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Abstract: In order to improve the combustion characteristics of municipal waste materials and reduce 

excess pollutants generated during the incineration process, this study develops a novel waste incinerator 

with an α-shaped flue gas route. This has been achieved through the application of momentum vector 

synthesis theory in order to modify the secondary air structure in a conventional incinerator, resulting in 

enhanced combustion efficiency of the incinerator. Computational Fluid Dynamics (CFD) based cold 

state test results demonstrate that with appropriate modifications to the design of the incinerator, the flue 

gas propagates through a longer α-shaped route rather than conventional L-shaped route. Hot state tests 

have been carried out on a full scale 750 tons/day waste incinerator. Test rests show that the temperature 

of the flue gas increases by 138% under the front arch when secondary air supply is being incorporated 

into the design of the incinerator, resulting in better combustion of the municipal waste materials, lower 

emissions and higher thermal efficiency of the incinerator. The results obtained in this study confirm the 

rationality and feasibility of momentum flow rate method for better design of waste incinerators. 

Keywords: α-shaped flue gas route; flame incinerator, momentum flux method; Computational Fluid 
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Nomenclature 

A Area m2 Ld 
Length of inclined section 

of the front arch 
m 

B Effective width of the grate m Lk 
Effective length of the front 

arch 
m 

Bj Fuel consumption kg/s w Flow velocity m/s 

h Height of the rear arch m V Flue gas volume m3 

H Height of the front arch m Q Average temperature °C 

I Flue gas momentum flux N    

K 
Projection coverage 

constant 
- α Front arch inclination angle ᵒ 

LQ 
Length of grate covered by 

the front arch 
m β Rear arch inclination angle ᵒ 

LHK 
Length of grate covered by 

the throat 
m γ Momentum synthesis angle ᵒ 

LH 
Length of grate covered by 

the rear arch 
m δ 

Angle between I and front 

arch 
ᵒ 

LP 
Effective length of the 

grate 
m ρ Density kg/m3 

      

Subscripts   

1 Front arch outlet     

2 Uncovered area of incinerator arch   

3 Rear arch outlet     

Y Flue gas     

o Secondary air supply     
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1.0 Introduction 

The production of waste materials in China is on a rise due to its rapid urbanization and fast-growing 

economy [1]. Chinese National Bureau of statistics [2] have reported that the disposal and transportation 

of municipal waste has increased year-on-year since 2008, and as of 2020, the China's municipal waste 

has reached 235 million tons, with a year-on-year increase of 3.56 %. This significant increase in 

municipal waste poses a serious threat to the Chinese economy, its further urbanization plans and to the 

environment. The 14th 5-year plan for the development of municipal waste sorting and treatment facilities 

pointed out that the overall domestic waste incineration rate in the central and western regions of China 

is limited, and most prefecture-level cities and counties still have large gaps in incineration capacity. 

Waste incineration industry has broad market space and excellent development prospects [3]. 

There are two main types of municipal waste materials found in China, which are solid waste (also 

called municipal solid waste) and sewage sludge. The solid waste further comprises of 18 primary 

components like rubber, paper, plastic, glass, food and garden waste etc. The composition of solid waste 

is affected by seasonality and geographical region, which fluctuates considerably given the waste 

expanse of Chinese mainland, however, the primary combustion-relevant characteristics remain largely 

constant. Amongst them are the low average water content and high calorific value [4]. With these 

physical qualities, the solid waste materials are suitable for incineration. Treatment of sewage sludge is 

another key challenge facing China’s urban development. Presently, municipal sewage disposal plants 

produce a large amount of sludge. Sludge is a complex heterogeneous waste material, comprising of 

organic sediments, bacteria, inorganic substances and colloids. Its by-product is usually called municipal 

sewage sludge, which has a water content of 60 % and organic content of 40 %, indicating adequate 

combustion calorific value. As a safe and reliable sludge treatment method, incineration can fully recycle 

the energy of sewage sludge, kill pathogenic bacteria, reduce the occupation of land, effectively reduce 

environmental pollution and reduce the cost of environmental protection [5-6]. As the sewage sludge has 

the characteristics of low calorific value, high water content and small air circulation area, for its efficient 

incineration, the route through which the flue gas pass inside the flame incinerator should be modified. 

This becomes further imperative when solid waste and the sewage sludge are to be incinerated together. 
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In terms of waste incineration, the two main types of waste incineration power plants in China are 

grate furnace and fluidized bed incinerators. Amongst these, the grate furnace is most widely used, 

accounting for more than 75% of the incineration market, while the application of fluidized bed 

incinerator is gradually decreasing [7]. Compared with fluidized bed incinerators, grate incinerators have 

the advantages of simple raw material pretreatment, strong applicability, high reliability, low fly ash 

output, low operating cost and mature operation technology. However, there are some drawbacks 

associated with grate incinerators as well like low combustion efficiency and temperature, insufficient 

combustion and generation of large quantities of harmful pollutants, such as dioxins. The purpose of this 

study is to solve inadequate waste combustion challenge faced by grate incinerators. Before we move on 

to this, it would be prudent to review relevant literature in order to appraise the scientific challenges 

involved in this. 

Frey et. al. [8] experimentally recording flue gas composition and temperature in a grate flame 

incinerator and then employed a well-validated numerical model to investigate the combustion 

characteristics of homogeneous municipal solid waste in a conventional flame incinerator. Computational 

Fluid Dynamics (CFD) predicted results indicate regions of high CO concentration due to insufficient 

burning of the waste material. The root cause identified for incomplete combustion of the waste material 

is attributed to the lack of oxygen in the grate region and thus, it has been identified that secondary air 

supply from either side of the grate is required for complete combustion [8]. Luo et. al. [9] further 

confirms the findings of Frey et. al. [6] while studying the combustion characteristics of a V-type flame 

incinerator fueled with fly ash and slag. The numerical investigations show that the maximum 

temperature reached within the flame incinerator is 1650 K, while incomplete combustion has been 

detected through the analysis of CO concentration in the flame incinerator [9]. Huai et. al. [10], while 

carrying out numerical analyses of a grate incinerator’s combustion behavior, has observed that for waste 

materials having higher water content (like sewage sludge), the temperature within the grate is lower due 

to lower heat value of the fuel, which results in lower oxygen consumption. The study, though purely 

numerical based, proposes to add secondary air supply into the flame incinerator for enhancement in the 

combustion of the waste materials and thus, the thermal efficiency of the incineration process [10]. 
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Despite the obvious environmental considerations associated with the incineration of municipal 

waste materials, which are a direct result of incomplete combustion, in the UK, the percentage of 

municipal waste being sent for incineration is on a rise. In comparison to 9 % municipal waste (2.4 

million tonnes/year) being incinerated at the beginning of the century, 48.2 % of the municipal waste 

(12.5 million tonnes/year) is incinerated across the UK in its 70 incineration facilities [11]. Thus, 

significant increase in focus on scientific research related to municipal waste incineration in the UK has 

been observed. Yang et. al. [12] has carried out experimental investigations on the combustion 

characteristics of wood chips and municipal waste materials in a conventional incinerator. The empirical 

results obtained depict strong dependency on the rate of primary air supply and water content of the waste 

material. It has been reported that higher air supply and water content of the waste results in higher 

temperature in the flame incinerator and lower CO emissions [12]. Extending the scope of this study, 

Yang et. al. [13] carried out numerical investigations on the potential of gasification of the municipal 

waste materials in grate incinerators. Enhancement in the combustion of the waste material is observed 

with the addition of secondary air supply, resulting in considerably lower concentration of CO in the 

incinerator. It has been advocated that in-accordance with the public perception regrading incineration 

of municipal waste in the UK, novel technologies should be developed to mitigate the hazards posed by 

the flue gas [13]. Further numerical study by Yang et. al. [14] reports a caveat in combustion behavior 

estimation for higher water content of the waste material and the use of secondary air supply. It has been 

reported that high water content results in considerably higher CO emissions and lower flame incinerator 

temperature when secondary air is supplied [14]. Swithbank et. al. [15] uses the combustion data from 

Yang et. al. [12-14] to develop a mathematical model describing the combustion of municipal waste 

materials in a conventional incinerator. The developed model is based on mass and momentum 

conservation where the waste material is modelled as a porous media [15]. 

The primary method to enhance combustions in a traditional incinerator is to change the arches 

structure, making the high-temperature flue gas to go through an α-shaped path and making full use of 

the waste heat of the flue gas. However, this has a huge workload, high cost and requires long-term 

shutdown of the incinerator, making it difficult to implement in large scale applications. Summary of the 

recent works in this field is given in table 1. It can be seen that there are limited scientific developments 

on using secondary air to change the flow of flue gas. 
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Table 1. Summary of recent scientific works on traditional waste incinerators 

Ref Research Contents Key Conclusions Shortcomings 

[9] 

The combustion process of 
municipal solid waste (MSW) in 
"V" type Incineration furnace 
was studied using CFD and 
experiments 

When the secondary air is fed into the 
furnace, the volatiles burn in the 
middle of the furnace, forming a high-
temperature zone with a maximum 
temperature of about 1650K 

Formation of α-shaped 
flue gas route has not 
been covered 

[16] 

This study focuses on the effects 
of primary NOy control methods 
and secondary NOy suppression 
methods on NOy emissions and 
combustion characteristics 

Combustion strategy combining 
secondary air and over frequency air 
can improve combustion performance 
and reduce NOy emissions 

Formation of α-shaped 
flue gas route has not 
been covered 

[17] 

This work analysed the influence 
of different gas supply modes on 
the combustion state of 
municipal waste incineration 

When the proportion of secondary air 
increases, the combustion 
characteristics and flame position are 
effectively improved 

Formation of α-shaped 
flue gas route has not 
been covered 

[18] 

The influence of different 
primary air temperatures on 
incineration in a mobile grate 
incinerator was studied 

As the preheating temperature of the 
air increases, the evaporation rate of 
water and the release rate of volatile 
substances also increase, which may 
lead to an increase in the local 
maximum temperature inside the 
furnace 

Relying solely on 
adjusting the primary air 
to increase furnace 
temperature, without the 
formation of α-shaped 
flue gas route 

[19] 

The environmental impact, 
economic benefits and energy 
efficiency of the MSWI project 
were evaluated using three 
representative MSWI cases in 
the plain area 

Improving boiler air volume and 
cross-sectional area helps adapt to 
hypoxic environments 

Relying solely on 
increasing air volume 
capacity to improve 
combustion performance, 
without the formation of 
α-shaped flue gas route 

[20] 

A new coupling method has been 
proposed for modeling solid 
waste incineration in complex 
advanced moving grate (AMG) 
incinerators 

The simulation results indicate that 
when the temperature rises to 1100-
1400K, a high-temperature zone 
appears between the bottom and the 
secondary air nozzle 

Formation of α-shaped 
flue gas route has not 
been covered 

 

Method proposed in this study is to transform the secondary air supply such that it can achieve the 

same goal, but keeping the workload and costs much lower. So-called secondary air refers to several 

strong airflow streams that are rapidly injected into the furnace from above the fire bed, having a 

significant effect on the airflow inside the furnace in order to enhance mixing. It can improve the thermal 

efficiency of waste incineration without increasing the total amount of combustion supporting air. At the 
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same time, the high speed and high momentum secondary air flow can also guide the flue gas into a 

prescribed airflow shape (α-shaped) inside the furnace, prolong the generation process of the flue gas 

and fly ash, and change the position of the combustion center. With the application of the secondary air 

structure transformation method proposed in this study, in terms of economic benefits, it can significantly 

improve the treatment efficiency of solid waste disposal enterprises, reduce the investment costs of 

enterprises, and thereby enhance the regional resource recycling and utilization capacity, and support the 

development of circular economy. In terms of social benefits, it can significantly reduce pollutant 

emissions and reduce damage to public health. Due to the improvement in production and operation 

efficiency, it can increase the number of local labor employment. This research method can be promoted 

and applied in the waste treatment industry, promoting the development of science and technology, and 

contributing to the development of efficient solid waste treatment technology. 

From the above discussions it is clear that there is a significant gap in the scientific knowledge 

regarding high water content municipal waste and the use of secondary air supply in conventional waste 

incinerators, where the main difficulty in complete combustion arises from lower temperature, leading 

to higher CO emissions form the incinerator, which is also reported in a number of other research studies 

as well [16, 21-25]. In the present study, we also aim to develop a mathematical/theoretical model for 

accurate design of flame incinerator. The theoretical design model developed in this study is based on 

momentum flux method. Cold-state and hot-state tests carried out in the present study clearly indicate 

that the developed theoretical design methodology for the flame incinerator performs superior to 

conventional models being used, and that the novel α-shaped flue gas route flame incinerator results in 

complete combustion of high-water content municipal waste, with considerably lower CO emissions. 

2.0 Theoretical Design of a Novel α-shaped Flue Gas Route Flame Incinerator 

The existing waste incinerators mostly have layered combustion furnace fueled with coal. In order 

to i) strengthen air flow mixing in the furnace, ii) optimize heat radiation and flue gas flow, iii) ensure 

smooth ignition of fuel, and iv) enhance the combustion efficiency of the incinerator, it is necessary to 

modify the route taken by the flue gas inside the incinerator. Presently, the incinerator designs are 

primarily based on empirical methods, such as i) coverage method, ii) radiation source method, iii) 

empirical look-up table method, etc. These methods, however, do not consider the effects of flow of flue 
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gas in the incinerator, the geometric size of the front arch on the thermal radiation of fuel, and how the 

front and rear arches cooperate to ensure stable combustion.  

In conventional incinerators, an L-shaped flue gas route is formed, which has the advantage of being 

able to treat different types of solid waste but is less efficient for municipal solid waste as it is difficult 

to burn. This study aims to improve the combustion characteristics of solid waste with high ignition 

points and poor combustion performance, thereby improving the combustion efficiency of municipal 

solid waste and reducing the pollutants generated during the incineration process. An effective way to 

achieve this goal is to transform the arches structure of the traditional waste incinerator, leading to the 

formation of an α-shaped flue gas route inside the incinerator. Based on momentum flow rate method, 

the momentum vector synthesis theory is applied to develop corresponding design formulas for the 

design of secondary air supply within traditional waste incinerators. Forming the α-shaped flame in a 

waste incinerator can significantly increase the residence time of the flue gas in the furnace arches area 

and ensure that the fuel is fully burned out. At the same time, due to the α-shaped route adopted by the 

flue gas, larger unburned fuel particles in the flue gas can be redirected back towards the fuel layer by 

centrifugal force to continue burning, which further improves combustion efficiency and reduce 

emissions. According to the calculation results of the model developed, the α-shaped flame incinerator 

can be obtained, which solves the problem the problem of poor combustion performance of municipal 

solid waste materials in incinerators. 

The momentum flux method is used to re-design the flame arches and the secondary air supply in 

order to modify the flue gas path inside the incinerator. The key step in this method is to synthesize the 

flue gas momentum at the outlet of the rear arch so as to modify the conventional L-shaped flue gas route 

in waste flame incinerator to an α-shaped route, as shown in figure 1. The resulting novel design of the 

incinerator is envisaged to be more suitable for mixed combustion of dewatered sludge and municipal 

waste.  
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             L-shaped flue gas route                      α-shaped flue gas route 

Figure 1. Flue gas route through the flame incinerator  

2.1 Rationale for choosing α-shaped Flue Gas Route 

The main advantages of using an α-shaped route for the flow of flue gas inside a flame incinerator, 

for the combustion of municipal waste materials, are:  

1. Since the water content of sewage sludge entering the flame incinerator is much higher than that of 

solid waste, the preheating and drying of the waste fuel must be carried out in order to easily catch 

fire [26]. With the formation of α-shaped route, the high-temperature flue gas is forced to turn 

downward under the front arch, forming a reflux area. This enhances the heat exchange between the 

high-temperature flue gas and the waste fuel, strengthening the heat radiation of the high-

temperature flue gas to the waste fuel, which is conducive to the ignition of the fuel; 

2. α-shaped flue gas route will force the combustible gas and hot carbon particles in the flue gas to 

fully mix with air to improve the combustion efficiency;  

3. With the α-shaped route, i) the flow of flue gas is prolonged, ii) the residence time of high-

temperature flue gas in the furnace is increased, iii) the fly ash content in the flue gas is reduced, and 

iv) the burn-out rate of waste fuel is improved [27]. 
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2.2 Key Momentum Flux Design Parameters of a Flame Incinerator 

The key momentum flux design parameters for waste incinerators are shown in figure 2, where A is 

the cross-sectional area (m2), w is the flue gas velocity (m/s), L is the length (m) and I is momentum flux 

(N). The width of the incinerator is B. 

 

 

Figure 2. Design of a flame incinerator based on momentum flux method 
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2.3 Flue Gas Velocity and Momentum Flux at the Rear Arch Outlet 

The momentum flux method is based on momentum vector synthesis theory which considers the 

direction of the flue gas velocity at the rear arch outlet (w3), ensuring that it is consistent with the rear 

arch inclination angle (β). Thus, w3 is calculated according to the cross-sectional area A3=h3B at the rear 

arch outlet as: 

w3 = K3 VY Bj
QY + C
A3 C

                      (1) 

where K3 of 0.4 and w3>2~3 m/s is considered appropriate for flame incinerators. C is a conversion factor 

with a value of 273. 

The flue gas momentum flux at the rear arch outlet (I3) is calculated as: 

I3 = ρY w3 VY Bj
QY + C

C
                     (2) 

where ρY = 1.29 C
C + QY

 

2.4 Flue Gas Velocity and Momentum Flux at the Front Arch Outlet 

The flue gas velocity vector at the front arch outlet (w1) is considered to be parallel to the inclination 

angle of the front arch (α). Considering the formation of reflux area under the front arch, the flue gas 

velocity vector at the front arch outlet (A1= h1B) is calculated as: 

w1 = K1 VY Bj
QY + C
C A1

                       (3) 

where K1 is generally 0.2 for waste incinerators. 

The flue gas momentum flux at the front arch outlet (I1) is calculated as: 

I1 = ρY w1 VY Bj
Qy + C
C

                      (4) 

2.5 Flue Gas Velocity and Momentum Flux at the Uncovered Area of the Arches 

The flow velocity of flue gas in the uncovered area of furnace A2=h2B determines the size and 
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number of solid particles taken away by high-temperature flue gas. When the flue gas velocity in the 

uncovered area of the furnace arches is greater than 5 m/s, a large number of particles in the flue gas with 

an average size of 1 mm are taken away by the flue gas, which leads to incomplete combustion of the 

waste fuel. Therefore, the flue gas velocity in the uncovered area of the furnace arches should not be 

greater than 5 m/s, which can be calculated as: 

w2 = K2 VY Bj
QY + C
C A2

                       (5) 

where K2 is generally 0.4 for waste incinerators. 

The flue gas momentum flux at the uncovered area of furnace arches (I2) is calculated as: 

I2 = ρY w2 VY Bj
QY + C

C
                      (6) 

2.6 Momentum Flux of Secondary Air 

The secondary air injected at high speed from the rear arch outlet can penetrate deep into the front 

arch area to provide oxygen to enhance combustion of the waste fuel. As the secondary air is injected at 

high speed, it has considerably greater momentum, which is very important for the formation of α-shaped 

flue gas route. In this study, secondary air is considered to be injected at room temperature. The 

momentum flux of secondary air is calculated as: 

I2 = ρ0 V0 w0                          (7) 

where wo of 50 m/s, based on design experience, is considered appropriate for secondary air supply. 

2.7 Geometric Parameters of the α-shaped Flue Gas Route Incinerator Flame Arches 

According to literature [28], in order to form an α-shaped flue gas route inside the flame incinerator, 

the geometric parameters of the front arch should meet the following requirements: inclination angle of 

the rear arch β ≥ 30 °, angle between gas synthesis momentum I and front arch δ ≥ 110 °, the inclination 

length LD and effective length LK of front arch should meet LK=(2/3~4/5)Ld and the momentum synthesis 

angle γ ≤ 40 °. 
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3.0 Cold-State Testing of the Novel α-shaped Flue Gas Route Flame Incinerator 

Based on the aforementioned design parameters, the design of the novel α-shaped flue gas route 

flame incinerator has been developed and cold tested using advanced Computational Fluid Dynamics 

(CFD) based solver called ANSYS FLUENT®. In order to ascertain the performance supremacy of the 

novel α-shaped flue gas route flame incinerator over the conventional L-shaped flue gas route flame 

incinerator, both the flame incinerators have been cold tested and their results (i.e. flow velocity for cold 

tests) compared. Hence, this section first presents the design and analysis of the conventional flame 

incinerator, followed by the design and performance of the novel flame incinerator. 

3.1 Geometry of the Conventional Incinerator 

A conventional full-scale incinerator with a capacity of 750 tonnes/day, installed in Guangdong 

(China), has been chosen in this study for analysis. The design of the incinerator is shown in figure 3(a). 

The effective length of the grate (LP) is 16.2 m, the width of the grate (B) is 10.8 m, the coverage length 

of the front arch of the grate (LQ) is 6 m, the coverage length of the rear arch (LH) is 7.2 m, the inclination 

angle of the front arch (α) is 40°, the inclination angle of the rear arch (β) is 28°, the height of the rear 

arch is 2.121 m, the momentum synthesis angle (δ) is 64° and the angle between the direction of 

combined momentum and horizontal direction (γ) is 76°. Based on these dimensions, the geometric 

model of the incinerator is created, as shown in figure 3(b). 

3.2 Mesh Sensitivity Analysis of the Conventional Incinerator 

When Finite Volume Method (FVM) is used to analyze flow characteristics, as in the present study, 

spatial discretization plays an important role towards the accuracy of the predicted solution. Dividing the 

flow volume within the incinerator into more parts (or mesh elements) enhances the solution accuracy 

however, the cost of computation also increases. When the number of mesh elements reach a certain 

value, further increasing it doesn’t necessarily improve the accuracy of the predictions [29]. The process 

of identifying this optimal number of mesh elements is known as mesh sensitivity analysis (or mesh 

independence testing), which is an integral part of any CFD study [30]. 
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                  (a)                              (b) 

Figure 3. Design of the 750 tonnes/day flame incinerator (a) geometric details (b) geometric model 

The flow domain of the incinerator has been meshed using hexahedral elements, which are 

extensively used in the published literature for their lower numerical error [31-32]. Six different meshes 

have been generated with different element sizing in order to carry out mesh sensitivity analysis. The 

details of element sizing and the resulting number of mesh elements are summarized in table 2. 

Table 2. Mesh sizing 

Mesh 
Element size 

(mm) 
No. of mesh elements 

M1 310 3.7 x 104 

M2 238 7.5 x 104 

M3 190 1.5 x 105 

M4 150 3.0 x 105 

M5 120 6.0 x 105 

M6 90 1.2 x 106 
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Based on the numerical predictions of the flue gas velocity at the outlet of the incinerator shown in 

figure 4, it is evident that mesh M4 accurately captures the flue gas flow inside the incinerator and thus, 

has been chosen for further analysis. 

 

Figure 4. Mesh sensitivity results 

3.3 Operational Parameters and Boundary Conditions 

For the conventional flame incinerator, the operational parameters are calculated using the 

momentum flux method. The momentum flux at the front arch outlet (I1), uncovered area (I2) and the 

rear arch outlet (I3) are 26.97 N, 41.31 N and 11.26 N respectively. Moreover, the flue gas velocity at the 

front arch outlet (w1), at the uncovered area (w2) and at the rear arch outlet (w3) are 0.7 m/s, 1.43 m/s and 

1.40 m/s respectively, which have been used as the boundary conditions in the numerical solver. The 

outlet of the incinerator has been modelled as a pressure outlet with 0 Pa,g pressure and the walls of the 

incinerator have been modeled as stationary walls observing no-slip condition. The momentum flux 

parameters of the conventional incinerator are summarized in table 3. 
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Table 3. Momentum flux parameters of the conventional waste incinerator 

I1y I2y I3y Iy 

7.24 41.31 12.66 61.21 

I1x I2x I3x Ix 

8.62 0 -23.82 -15.19 

From the momentum flux method calculations of the conventional flame incinerator, it is not 

difficult to see that the flue gas flow in the incinerator could not meet the requirements for the formation 

of α-shaped flue gas route. The angles β, δ and γ are not in-line with the recommended design of the front 

arch based on momentum flux method discussed in section 2.7. For example, the momentum synthesis 

angle (δ) is 64°, which is far less than recommended 110°. 

3.4 Flue Gas Route in the Conventional Incinerator 

Based on the numerical simulation, the flow velocity of the flue gas has been calculated. The spatial 

variations in the velocity streamlines inside the incinerator are plotted in figure 5. It can be clearly seen 

that the path taken by the flue gas is L-shaped, confirming the calculations of the momentum flux method. 

 

Figure 5. Flue gas velocity streamlines in the 750 tonnes/day flame incinerator 
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3.5 Design Modifications to obtain α-shaped Flue Gas Route 

The design modifications to the conventional flame incinerator have been carried out, based on the 

calculations from the momentum flux method, in order to obtain α-shaped flue gas route for enhanced 

thermal efficiency of the incineration process. Additionally, secondary air supply, as indicated in 

published literature [10, 13, 15], has been used to enhance combustion of the municipal waste in the 

incinerator. The combination of these two is envisaged to produce α-shaped route for the flow of flue gas. 

The primary design modifications are carried out on the front and rear arches of the flame incinerator. 

According to the momentum flux method, in order to obtain α-shaped flue gas route, it is necessary 

to increase the momentum flux of air flow at the rear arch outlet, and force the high-temperature flue gas 

at the rear arch outlet to go deep into the front arch area i.e. making the high-temperature flue gas whirl 

in the front arch area to form an α-shaped route. The most effective way to enhance the momentum flux 

at the rear arch outlet is to install secondary air supply at the rear arch outlet and modify the geometric 

design of the arches accordingly. Because the secondary air has higher flow velocity and density, it can 

potentially enhance the momentum flux at the arch outlet. In this study, eight circular nozzles are installed 

at the rear arch outlet, having a downward inclination angle of 5°, diameter of 110 mm and air flow 

velocity of 50 m/s. Based on the new geometry of the flame incinerator, the momentum flux calculations 

provide the revised geometrical parameters related to the front and rear arches of the flame incinerator. 

The inclination angle of the rear arch (β) remains the same as 28° as it already fulfils the requirements 

of α-shaped flue gas route. The modified momentum synthesis angle (δ) is 131° and the new inclination 

angle of the front arch (α) is 40°, as per momentum flux method calculations to obtain α-shaped flue gas 

route. Similarly, the revised angle between the direction of combined momentum and horizontal direction 

(γ) is 8.62°. For the novel α-shaped flue gas route flame incinerator, the momentum flux parameters are 

also re-calculated, as summarized in table 4. It is noteworthy that the flue gas velocities w1, w2 and w3 

remain the same as 0.7 m/s, 1.43 m/s and 1.40 m/s respectively. 
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Table 4. Momentum flux parameters of the novel waste incinerator 

I1y I2y I3y I4y Iy 

7.24 41.31 12.66 -21.55 39.66 

I1x I2x I3x I4x Ix 

8.62 0 -23.82 -246.31 -261.51 

γ = - arctan (Iy/Ix) = 8.62° 

3.6 Flue Gas Route in the Novel Flame Incinerator 

The flue gas flow velocity has been numerically calculated and the streamlines are plotted in figure 

6. It can be clearly seen that with the incorporation of the design modifications to the flame incinerator, 

the secondary air supply disrupts the conventional L-shaped route of the flue gas by injecting high 

momentum fresh air. This leads to the formation of two flue gas flow recirculation zones, one below the 

front arch and the other one above the secondary air nozzles’ outlets. Tracking the new path of the flue 

gas from the inlets, it travels under the rear arch, reaching the throat area, and then being forced to go 

under the front arch. This is envisaged to enhance combustion of the municipal waste fuel in this region, 

further increasing flue gas temperature (which is presented in the next section). The flue gas then rises 

through the rear arch outlet, to the outlet of the flame incinerator, thus following an α-shaped path in the 

incinerator. 
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Figure 6. Flue gas velocity streamlines in the novel flame incinerator 

4.0 Hot-State Testing of Novel α-shaped flame Incinerator 

The cold-state testing has been carried out numerically, where the focus was mainly on the 

qualitative results. In order to validate the cold-state test results, real-world full-scale hot-state testing 

has been carried out on the 750 tonnes/day flame incinerator. The flowchart demonstrating the different 

steps involved in hot-state testing is shown in figure 7, which has been covered extensively in the 

literature [26-27, 33]. 

 

Figure 7. Hot-state test flowchart of novel α-shaped flue gas route incinerator 
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Data analysis of the municipal solid waste entering the incineration plant is summarized in tables 5 

and 6. Due to being placed in the garbage pit for about a week before combustion, the moisture content 

decreased from 47.2% to 30%, and the mass of the municipal domestic waste increased by 32%. ((1-

30%)÷(1-47.2%)=1.32). The calorific value of the waste before entering the furnace becomes 6730kJ/kg 

(1610 kcal/kg)×1.32=8888.68 (2123 kcal/kg). 

Table 5. Industrial analysis of samples  

M (%) V (%) FC (%) A (%) 

47.20 27.07 4.36 21.37 

 
Table 6. Element analysis of samples  

[M](%) [C] (%) [H] (%) [O] (%) [N] (%) [S] (%) 
LHV/ 

kJ.kg-1 

47.20 20.41 2.92 7.95 0.37 0.02 6730 

 

The incinerator being tested is located in Guangzhou (Guangdong, China). In order to ascertain the 

superiority of the thermal/combustion characteristics of the novel α-shaped flue gas route flame 

incinerator, a comparative analysis has been carried out on the local flue gas temperature (QY) with an 

existing similar scale (700 tones/day) horizontal grate incinerator, whose hot-state test results have been 

reported by Liu et. al. [33]. For effective comparison purposes, the methodology adopted by Liu et. al. 

[33] has been repeated for the novel α-shaped route incinerator. This means that the same data measuring 

locations have been chosen, as shown in figure 8(a). The hot-state test results have been plotted in figure 

8(b). 
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(a) 

 

(b) 

Figure 8. Hot-state test results of novel α-shaped flue gas route 750 tones/day flame incinerator (a) 

Measuring locations (b) Variations in average flue gas temperature 

As described in the cold-state test section, the flue gas is forced downwards under the front arch for 

enhanced combustion, which then rises towards the outlet of the incinerator. Thus, the temperature in the 

α-loop i.e. measuring locations 6, 7, 9, 2 and 8, are expected to be significantly higher than the rest of 

the measuring locations. This can be clearly seen in figure 8(b). Thus, it can be concluded with confidence 

that the methodology developed in the present study, based on momentum flux method, results in α-

shaped flue gas route inside the flame incinerator for enhanced combustion. Comparative analysis 



22 
 

between the novel α-shaped flue gas route flame incinerator with the hot-state test results of a horizontal 

grate incinerator demonstrates the superiority of the developed incinerator design. It is also noteworthy 

that the flue gas route reported by Liu et. al. [33] is α-shaped, but a careful examination of the local 

thermal characteristics, especially at location 7, indicate that it is, at best, partial α-route instead of a 

complete α-route. The reason for this is that Liu et. al. [33] modified the design of the arches but did not 

add secondary air supply into the incinerator design. Both these design modifications have been carried 

out in the present study, resulting in the formation of complete α-shaped flue gas route, higher 

temperature and enhanced combustion characteristics of the incinerator. 

Local thermal quantitative analysis of the novel α-shaped flue gas route flame incinerator indicate 

that municipal waste fuel is not fully ignited at measuring location 1, and the temperature here should be 

around 200 °C, as observed in case of Liu. et. al. [33]. The reason that temperature at location 1 is 477 °C 

is due to the α-shaped flue gas route, resulting in higher temperature flue gas, which passes through the 

area under the front arch. The increase in temperature here is of considerable benefit to the smooth 

ignition of municipal waste fuel with low calorific value. The reason for higher temperature at measuring 

location 2 is that the waste fuel here has caught fire and burns completely. Moreover, high temperature 

flue gas flows through this area, resulting in a sharp rise in temperature. Lower temperatures at measuring 

locations 3, 4, 5 are due to the fact that it is in the burn-out area of the incinerator and the waste fuel does 

not release significant heat. Temperatures at measuring locations 6, 7, 8 and 9 are very high because these 

locations are in strong combustion area and the fuel releases a considerable amount of heat. 

It needs to be pointed out here that since the combustion-supporting air is hot (at 260 °C), although 

the fuel calorific value is low, the overall incinerator temperature is not low. It is not difficult to see from 

the results above that the temperature values in the annular area under the front arch and the uncovered 

area are higher than those in other areas, which means that an ideal α-shaped flue gas route is formed, 

which is consistent with the cold-state results. Thus, the novel α-shaped flue gas route flame incinerator 

is both effective and efficient in combusting municipal waste materials which have high water content 

and in which the combustion is relatively difficult to penetrate, especially in case of sewage sludge. 
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5.0 Significance of Novel α-shaped flame Incinerator 

In the developed novel α-shaped flame Incinerator, the high speed (and high momentum) secondary 

air flow prolong the generation process of flue gas and fly ash, and change the position of the combustion 

center. When the secondary air arrangement is appropriate, a secondary air curtain can be formed in the 

furnace to lock in fly ash particles in the flue gas, which not only changes the ignition conditions of the 

fuel, but also further reduces the incomplete combustion losses in the furnace and improves the 

combustion efficiency of waste. In order to fully utilize the mixing effects of secondary air, it is essential 

that secondary air have a certain initial velocity (or penetration depth). However, when the incinerator is 

operating in a hot state, the temperature inside the furnace is very high. At this point, the viscosity of the 

flue gas increases considerably, making it difficult for the secondary air to penetrate. Therefore, the 

calculated penetration depth of the secondary air according to the traditional free jet attenuation formula 

does not match the actual situation, resulting in the secondary air not achieving the expected outcomes. 

The penetration depth of secondary air in the hot state is not only related to the speed but also the density 

and flow volume of the secondary air i.e. momentum flow rate of the secondary air. Higher the secondary 

air flow rate, greater the penetration. Moreover, it is also related to the ratio of the momentum flow rate 

of the secondary air to that of the rising flue gas on the grate surface. When this ratio increases, the 

mixing effects are enhanced. Reasonable values of these two physical quantities can achieve the optimal 

secondary air flow effects however, the optimal value of these two physical quantities is a relatively 

complex problem. Therefore, one of the purposes of this study is to derive equations formulas based on 

the momentum design method, and use the calculation results to change the flow conditions and path of 

the airflow in the furnace. This results in changing the traditional L-shaped flow path to an α-shaped flow 

path, forcing the high-temperature airflow to form a large reflux under the front of the furnace, facilitating 

the ignition and combustion of low calorific value fuels.  

Estimates show that the conventional incinerator generates 1.8 tons of steam for every 1 ton of 

municipal waste material. Integration of secondary air supply increases the steam generation to 1.9 tons. 

Thus, the combustion efficiency of the incinerator increases by approximately (1.9-1.8)÷1.8=5.56%. 

According to the elemental analysis of municipal domestic waste, the carbon content is about 20.41%, 

which in-turn means that the carbon content of 1 ton of waste is about 1000×20.41%=204.1kg. Based on 

the molar mass ratio of CO2 to carbon (44÷12=3.67), it can be calculated that the CO2 content produced 
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by 1 ton of waste is about 204.1×3.67=749.05kg, while CO2 emissions reduce by approximately 

1364.14×5.56%=41.95kg. At present, there is one 750 ton/day waste incineration mechanical grate 

furnace in the power plant. According to the annual operational time of 360 days, the annual waste 

disposal volume is about 750×360=270000 tons/year, with a reduction in CO2 emission of approximately 

270000×41.95=11326.5 tons/year. 

5.1 Contribution to the field 

In order to improve the combustion efficiency of solid waste with poor combustion performance 

and reduce pollutant emissions, a design method for waste incinerators, based on momentum flux theory, 

has been developed. Using this method, the conventional L-shaped flue gas route within the incinerators 

is transformed into an α-shaped route. This is achieved through the integration of secondary air supply, 

resulting in significantly improvement in the combustion efficiency of the waste incinerator and 

reduction in the emission of pollutants. Moreover, this study presents a novel design formula suitable for 

engineering calculations, which can easily improve the design of the secondary air supply to the waste 

incinerator without changing the furnace arches structure, and do not require the use of expensive 

numerical simulations. Thus, the developed methodology is a low-cost solution which can be easily 

implemented in large scale applications as well. The theoretical design methodology developed in this 

study provides important reference for the design of other types of waste incinerators. 

5.2 Limitations of the novel incinerator 

The novel α-shaped flame incinerator developed in this study is suitable primarily for solid waste 

materials which exhibit high ignition temperatures and low calorific values (ranging from 1500 to 2500 

kcal/kg). The novel incinerator can fully burn such solid waste materials, maximizing their internal 

energy utilization, leading to improvement in waste incineration treatment efficiency. In general, the 

water content of sludge produced by sewage treatment plants is about 80%. After being treated by 

mechanical filtration, thermal drying and other methods, the water content decreases to about 25%, while 

wet sludge changes to dry sludge. The α-shaped waste incinerator developed in this study can also be 

fueled with waste mixture composed of municipal waste and some dry sludge. Considering the low 

calorific value of dry sludge, excessive mixing ratio will cause the temperature in the incinerator to drop, 

which will degrade combustion and thus, is not conducive to waste incineration. Therefore, the mixing 



25 
 

ratio of sludge is about 15% maximum. 

6.0 Conclusions 

This study involves extensive research on incinerators fueled by municipal domestic waste and has 

found that an effective way to improve the combustion efficiency of waste is to transform the structure 

leading to the formation of an α-shaped flue gas route in the incinerator. Unlike traditional methods, 

based on the momentum flow rate method, the momentum vector synthesis theory is utilized to design 

and modify the secondary air supply which replaces the L-shaped flue gas route with an α-shaped path 

with enhanced combustion characteristics. The corresponding design model has been developed and 

verified through numerical simulations and hot testing of the incinerator, where the cold state numerical 

predictions confirm the formation of an α-shaped flue gas route, significantly increasing the residence 

time of the flue gas in the furnace arches area and ensure fuel burnout. Due to the α-shaped flow of flue 

gas, larger unburned fuel particles in the flue gas are redirected back onto the fuel layer by centrifugal 

force for further enhancing the combustion efficiency. Hot state experimental results on a full-scale 

incinerator indicate that the flue gas temperature in the throat area of the incinerator is significantly higher, 

leading to complete combustion of municipal solid waste, which significantly reduces carbon monoxide 

and dust emissions from the incinerator. 

The α-shaped flue gas route incinerator developed in this study is more suitable for solid waste 

materials with high ignition point, poor combustion performance and excessive pollutant emissions. The 

novel waste incinerator has higher incineration efficiency and lower pollutant emissions for such solid 

wastes. The limitation of the novel incinerator is that for solid waste with high calorific value and 

excellent combustion performance, it is unnecessary to use α-shaped waste incinerator because coking 

in furnace arch area may occur. Furthermore, the existing optimization of incinerator mainly focuses on 

improving the heat transfer efficiency by using various technical methods, such as increasing the radiant 

intensity of the flue gas in the furnace, reducing heat loss, adding waste heat recovery and utilization 

devices. Momentum flow rate based flame incinerator design methodology developed in this study takes 

into account the distribution of flue gas flow and the relationship between the secondary air supply and 

the geometric dimensions of the furnace arches, leading to significant improvement to existing 

incinerator designs. 
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