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To address the issue of high NOx emission from the combustion chamber, this
work optimized the industrial machine structure to enhance the combustion
performance. The analysis results indicated that the flue gas recirculation (FGR)
could effectively reduce the combustion temperature and the distribution of
high-temperature regions in the machine chamber, thereby suppressing NOx
formation without affecting the gas velocity inside the chamber. Based on the
simulation analysis, the FGR technology was applied to modifying the machine
structure and evaluated the modification effect in real-world application. It is
found that after adding FGR, the oxygen content at the furnace outlet decreased
from 13.8% to 10.5%, the NOx emission from the furnace decreased from 80 mg/
m* to 18 mg/m?, and the natural gas consumption decreased by more than 17%.
These results demonstrate a significant impact on energy saving and emission
reduction after optimizing the machine structure, which can provide a reference
basis for subsequent researchers in this field.

KEYWORDS

industrial machines, combustion optimization, energy saving, emission reduction,
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1 Introduction

Combustion furnaces are essential machines for many industrial applications. However,
they generate large amounts of nitrogen oxides (NOx) emissions during operation, and require
high excess air ratios to ensure complete combustion and sufficient heat supply. Conventional
tobacco combustion furnaces rely on direct methane combustion, which leads to high-
temperature and oxygen-rich conditions that favor NOx formation. NOx is a major air
pollutant that can cause various environmental and health problems, such as acid rain,
smog, ozone depletion and respiratory diseases (Li et al., 2024). Moreover, high-temperature
and oxygen-rich conditions result in more energy waste. Therefore, reducing NOx emissions
and methane consumption from tobacco furnaces is an urgent challenge.

Many researchers have developed various low-NOx combustion technologies to reduce
NOx emissions (Zhou et al,, 2024). These technologies mainly include flue gas recirculation
technology, staged combustion technology, oxy-combustion technology, flameless combustion
technology and low-nitrogen burner technology (Wu et al., 2020; Abubakar et al., 2021; Ouyang
etal,2021; Liu et al,, 2023; Li et al, 2023). Among these, FGR technology is widely used, which is
based on the principle of feeding low-temperature flue gases from the end of the combustion
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furnace into the combustion air, and the combustion air is fully mixed
to participate in combustion. This can effectively reduce the volume
fraction of oxygen in the combustion air, thereby reducing the mixing of
the initial combustion intensity and furnace combustion temperature,
and ultimately achieve the effect of reducing NOx formation in the
furnace. Researchers have found that for a certain air mass flow rate, the
average furnace temperature and NO concentration decrease as the
excess air ratio increases (Emami et al., 2019; Ha, 2017). Experiments by
Shinomori K et al. (2011) investigated a self-recirculating combustor
where NOx emissions were significantly reduced with increasing flue
gas recirculation rates and excess air ratios. Men Y et al. (2022)
proposed a novel flue gas recirculation system for boiler retrofit. The
results showed that NOx emissions were reduced by 82.3%, realizing
ultra-low NOx emissions; for a 1.8 MW boiler, 7%-8% of natural gas
consumption could be saved annually. Wang J. G. et al. (2019) obtained
the oxidant content and flue gas content at different flue gas
recirculation rates using thermal calculation and iterative calculation
methods. He applied these data to the numerical simulation and found
that as the flue gas recirculation rate increases, the maximum
combustion temperature and NOx formation in the furnace
decrease. Shi B. et al. (2018) investigated the effect of FGR on coal
combustion and NO emissions in a boiler experimental system,
followed by industrial tests on a chain boiler previously utilizing
FGR. The data showed that FGR reduced NO emissions and
incomplete combustion losses of gases. NO and CO emissions were
reduced by 26.9% and 38%, respectively. However, excessive flue gas
recirculation rate and excess air ratio will lead to incomplete
combustion and increased heat loss (Liu et al, 2020; Sun et al,
2023). Therefore, researchers need to consider the effect of various
factors on NOx formation in order to reduce NOx emissions at the root.
Cho and Lee (2022) numerically investigated three recirculation
methods in a methane-air countercurrent diffusion flame with flue
gas dilution at the fuel (FIR), air (FGR), and both sides (FIR + FGR).
The results show that fuel-side recirculation has a significant effect on
the flame zone and is effective in reducing NO. Park M et al. (Park et al,,
2017) used a laboratory scale downcomer to vary the flow and
concentration of nitrogen (N,), carbon dioxide (CO,) and water
vapour (H,O) of the recycled gas during combustion. They found
that the influence of the recycled gas composition on the NOx
concentration was not significant, and that the flue gas recirculation
rate had a greater influence on the change in NOx concentration.
Finally, the main reason for the reduction in NOx emissions is that the
injection of recycled gas reduces the oxygen concentration and the
maximum combustion temperature. Ren F et al. (2019) calculated the
premixed combustion characteristics and NOx emission of CH, using
N,, CO, and H,O as dilution gases. The results showed that the
addition of N, CO, and H,O reduced the adiabatic flame
temperature of CH, and suppressed NO formation. Wang W et al.
(2022) evaluated the flue gas recirculation (FGR) flue gas cleaning
system of a waste incineration power plant. The concentrations of
various pollutants were measured and compared with domestic and
international standards. The results showed that FGR can effectively
reduce NOx emissions, while the use of FGR can make the NOx
emission concentration meet the national emission standards. Some
researchers are also combining a variety of low nitrogen technologies to
reduce NOx emissions. Abdelaal M et al. (2021) performed numerical
simulations on a 20 kW test furnace using FGR technology and oxy-
combustion technology. The results showed that at a flue gas
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recirculation rate of 40%, the flame is stable, but the flame
temperature is reduced by about 25% and NOx is reduced from
90 ppm to 5 ppm. Zhu Y et al. (2021) designed a low-NOx burner
for FGR gas boilers, using a non-mixed combustion method to reduce
NOx emissions. The burner achieves low-temperature combustion,
stable combustion and improves temperature uniformity, resulting in a
significant reduction of NOx formation. The e-FGR rate can be as high
as 40%, and the NO concentration at the boiler outlet is less than
30 mg/Nm’.

To the best of our knowledge, few works consider the application
of FGR in tobacco industry, and it has several limitations. First, the
tobacco industry is dominated by a small number of manufacturers
who have a stronghold on the major equipment used in the industry.
Due to the high cost of optimization and the limited number of
cigarette factories around the world, these manufacturers tend to
develop new equipment rather than optimizing the performance of
existed equipment. In addition, the characteristics, combustion
behavior, and sensitivity of tobacco pose a challenge for
implementing FGR technology in the tobacco industry.

In conclusion, we used FGR technology to control the NOx and
methane emissions from a tobacco combustion furnace. We
controlled the maximum combustion temperature by adjusting
the oxygen concentration without changing the combustion
product flow rate, and then controlled the methane flow rate by
tuning the methane flow and excess air ratio. For the combustion
furnaces of different tobacco companies, the process conditions will
be significantly different due to the different process involved. So,
the relevant literature and technology can only provide technical
references, but cannot provide universal conclusions. Based on this,
this paper discusses the feasibility of flue gas recirculation
technology for a tobacco company’s tobacco combustion furnace
by using Fluent numerical simulation, performs structural
optimization and implementation, and finally realizes the control
of methane flow and NOx emissions.

The innovation point of this paper is to use the flue gas
recirculation to confirm the optimization scheme of industrial
field equipment, and then, guide the optimization transformation
of industrial equipment. The biggest difference with laboratory
structure optimization and real-world parameter optimization is
that the actual field problems generated by the transformation of
industrial equipment are more complex than that of laboratory
testing, and more parameters are not measurable in real-world case.
To our best knowledge, little work has been done to address this
challenge in existing literature. We should emphasize that the
technical feasibility verification and implementation of the
developed method in this study will greatly promote the
optimization of industrial equipment in energy efficiency
and economy.

2 Materials and methods

2.1 Working principle of the combustion
furnace system

The combustion furnace system mainly consists of compressed

air pipe, fuel gas pipe, burner, heat exchanger, exhaust gas preheater
and flue gas pipe. The system supplies natural gas and compressed
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FIGURE 1
Schematic diagram of the working principle of the combustion furnace.
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FIGURE 2
Plan view of the combustion furnace system structure.
air to the burner through the fuel gas pipe and compressed air pipe, (3) Burner: The burner is the combustion part of the combustion

which are ignited to generate heat. The heat is transferred to the
heating medium through the heat exchanger and the waste heat is
recovered through the exhaust gas preheater. Finally, the treated flue
gas is released into the atmosphere through the flue gas pipe. The
working principle of the combustion furnace is shown in Figure 1.

The various components of a combustion furnace system have
different roles, which are explained as below:

(1) Compressed air pipe: The compressed air pipe is responsible
for supplying com-pressed air to the combustion furnace.

(2) Fuel gas pipe: The fuel gas pipe is responsible for supplying
fuel gas to the com-bustion furnace. The fuel gas can be
natural gas, liquefied petroleum gas (LPG), gas, etc.

Frontiers in Energy Research

(4)

03

furnace, responsible for mixing and burning the fuel
gas and air.

Heat exchanger: The heat exchanger is responsible for
transferring the heat generated by combustion to the
process fluid (such as water, air, etc.).

Exhaust gas preheater: The exhaust gas preheater is
responsible for transferring the heat carried by the flue gas
discharged from the flue at the end of the furnace to the air
before it enters the furnace, and for preheating the air to a
certain temperature.

Flue gas pipe: The flue gas pipe is responsible for discharging
exhaust gases from the combustion furnace to the
atmosphere.
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FIGURE 3
Plan view of the combustion furnace optimization system structure.
Oxidizer inlet : Flue gas outlet
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FIGURE 4
Calculation model for combustion furnace simulation.

FIGURE 5
Mesh diagram of the computational model for combustion furnace simulation.

2.2 Simulation scheme There are two commonly used technological methods in
combustion systems: internal flue gas circulation and external

The main process function of the tobacco combustion furnaceis  flue gas circulation, which are used to improve combustion

to provide a heat source for the process gas and to raise the process  efficiency and control exhaust emissions. Internal flue gas
gas temperature to over 300°C. The furnace temperature is generally ~ recirculation recirculates a portion of the exhaust gases back into
set at 660°C. the combustion zone, while external flue gas recirculation
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TABLE 1 Boundary conditions of model.

K

Inlet temperature 303.15
Oxidizer flow rate kg/s 0.35
Methane flow rate kg/s 0.0123
Outlet pressure Pa 0
— 60
g
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<
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S 55 . : . ; . :
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Number of model meshes/x10*
FIGURE 6
Comparison results of calculations with different number
of meshes.

reintroduces a portion of the products of combustion back into the
combustion process.
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Advantages of the internal flue gas recirculation technique
include reduced nitrogen oxide (NOx) emissions, improved
combustion efficiency, and a balanced combustion process.
However, there are some limitations to this technology. Firstly,
the structure and design of the combustion equipment needs to be
considered to ensure that the internal recirculation flue gas is evenly
distributed to the combustion zone to avoid adverse effects on the
burner interior. Second, too high a proportion of internal
recirculating flue gas may lead to an unstable combustion process
with problems such as flame destabilization and flame extinguishing.
In addition, internal recirculation flue gas can reduce NOx emissions
but may increase carbon monoxide (CO) emissions, requiring a
balance between the two.

In contrast, the external flue gas recirculation technology has the
following characteristics: first, by reducing the temperature and
oxygen concentration in the combustion region, NOx generation
and emissions can be effectively reduced. Secondly, the heat energy
carried in the external flue gas can be further utilized to improve
combustion efficiency and reduce energy waste. In addition, by
adjusting the flow rate and temperature of the externally circulating
flue gas, precise control of the combustion process can be realized to
meet different working conditions and requirements.

Figure 2 is the structure plan of the tobacco combustion furnace

-
J

system, and Figure 3 is the structure plan view of the tobacco
combustion furnace optimization system. It can be seen from the
figures that the tobacco combustion furnace optimization system
adopts the flue gas recirculation technology scheme. Specifically, an
exhaust fan pipe is connected from the chimney to introduce the flue
gas into the furnace for combustion. At the same time, a manual
valve is installed on the new exhaust pipe. By manually adjusting the
size of the valve, the oxygen content of the flue gas entering the

furnace is ensured to ensure stable combustion of the furnace.

A I B I C I .I E I F I
0% 10% 20% 30% 40% 50%

Distribution of velocity field cloud diagrams at different FGR rates: (A) 0% flue gas volume; (B) 10% flue gas volume; (C) 20% flue gas volume; (D) 30%

flue gas volume; (E) 40% flue gas volume; (F) 50% flue gas volume.
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volume; (E) 40% flue gas volume; (F) 50% flue gas volume.
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Temperature field cloud images at different FGR rates: (A) 0% flue gas volume; (B) 10% flue gas volume; (C) 20% flue gas volume; (D) 30% flue gas
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FIGURE 9
The relationship between FGR rate and maximum combustion
temperature.
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FIGURE 10
The relationship between FGR rate and average combustion
temperature.

The structure of the system ultimately affects the excess air ratio.
Therefore, we simplify the structure of the furnace optimization
system and study the combustion characteristics of the furnace with
the excess air ratio as the boundary condition. The structure of the
furnace optimization system is shown in Figure 4.

The body of the combustion furnace is a circular cylinder with a
diameter of 2100 mm x 8300 mm. ICEM is used for meshing. The
meshing diagram of the simplified model is shown in Figure 5. The
right side is the outlet of the discharged flue gas, and the left side is
the inlet of oxidizer and methane. The oxidizer includes air and flue
gas, and its components mainly include water vapor, carbon dioxide,
a large amount of nitrogen, and a small amount of oxygen. The ratio
of the mass flow rate of the recirculated flue gas to the oxidizer flow
rate is called FGR rate. The boundary conditions set as shown in

Frontiers in Energy Research

Table 1. The inlet temperature of the model is 303.15 K. The oxidizer
flow rate is 0.35 kg/s and the methane flow rate is 0.0123 kg/s, with
an outlet pressure of 0 Pa.

To simulate the operation process of the combustion furnace,
the k-e model was used as turbulence model. The interaction
between turbulence and chemical reactions is simulated by the
eddy dissipation model. The chemical reaction mechanism uses a
two-step reaction of methane and air (methane-air-twostep). The
formation of pollutants takes into account the thermal NOx and
the prompt NOx.

To ensure the accuracy of the numerical simulation results, a
mesh independence analysis was conducted. Taking the exit velocity
as the verification parameter, the mesh independence results are
shown in Figure 6. The mesh independence results show that when
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NOx field cloud distribution at different FGR rates: (A) 0% flue gas volume; (B) 10% flue gas volume; (C) 20% flue gas volume; (D) 30% flue gas volume;

(E) 40% flue gas volume; (F) 50% flue gas volume
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Variation of O, volume fraction and NOx concentration with
FGR rate

the number of meshes exceeds 1.28 million, the difference in the
maximum velocity in the furnace is small. Therefore, the mesh
number of 1.28 million was chosen for the subsequent model
calculations.

3 Simulation results and analysis

This paper adjusts the FGR rate to research its effect on the
furnace velocity, combustion temperature and outlet NOx
9). and
the actual temperature requirement of field (the average furnace

concentration. Based on the setting from Ref (Wang, 201

temperature is 660°C, and the temperature decreases steadily as the
flue gas content rises until combustion stops), the maximum value of
the FGR rate is defined as 50%. In the simulation, six operation
conditions are set with FGR rate of 0%, 10%, 20%, 30%, 40%, 50%,
respectively. The state defined as a FGR rate of 0% corresponds to
the original configuration of the combustion furnace.

Frontiers in Energy Research

3.1 Mathematical model

3.1.1 Turbulence model

Among the commonly used turbulence models, k-¢ is most
commonly used in engineering, where k in the k-e¢ model stands for
the turbulence kinetic energy, € stands for the dissipation rate, and
the mathematical expression of the model is a two-sided equation
consisting of k and € in Equations 1, 2.

d(pk) 9 (pku;) _
il — - 1
o | ox, ax] a FGrGompe (1)
o(pe) O(pew;) 9 Cls
ot + ox; = a_x] - (G + Cs:Gy)
- CZEP k (2)
where, Gk is calculated by Equation 3:
Gi—uls ou 2+ v\ [ow\’ . au+8v2
S AT 3y) \ oz dy " ox
+ Ou + w 2 + o + w 2 (3)
0z 0x dz Jy
Ok O1ev 02 and o3, are the Planck numbers corresponding to the
turbulence equations; p is the density; and u, is the

turbulent viscosity.

3.1.2 Combustion model

The Eddy-Dissipation (ED) eddy dissipation model is a
commonly used combustion model to describe the physical and
chemical reactions of fuels during combustion. Most of the chemical
reactions based on the Eddy-Dissipation model involve rapid
combustion of the fuel, with the overall reaction rate controlled
by turbulent mixing. In a non-premixed flame, turbulence slowly
passes through the convective/mixed fuels and oxidizers into the
reaction zone where they burn rapidly.
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FIGURE 13

(A) Combustion furnace (B) Heat exchangers (C) Exhaust fan pipe

(D) Flue gas discharge pipe (E) General diagram of equipment
modification. Physical drawing of the modified combustion furnace
optimization system.

In the ED model, the net reaction rate Rir of component i in a
chemical reaction r will be determined by the smaller value of
Equations 4, 5:

Yy

N e— 4
vR,rM w,R ( )

Rir = 'Vll',r M w,x'Ap imln R
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€ XY
R, = zvi,r'Mw,iABpE Npi (5)
275, Mu,
j

where Vi,and V;, characterize the chemical appropriateness ratio
coefficients of reactants and products of component i in the
chemical reaction r, respectively; e/k denotes the turbulent pulsation
decay rate; M, is the relative molecular mass of component i; N is the
total number of products; Y is the mass fraction of the component; and
A, B are empirical coefficients equal to 4.0 and 0.5, respectively.

3.1.3 NOx model

Two main types of nitrogen oxides (NOx) are produced when
burning in a combustion furnace fueled with natural gas: thermal
NOx and prompt NOx (Park, 2019). The formation principle of
thermal NOx is that under high-temperatures, nitrogen (N,) and
oxygen (O,) molecules react to form nitric oxide (NO). This process
is called the thermal generation mechanism of thermal NOx.
Subsequently, NO further reaction with O, to form nitrogen
dioxide (NO,). These NOx are one of the main pollutants
produced in the combustion process.

Prompt NOx is formed at 900°C-1,300°C for a very short time,
so it is called prompt NOx. The formation principle of prompt NOx
is that during combustion, nitrogen (N,) in the air reacts with
hydrocarbon ionic groups (CH, etc.) in the fuel to form CN
compounds, which are then oxidized to NOx.

3.2 Velocity field

Under the normal working conditions of the combustion
furnace, the velocity field of the central section of the
combustion furnace model is calculated under different working
conditions. The velocity field distribution in the furnace is shown in
Figure 7, where (a~f) represents the velocity field distribution with
FGR rates of 0%, 10%, 20%, 30%, 40%, and 50%, respectively. It can
be seen from the figure that, under different working conditions, the
gas velocity gradually decreases with increasing distance from the
inlet, but the maximum velocity in the furnace remains about
58.9 m/s. This is because, under different working conditions, the
flow of oxidizer and natural gas at the inlet remains unchanged, but
their components change so that the gas velocity is not affected.

3.3 Temperature field

The temperature field cloud distribution of the combustion
furnace model under different working conditions is shown in
Figure 8. From the figure, it can be seen that as the flue gas
volume in the furnace increases, the combustion temperature
decreases, the high-temperature region gradually decreases, and
the temperature distribution in the furnace becomes more
uniform. The main reason for this phenomenon is that the
increase in the FGR rate leads to an increase in the flue gas
volume in the furnace, which dilutes the oxygen concentration in
the air. As the contact area between the fuel and the oxygen is
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FIGURE 14

(A) Before the modification (B) After the modification. Physical diagram of oxygen content monitoring values at critical points of the combustion

furnace system.

TABLE 2 Major parameters of detection equipment.

Equipment Parameter Specification
Zirconia oxygen analyzer =~ Measurement range 0~20.6% O2
Basic error <+2% FS
Repeatability <+0.5% FS
Stability <+1% FS (24-h continuous testing)

Response time

<5 s to reach 90% response when standard gas is introduced at the detector inlet

Temperature

Power supply

-20°C-80°C

220% * 10% VAC, 50 Hz

Temperature controller = Measurement range

0-20 mA, 4-20 mA, 0-50 mV, 10-50 mV, 0-5 V, 1-5V, 0-10 V, 2-10 V, Range —1999 to 9,999, scalable, adjustable decimal

point

Basic error

+0.1% of input range

Sampling Frequency 4 times per second
Temperature 0°C-55°C (storage —20°C-80°C)
Humidity 20%-95% (non-condensing)

Power supply

reduced, the efficiency of the combustion reaction becomes lower,
resulting in a lower combustion temperature in the furnace.

The relationship between FGR rate and the maximum
combustion temperature is shown in Figure 9. With the increase
of flue gas volume, the maximum combustion temperature decreases
gradually. The maximum combustion temperatures were 1770°C,
1,634°C, 1,536°C, 1,347°C, 1,161°C and 1,069°C for FGR rate of
0%-50%.

The relationship between the FGR rate and the average
combustion temperature is shown in Figure 10. With the

Frontiers in Energy Research

100 to 240 VAC, 50/60 Hz

increase of flue gas volume, the average combustion temperature
generally shows a decreasing trend. The average combustion
temperatures of the furnace for FGR rates of 0%-50% are 827°C,
761°C, 722°C, 778°C, 747°C, and 637°C, respectively. It is particularly
striking that the average temperature of the furnace with a FGR rate
of 50% is closer to the furnace temperature required for close
proximity to the actual process.

In conclusion, the application of flue gas recirculation
technology in the combustion furnace can effectively reduce the
combustion temperature in the furnace and reduce the distribution
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range of the high-temperature region. At the same time, it can make
the temperature field in the furnace more uniform, so that the
average temperature required in the furnace can be controlled. In
addition, by comparing the maximum combustion temperature and
the average combustion temperature in the original model furnace,
it is found that the combustion furnace can reduce natural gas
consumption when the average temperature required in the
furnace is met.

3.4 NOx concentration field

The cloudy maps of NOx field at different FGR rates are shown
in Figure 11. It can be seen that when the FGR rate increases from
0% to 10%, the NOx concentration in the furnace decreases
significantly. However, between 10% and 50%, the change in
concentration is not as noticeable because of the limited range of
the color bar.

Figure 12 shows the outlet O, volume fraction and NOx
concentration vary with the FGR rates. The x-axis represents the
FGR rate (percentage), the left y-axis represents the outlet Oz volume
fraction (percentage), and the right y-axis represents the outlet NOx
concentration (mg/m®). At the FGR rate is 0% (i.e., original
combustion furnace), the Oz volume fraction is about 8.22% and
the NOx concentration is about 14.86 mg/m’. As the FGR rate
increases from 0% to 10%, the NOx concentration decreased by 95%.
This trend is consistent with the analysis of NOx distribution in
Figure 11. When the FGR rate increases from 10% to 20%, the Oz
volume fraction and NOx concentration further decreases to 5.38%
and 0.15 mg/m>. From 20% to 50% FGR rate, the Oz volume fraction
steadily decreases until it reaches 0%, and the change of NOx
concentration is not obvious, eventually approaching 0 mg/m’.

With the FGR rate increases, both the outlet NOx concentration
and the outlet Oz volume fraction decrease significantly across the
whole range. Especially the NOx concentration, which displays a
noticeable change within the 0%-20% FGR rate range. This
phenomenon can be explained by the fact that as the quantity of
flue gas rises, the oxygen concentration in the furnace drops, leading
to a reduction in the reaction rate of CH, and O,. It decreases the
combustion temperature of the furnace. In addition, oxygen
deficiency reduces the reaction rate of N, and O,, thereby
significantly decreasing the production of thermal NO. Although
the change in NOx concentration becomes less apparent at high
FGR rates, the Oz volume fraction continues to decrease, indicating
further reduction in oxygen supply during combustion.

In conclusion, the implementation of FGR technology proves to
be highly effective in reducing NOx emissions. Additionally, the
control of furnace temperature provides a theoretical foundation for
minimizing methane consumption.

4 Experimental verification
4.1 Combustion furnace transformation
Based on the simulation feasibility analysis results of the furnace

optimization system, we conducted the structural transformation of
the furnace. The transformation construction process is shown in
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Figure 13. We added a new pipe to return the flue gas to the exhaust
fan and added a manual valve to the new exhaust fan pipe.

4.2 Analysis of optimization results

A physical diagram of the oxygen content monitoring values at
each critical point of the combustion furnace system before and after
the modification at 50% FGR rate is shown in Figure 14.

The zirconia oxygen analyzer model CY-CZ and temperature
controller model P8010 was used to detect oxygen concentration
and environment temperature during test. The major parameters of
these equipment are shown in Table 2.

From the monitoring panel’s display values before and after the
combustion furnace system transformation, it is evident that the
oxygen content in the flue gas emitted from the furnace has
significantly decreased following the transformation (average
furnace temperature of 660°C). The oxygen content decreased
13.8% 10.5% after the
modification. Additionally, the oxygen content in the oxidant has

from before the modification to
decreased from 16.5% before the transformation to 13.0% after the
transformation. These changes indicate a significant reduction in the
amount of fresh air injected, with the flue gas recirculation
combustion playing a crucial role. As a result of the reduced
oxygen content, the emission of nitrogen oxides has also
significantly decreased. According to data from the company’s
environmental protection department, the nitrogen oxide content
decreased from 80 mg/m’ before the transformation to 18 mg/m’
after the transformation. Furthermore, based on natural gas
consumption data from the tobacco company’s 1,140 expansion
line in May and June 2023, there has been a 17% decrease compared
to March and April 2023.

This paper uses the idea of flue gas recirculation to confirm
the optimization scheme of industrial field equipment, and then
guides the optimization transformation of industrial equipment.
The biggest difference with laboratory structure optimization
and process parameter optimization is that the actual field
problems generated by the transformation of industrial
equipment are more complex than that of laboratory testing,
and more parameters are not measurable, but its technical
feasibility verification and implementation will greatly
promote the optimization of industrial equipment in energy
efficiency and economy. According to the current calculation,
the annual energy consumption will be saved by nearly
160,000 US dollars, and the environmental loss caused by

emissions has not been calculated.

5 Conclusion

Tobacco combustion furnaces are notorious for their substantial
nitrogen oxide (NOx) emissions and inefficiencies due to redundant
methane and fresh air flows. In this study, we address these
challenges by employing Fluent numerical simulation to explore
the feasibility of Flue Gas Recirculation (FGR) technology in a
Our
includes structural optimization and practical implementation,

tobacco company’s combustion furnace. investigation

resulting in successful control of both methane flow and NOx

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1364538

Lin et al.

emissions. Key findings from our simulation and experimental
results are as follows:

(1) FGR Optimization: By integrating FGR technology, we
transformed the combustion furnace. The NOx content at
the furnace outlet decreased significantly, from 80 mg/m’

the

Additionally, natural gas consumption reduced by 17%

before transformation to 18 mg/m’® afterward.

annually, and oxidizer fresh air content showed a

marked decrease.
We demonstrate the

feasibility of using Fluent simulation technology to verify

(2) Fluent Simulation Verification:

~

FGR effectiveness. This involved calculating the temperature
field within the furnace, assessing NOx emissions, and
determining the optimal FGR rate ratio based on process
boundary conditions.

The work in this paper provides a theoretical and practical basis
for energy saving and emission reduction in combustion furnaces.
Moving forward, it is imperative to further investigate the
implementation of our findings in different combustion furnaces,
ensuring successful technology transplantation. Additionally, we
propose exploring the potential synergies between our approach
and the cold-end system of dry ice expanded tobacco production
lines to maximize waste heat utilization. These future endeavors will
lead us towards more comprehensive solutions for energy efficiency
and emission reduction in various industrial processes.
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