Speed size (m/s) 0.7

3 Total flow (kg/s) 0.22

4 Minimum diameter (µm) 30

5 Maximum diameter (µm) 75

6 Average diameter (µm) 45

7 Dispersion coefficient 3.5

8 Number of diameters 10

9 Drag force criterion Grace

10 Rotating drag force criterion Dennis-et-al

11 Magnus’ Law of Liftoff Oesterle-Bui-Dinh

12 Rough wall model Open

13 Discrete random trajectory model Open

14 Number of attempts 3

15 Time scale constants 0.15

3.2. Methods

Combined with the MSWI process and PM formation mechanism, the numerical
modeling and analysis method (Figure 3) is proposed for the three key factors affecting
PM concentration, namely, the combustion temperature of solid phase MSW, the wall’s
PM collision mode, and the second baffle length. It includes a 3D modeling module for
the incinerator and waste heat boiler, a 3D model-solving module, a single factor analysis
module, and an orthogonal experiment analysis module.
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As shown in Figure 3, firstly, according to the MSWI process and the formation
mechanism of particulate matter, three factors affecting the concentration of particulate
matter at the outlet of the incinerator are determined. The three factors are solid combustion
temperature, wall particle collision mode, and the length of the second baffle. Then,
according to the actual structure of the incinerator, this paper uses spaceclaim to establish
the 3D model of the incinerator and waste heat boiler and uses ICEM-CFD to divide the
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grid. Then, Fluent is used for numerical simulation to obtain a benchmark experiment that
meets the field conditions. On the basis of the benchmark experiment, the single-factor
experiment was carried out to analyze the influence of single factor on the concentration
of particulate matter at the outlet of incinerator. On the basis of single factor experiment,
orthogonal experiment was carried out to analyze the influence of comprehensive factors
on the concentration of particulate matter at the outlet of incinerator and the optimal
combination parameters were obtained.

3.2.1. 3D Modeling Module for Incinerator and Waste Heat Boiler

Figure 4 shows the structure of the 3D model of the incinerator and waste heat boiler.
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Figure 4. Three-dimensional model of the incinerator and waste heat boiler.

The widths of the grate and flue are 12.9 and 11.622 m, respectively. The grate is
divided into the drying section, burning section, and combustion section with lengths of
2.81, 5.57, and 2.14 m, respectively. The 3 flue lengths of the incinerator from left to right
are 4.68, 2.423, and 2.4 m, respectively. The height of the incinerator is 22.5 m. The length of
the waste heat boiler is 25.975 m, and its height and width are 6.795 and 7.1 m, respectively.

The parts such as the coal saver and the ash hopper of the waste heat boiler are
simplified when modeled with SpaceClaim due to the complex structure of the incinerator.
When ICEM CFD is used for meshing, the main setting is Tetra/Mixed, a body mesh type
for unstructured meshing. The grid of the furnace part is encrypted, and overall mesh
number is 880,000 (Figure 5).
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3.2.2. Three-Dimensional Model Solver Module

A third-order discrete format is used for the numerical modeling study. Fluent is
used to simulate the gas-phase heat and mass transfer process above the bed. The discrete
phase model (DPM) is used to solve the PM diffusion process. Moreover, the coupled
algorithm (Coupled) is used to solve the steady-state control equations. The simulation
process converges by increasing iteration number and decreasing the relaxation factor.

The gas phase conservation equation, turbulence model, and discrete phase model
involved in the 3D model modeling are shown below.

Gas phase conservation equations, including continuity, momentum, and energy
equations, are shown below.

(1) Gas phase conservation equation
Continuity equation is expressed as follows:

∂(ϕρg)

∂t
+

∂(ϕρgUg)

∂x
+

∂(ϕρgVg)

∂y
= Ssg (1)

where ρg is the gas density; Ug and Vg are the velocity in the a and b directions; source
item Ssg is the conversion rate of the MSW to the gas; pg is the gas pressure.

Momentum equation is expressed as follows:

∂(ϕρgUg)

∂t
+

∂(ϕρgUgUg)

∂x
+

∂(ϕρgVgUg)

∂y
= −

∂pg

∂x
+ F(Ug) (2)

∂(ϕρgVg)

∂t
+

∂(ϕρgUgVg)

∂x
+

∂(ϕρgVgVg)

∂y
= −

∂pg

∂y
+ F(Vg) (3)

where F(Ug) and F(Vg) are the resistance of the bed to gas flow, which can be calculated
using the Ergun equation.

Energy equation is expressed as follows:

∂(ϕρgHg)
∂t +

∂(ϕρgUgHg)
∂x +

∂(ϕρgVgHg)
∂y =

∂
∂x (λg

∂Tg
∂x ) + ∂

∂y (λg
∂Tg
∂y ) + Qh

(4)

where Hg is the enthalpy of the gas; λg is the thermal diffusion coefficient consisting of
diffusion and turbulence; Qh indicates the heat gained by the gas phase due to incineration.

(2) Turbulence model
The flow of turbulent gases in the incinerator is solved using the standard K-Omega

model. The model is constructed based on the turbulent energy equation and the diffusion
rate equation, which takes into account the Reynolds number, compressibility, and shear
flow propagation. It is suitable for handling numerical calculations with low Reynolds
numbers. This simulation uses the K-Omega SST model to calculate the turbulent motion,
and the others use k and omega equations.

∂ρk
∂t +

∂ρUjk
∂xj
− ∂

∂xj
[(µ + σkµT)

∂k
∂xj

)] = τij
∂Ui
∂xi
− β∗ρkω

∂ρω
∂t +

∂ρUjω

∂xj
− ∂

∂xj
[(µ + σωµT)

∂ω
∂xj

)] = γ
νT

τij
∂Ui
∂xi
− βω2

+2ρ(1− F1)
σ2
ω

ωk
∂ω

∂xj∂xj

(5)

where Ui and Uj are the i and j components of the velocity, respectively; xi is the Cartesian
coordinate; ρ is the fluid density; µ is viscosity; σk, β∗, σω, γ, β, and σω2 are the model
coefficients; F1 is a mixing function.
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k and ω are turbulent kinetic energy and specific turbulent dissipation rate, respec-
tively (Equation (6)).

k = 3
2 (uavg I)2

ω = k1/2

C1/4
µ l

(6)

where uavg is the average speed; I is turbulence intensity; Cµ is the empirical constant of
the K-Omega model, with a value that is 0.09 usually; l is the characteristic length of the
obstacle.

τij is Reynolds stress, which is calculated as follows:

τij = µT(
∂Ui
∂xj

+
∂Uj

∂xi
)− 2

3
ρδij (7)

where δij is the Kronecker function; νT = µT/ρ is the dynamic eddy viscosity; µT is the
eddy viscosity.

(3) Discrete phase model (DPM)
The solution steps of the DPM model in the simulation are as follows. We solve

the Navier–Stokes equation for the continuous-phase fluid under the Euler framework
and set the DPM before the continuous-phase calculation. When the initial value of the
continuous phase calculation results is obtained, PM is injected into the flow field. That is,
PM is sprayed into the flow field in the form of a surface. The DPM model uses the PM
trajectory equation in the Lagrangian framework. Meanwhile, the PM mass loading affects
the gas-phase flow field. When the calculation converges again (the residual threshold
is set to 0.0001 in the simulation), the calculated results expressed as PM trajectories are
obtained. The motion equation of PM is established based on Newton’s second law. The
equation of trajectory can be obtained using the equilibrium equation of external force on
PM as follows:

dUp

dt
=

U −Up

τr
+

g(ρp − ρ)

ρp
+ Fp (8)

τr =
ρpd2

p

18µ

24
CDRe

(9)

where U is the fluid-phase velocity, m/s; Up is the PM velocity, m/s; subscript p indicates
PM; Fp considers Saffman lift and virtual mass force; ρp is the PM density; dp is the PM
size; µ is the viscosity coefficient; Cd is the correction factor.

The concentration distribution of PM is obtained using the log-normal distribution
method, and the distribution of random variable x is as follows.

f (x) =
1√
2πσ

exp[− (ln x− θ)2

2σ2 ] (10)

θ = ln mg = 2 ln M1 −
1
2

ln M2, σ = Sg =
√

ln M2 − 2 ln M1 (11)

M1 =
1
n

n

∑
i=1

xi, M2 =
1
n

n

∑
i=1

x2
i (12)

where θ and σ are parameters; mg and Sg are the geometric mean and standard deviation,
respectively; xi is the concentration value of PM; n is the number of concentration values.

The percentage concentration of PM is calculated as follows:

xiqi = mgszi
g (13)

where qi is the percentile; zi is the number of deviations of the percentile from the median.



Sustainability 2023, 15, 12337 10 of 22

As PM reflects off the walls, the model in this work adopts the normal- and tangential-
reflect recovery coefficients of the FA proposed by Grant and Tabakoff. Its calculation is as
follows:

en = 0.993− 1.76θ + 1.56θ2 − 0.49θ3

eτ = 0.998− 1.16θ + 2.11θ2 − 0.67θ3 (14)

where en is the normal reflect coefficient, and eτ is the tangential reflect coefficient.
(4) Analysis of force on PM in the furnace
PM is defined as ash solid, and the shape is spherical in the DPM model settings. In

addition to gravity and buoyancy, PM is subjected to various forces in the gas-phase flow
field during motions. There is variability in the role of different forces on PM motions.
Inertial force exerted by PM in motions can be expressed as follows:

Fi =
π

6
d3

pρp
dUp

dt
(15)

Pressure gradient force is induced on PM by the pressure gradient in the gas-phase
flow field (Equation (16)).

Fpre = −VP
∂P
∂x

(16)

where VP is the solid phase velocity.
Spurious mass force resulting from the apparent mass effect can be expressed as

follows:

Fvm =
ρg

2
VP(

dU
dt
−

dVp

dt
) (17)

Magnus lift is lift force due to the rotation of PM. It has the same order of magnitude
as gravity and can be expressed as follows:

FMag =
π

8
d3

Pρgωp × (U −Vp) (18)

where ωp is the angular velocity of the PM rotation.
The equilibrium equation for force acting on PM in the DPM model is as follows:

dUp

dt
= FD(u− up) + g(ρp − ρ)/ρp (19)

FD =
18µ

ρpd2
p

CDRe
24

(20)

where FD(u− up) is traction force per unit mass of PM; Re is the relative Reynolds number
(Reynolds) defined as follows:

Re =
ρdp

µ

∣∣∣∣U −Up

∣∣∣∣ (21)

The expression for traction coefficient CD is as follows:

CD = α1 +
α2

Re
+

α3

Re
(22)

For spherical PM, α1, α2, and α3 are constant over a range of the Reynolds number.
Gravitational force on PM is defined via the following equation:

Fg = mpg =
1
6

πd3
pρpg (23)

where mp is PM mass; g is the acceleration of gravity.
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3.2.3. Single-Factor Analysis Module

Single-factor analysis is performed to analyze the effects of the combustion tempera-
ture of the solid-phase MSW, wall’s PM collision mode, and second baffle length on PM
concentration at the incinerator outlet.

The expression for the relationship between PM concentration at the outlet of the
incinerator and the three factors mentioned is as follows

y = fmodel(xT , xW , xG) (24)

where xT , xW , and xG denote the combustion temperature of the solid-phase MSW, wall’s
PM collision mode, and second baffle length, respectively.

3.2.4. Orthogonal-Experiment Analysis Module

The single-factor variable analysis of the combustion temperature of the solid-phase
MSW, the wall’s PM collision mode, and the second baffle length can only obtain the
influence of one of the three factors on PM concentration at the outlet. However, PM
concentration at the outlet is affected by at least the above three factors in practical en-
gineering. A multi-level integrated analysis of the above three factors is now conducted
using orthogonal experiments. It examines the combined effect of these three factors on
PM concentration at the outlet, which can obtain the optimal combination of parameters.

The output can be expressed as follows for the orthogonal experiment:

ydesign = fmodel(xdesign
T , xdesign

W , xdesign
G ) (25)

where xdesign
T , xdesign

W , and xdesign
G denote the level values when orthogonal experiments are

performed for xT , xW , and xG, respectively.
The importance of each factor is analyzed using the extremum difference analysis as

follows.
Rq = fmax

(
yq1, yq2, · · ·, yqv

)
− fmin

(
yq1, yq2, · · ·, yqv

)
(26)

where q denotes the qth factor in the orthogonal experiment; v denotes the vth level of the

qth factor; yqv =

r
∑

n=1
y

design
n

r denotes the mean of r experimental data
{

ydesign
n

}r

n=1
at the vth

level of the qth factor; r denotes the number of times the level appears in the experiment.
q = 1, 2, and 3 correspond to the combustion temperature of solid phase MSW, the

wall’s PM collision mode, and the second baffle length, respectively.

4. Experimental Results
4.1. 3D Modeling Results under Benchmark Working Conditions of an Actual MSWI Plant

PM concentration at the outlet of an industrial on-site incinerator is used to validate
the 3D numerical model. The actual PM concentration at the outlet of the waste heat
exchange was tested by a professional testing company. Then, some operating parameters
were used in the Fluent-based 3D numerical model. Finally, some simulation parameters
were set based on experience to reach a near-real detection value in the actual MSWI plants.
That is to say, the simulation experiment, consistent with the actual PM concentration at
the outlet of the waste heat exchange, is used as the benchmark working condition.

Therefore, the relevant numerical model in terms of working conditions is set as
follows. The discrete phase is calculated in a bidirectional coupling mode; the PM injection
velocity at the primary air inlet is 0.7 m/s; the PM diameter adopts Rosin–Rammler
distribution; the average PM size is 45; the combustion temperature of solid-phase MSW is
1080 K; the PM collision mode at the wall is reflect; the second baffle length is 11.2 m.

The velocity cloud and dynamic pressure vector diagram of the X-Y cross-section are
used as a reference to visually observe the flow field variation in the incinerator (Figure 6).
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Figure 6. Flow field clouds of the incinerator and waste heat boiler. (a) Speed cloud map. (b) Static
pressure cloud map.

Fluid flow in the incinerator is roughly divided into five stages, i.e., furnace chamber,
first flue, second flue, third flue, and waste heat boiler (Figure 6a). The fluid velocity is
significantly higher at the second and third flue and reaches the maximum at the third flue.
The main reason is that there is turbulence when the fluid flows in the incinerator. The
flue–gas velocity increases when it enters the second flue from the first one, and it increases
further in the third flue.

There is a strong correlation between the distribution of the dynamic pressure and
the distribution of the velocity (Figure 6b). The dynamic pressure gradually decreases in
the complete process of fluid flowing through the flue from the furnace chamber through
the waste heat boiler. The pressure decreases when the velocity of the fluid inside the
furnace increases.

Figure 7 presents the cloud plots of PM from the incinerator and the waste heat boiler.
The velocity distribution of PM is close to fluid velocity distribution inside the inciner-

ator (Figure 7a). PM does not participate in the reaction process of the internal gas. Thus,
the interaction force with the fluid inside the furnace is small or nearly negligible. So, the
flow velocity of PM only varies with the fluid–flow velocity inside the furnace.

The PM concentration is larger at the top of the corner flowing from the first flue to
the second flue (Figure 7b). PM concentration in the waste heat boiler is slightly higher
than that at the flue. PM concentration reaches the maximum at the funnel of the waste
heat boiler.
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4.2. Results of the Single Factor Analysis and Discussion
4.2.1. Analysis of the Effect of the Combustion Temperature of Solid-Phase MSW on PM
Concentration at the Outlet

The combustion temperature of solid-phase MSW affects PM concentration distribu-
tion at the outlet by influencing the changes in pressure. The close relationship between
PM concentration and temperature at the incinerator outlet is analyzed via PM simula-
tion experiments at different combustion temperatures of solid-phase MSWs. (Note: the
article only sets the combustion temperature of solid MSW for the experiment and does
not simulate the MSW combustion process.) Figure 8 illustrates the change curve of PM
concentration at different combustion temperatures of solid phase MSWs when the collision
mode of the wall’s PM is set as reflection.

When the wall’s PM collision mode is reflection, PM concentration is affected by
changing the combustion temperature of the solid-phase MSW and the temperature inside
the entire incinerator. Once the temperature is 850–875 K, PM concentration decreases
significantly. When the temperature is 875–950 K, PM concentration remains almost near
1.5 g/m3. When the temperature is 950–975 K, PM concentration increases rapidly. When
the temperature is between 975 and 1100 K, PM concentration increases gradually with
the increased temperature; however, the growth trend is slow. PM concentration reaches a
minimum of 925 K with the increased temperature. When the temperature is 850–975 K,
combustion is not sufficient, and the corresponding PM is less. The MSW burns more fully
at 975 K, which produces a large amount of particulate pollutants (with a concentration
of 3 g/m3). When the wall’s PM collision mode is reflection, the PM will reflect after
contacting the wall. Therefore, PM concentration at the outlet varies with the temperature
change.
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Based on the above analysis, there is no effect on normal operation on the premise of
ensuring stable combustion. Therefore, maintaining the combustion temperature of the
solid-phase MSW between 875 and 950 K can reduce the generation of PM.

Figure 9 presents the variation in PM concentration at different combustion tempera-
tures of solid-phase MSWs when the wall’s PM collision is the trapping form.
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When the wall’s PM collision mode is trap, the combustion temperature of the solid-
phase MSW is between 850 and 900 K (Figure 9). PM concentration decreases with the
increased temperature. MSW combustion at this stage is not sufficient, and PM con-
centration gradually decreases. When the temperature is between 900 and 1025 K, PM
concentration increases first and then decreases. When the temperature is between 925 and
1000 K, PM concentration is almost maintained at 1.61 g/m3. When the temperature is
between 1025 and 1100 K, PM concentration increases with the increased temperature. The
MSW is fully burned at this time, which results in a large amount of PM. PM concentration
at the outlet of the economizer decreases and then increases with the increased internal
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temperature of the incinerator. Therefore, when the on-site wall has a strong adsorption
capacity for PM, keeping the combustion temperature of the solid-phase MSW between
925 and 1000 K can reduce PM concentration. Moreover, MSW combustion can meet the
process requirements.

Figure 10 presents the variation in PM concentration for different combustion temper-
atures of solid-phase MSWs when the wall’s PM collision is a wall jet.
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When the temperature is increased, the PM concentration decreases significantly at
850–900 K; PM concentration increases with the increased temperature at 900–950 K; PM
concentration decreases gradually at 950–975 K; PM concentration increases first and then
decreases at 975–1100 K. In general, PM concentration shows a sawtooth variation with the
increased temperature, decreasing first and then increasing. Therefore, when the field-wall
PM collision is in a wall-jet mode, the constant temperature can be maintained as much as
possible to facilitate the stable detection of PM concentration.

Figure 11 shows the PM concentration distribution of the incinerator and the waste
heat boiler when the wall’s PM collision mode is trap, and the combustion temperatures of
the solid-phase MSW are 850 and 965 K.

Variability in PM concentration distributes at different temperatures (Figure 11). The
distribution in the furnace is nearly identical to that in the first flue. There is a difference
between the funnel at the funnel and the waste heat boiler, with a more uniform PM
concentration distribution at 965 K and a lower concentration at the outlet.

4.2.2. Analysis of the Effect of Different Wall’s PM Collision Methods on the PM
Concentration Analysis at the Outlet

The numerical simulations are conducted under the same temperature and utilize the
wall’s PM collision that incorporates reflection, trapping, and wall-jet modes (Figure 12).

The effect of wall PM collision on PM concentration follows a descending order of
reflection, wall-jet, and trapping modes at the same combustion temperature of the solid-
phase MSW. The collision form is close to the PM concentration under reflection and
trapping modes at 875–950 K. When the temperature inside the incinerator is 975–1100 K,
the collision form is similar to PM concentration under the wall-jet and reflection modes.

PM concentration first decreases and then increases with temperature under different
wall’s PM collision modes, which verifies the accuracy of the experimental results. With
the above analysis, it is possible to reduce PM concentration by changing the wall material
according to the temperature in the incinerator. Based on the on-site wall’s PM collision
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mode, the combustion temperature of the solid-phase MSW can be adjusted to reduce
PM concentration.
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4.2.3. Effect of the Second Baffle Length on the Concentration of Exported PM

Since the second baffle between the second and third flue can play a role in trap-
ping PM, increasing the second-baffle length can significantly reduce PM concentration
(Figure 13). When the PM size is in the Rosin–Rammler distribution and the baffle length
is increased from 11.2 to 12.45 m, PM concentration first decreases and then increases. It
reaches the minimum value when the baffle length is 11.7 m. The particles are affected
by turbulence when passing through the second baffle with the flue gas. The speed will
change significantly, and the high speed will make the particles easier to pass through the
baffle. When the length of the second baffle is between 11.7 m and 12.45 m, the speed at the
end of the second baffle is not large. At the same time, the blocking effect of the baffle is
limited by the length, so it does not play a significant role in reducing the concentration of
particulate matter. When the baffle length is 12.45–12.95 m, the length of the second baffle is
long enough to play a significant shielding effect. The potential energy of particulate matter
decreases, the velocity decreases, and the concentration of particulate matter decreases
significantly under the combined action. The simulation results show that lengthening the
second baffle length can reduce PM concentration at the outlet of the coal economizer. The
results also provide data support for the process design from PM-capturing equipment.
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4.3. Results of Orthogonal Experiments and Discussion

An orthogonal experiment was conducted to analyze the effects of the combustion
temperature of solid phase MSW (A), wall collision mode (B), and second baffle length (C)
on PM concentration at the incinerator outlet for the optimal combination. Table 5 lists
the number of factor levels for the above three factors. Table 6 presents the orthogonal
experimental protocol and results.

Table 5. Mixed orthogonal experiment.

Level A B (K) C (m)

1 Reflect 875 11.70
2 Wall-jet 900 11.95
3 Trap 925 12.20
4 - 950 12.45
5 - 975 12.70
6 - 1000 12.95
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Table 6. Orthogonal experimental protocol and results.

Cases A B C PM Concentration g/m3

1 1 1 1 2.372
2 2 1 2 2.744
3 3 1 3 0.276
...

...
...

...
...

34 3 6 2 0.252
35 1 6 3 3.249
36 2 6 4 2.960

The results of the orthogonal experiments are analyzed via the extreme difference
analysis (Table 7).

Table 7. Analysis results of extreme differences.

Indicators A B C

Range 2.3967 0.6569 1.7442
Primary and secondary order A > C > B

Optimal level A2 B6 C6

Factor A has the greatest influence on PM concentration at the outlet. PM collides
with the wall surface due to the turbulence of the high-temperature flue gas in the furnace
during flowing. The wall material determines how PM on the wall collides, which directly
determines whether the PMs continue to flow. It significantly affects PM concentration in
turn at the outlet of the incinerator.

The effects of factors C and B on PM concentration at the outlet occupy the second
and third positions, respectively. The effect of factor C is much greater than that of factor B.
The second baffle, as a particle capture device, blocks the flowing particles at the second to
third flue to collect the particles into the ash hopper. That is, particle concentration at the
outlet is reduced under physical action.

Factor B has the least effect on PM concentration at the outlet. The combustion
temperature of solid-phase MSW affects the initial concentration of PM produced by MSW
combustion. However, PM flows through the flue and the waste heat boiler. The wall
collision mode and the length of the second baffle have a significant impact on it, while
temperature has the least influence.

In practice, a reasonable process design is required, and the wall material used can
make the PM collision in a wall-jet mode. The second baffle length should be as long as
possible without affecting flue gas flow. The combustion temperature of the solid-phase
MSW is raised as much as possible to further reduce PM concentration at the outlet. From
the above, the optimal combination in this orthogonal experiment is A2B6C6 with the
corresponding value (wall-jet, 1000, 12.95) and the PM concentration of 1.214 g/m3.

5. Conclusions

PM concentration at the outlet of the incinerator was reduced from the perspective
of process and control optimizations. In this paper, the flow process of particles in the
incinerator is simulated, and the gas phase combustion process is not involved. Based on
real data from an MSWI plant in Beijing, the validity of the constructed numerical model
was verified.

The main contributions were as follows: (1) Combined with the actual process flow
and PM formation mechanism of an MSWI plant in Beijing, three key factors affecting
PM concentration at the outlet of the incinerator were determined to be the combustion
temperature of the solid-phase MSW, the collision mode of wall’s PM, and the second baffle
length. (2) Based on the actual relevant data and parameters provided by the MSWI plant,
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the validity of the 3D numerical model of the MSWI process was verified. It provided a
basis for subsequent analysis of PM concentration. (3) The influence of single-factor change
and orthogonal experiments on PM concentration at the incinerator outlet was analyzed.

The conclusions included the following items: (1) PM concentration decreases first
and then increases with the increased temperature under different wall’s PM collision
modes. When the second baffle length is 12.45–12.95 m, PM concentration was significantly
reduced. Lu et al. [34] also verified that temperature has a significant effect on the adhesion
ability of particulate matter. (2) Based on the extreme difference analysis, the effect of
the combined effect of three factors on the PM concentration at the incinerator outlet was
determined. The influence of the wall’s PM collision mode was the greatest, followed
by the second baffle length and the combustion temperature of the solid-phase MSW. N.
Almohammed et al. [35] also studied that the particle-wall adhesion model (approximate
to the wall particle collision mode) has a significant effect on particle deposition, which
confirms the correctness of the conclusion. The optimal combination of parameters obtained
by combining the above three factors was taken as (wall-jet, 1000, 12.95).
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Abbreviations

Order Symbols Meaning
1 ρg Gas density
2 Ug Velocity in the X-direction
3 Vg Velocity in the Y-direction
4 Ssg Rate of conversion of the MSW to the gas
5 pg Gas pressure
6 F(Ug) Resistance of the bed to gas flow
7 F(Vg) Resistance of the bed to gas flow
8 Hg Gas enthalpy
9 λg Thermal diffusion coefficient
10 Qh Heat gain in the gas phase due to combustion
11 Ui The ith component of the velocity
12 Uj The jth component of the velocity
13 xi Cartesian coordinates
14 ρ Fluid density
15 µ Viscosity
16 σk Model coefficient
17 β∗ Model coefficient
18 σω Model coefficient
19 γ Model coefficient
20 β Model coefficient
21 σω2 Model coefficient
22 F1 Hybrid function
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23 k Turbulent kinetic energy
24 ω Specific turbulence dissipation rate
25 uavg Average speed
26 I Turbulence intensity
27 Cµ Empirical constants of the K-Omega model
28 l Characteristic length of the obstacle
29 τij Reynolds stress
30 δij Kronecker function
31 νT Power vortex viscosity
32 µT Vortex viscosity
33 U Fluid phase velocity
34 Up PM velocity
35 Re Reynolds number
36 p Particulate matter
37 Fp Saffman lift and virtual mass force
38 ρp Particulate-matter density
39 dp Particulate-matter size
40 µ Viscosity coefficient
41 Cd Correction factor
42 θ Parameter
43 σ Parameter
44 mg Geometric mean
45 Sg Standard deviation
46 xi Particulate-matter concentration value
47 n Number of concentration values
48 qi Percentile
49 zi Number of deviations of percentile from the median
50 en Normal reflect coefficient
51 eτ Tangential reflect factor
52 Fi Inertia force
53 Fpre Pressure gradient force
54 Fvm False quality force
55 VP Solid phase speed
56 FMag Magnus lift
57 ωp Angular velocity of the particulate-matter rotation
58 CD Traction coefficient
59 α1 Constant
60 α2 Constant
61 α3 Constant
62 mp Particulate-matter quality
63 g Gravitational acceleration
64 y Particulate-matter concentration at the incinerator outlet
65 xT Combustion temperature of the solid-phase MSW
66 xW Wall’s particulate-matter collision mode
67 xG Length of the second baffle
68 ydesign Orthogonal-experiment particulate-matter concentration value
69 xdesign

T Design value xT of the orthogonal experiment
70 xdesign

W Design value xW of the orthogonal experiment
71 xdesign

G Design value xG of the orthogonal experiment
72 Ri Range
73 q Factor q in orthogonal experiment
74 v Level v of factor q

75 yqv The average value of experimental data r
{

ydesign
n

}r

n=1
at level v of factor q

76 r Number of times this level occurs in the experiment
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