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The cement industry is the second largest source of global man-made CO, emis-
sions after the power industry, and the adoption of O,/CO, combustion technol-
ogy for cement kilns is of great significance in reducing CO, emissions. In this
paper, the effects of pulverized coal mixed air combustion and pulverized coal
mixed O,/CO, combustion on the velocity field, temperature field, CO, and NO,
concentration distribution in rotary kiln were investigated by CFD technique. The
results showed that there is no difference in the velocity distribution between the
two atmospheres, and the speed difference between the primary and secondary air
creates a re-circulation zone near the burner. The O,/CO, atmosphere combustion
decreased the maximum temperature, but improved the uniformity of the tempera-
ture field. The pulverized coal burnout rate under O,/CO, atmosphere decreased by
3.55% compared to O/N, atmosphere. The mole fraction of CO; at the rotary kiln
outlet is 0.08 and 0.93 for O./N, and O,/CO, combustion atmospheres, respective-
ly. It is easier to achieve CO, aggregation and capture under O,/CO, atmosphere
than under O,/N,. The NO, concentration at O,/CO; is approximately one half of
that at Oy/N,, which can save the investment on denitrification equipment. The sim-
ulation results reasonably agree with the measured data. The findings of this work
will provide a reference for the generalization and application of the O,/CO, flue
gas cycle calcinating cement technology.

Key words: cement rotary kiln, O,/CO, combustion, CO, emission reduction,
numerical simulation

Introduction

The CO, and NO, are important contributors to the global greenhouse effect, and the
cement industry is the second-largest source of CO, and NO, emissions after the power industry
[1] Thus, it is an inevitable requirement for the sustainable development of the cement industry
to reduce CO, and NO, emissions in cement production.

The O,/CO, combustion technology used in cement rotary kilns involves separating
O, from the air, combining it with CO,-rich circulating exhaust gas, and then using this mixture
to cool the clinker and produce high temperature O,/CO, gas in the grate cooler. The high tem-
perature gas is sent to the rotary kiln as secondary air for pulverized coal combustion, thereby
generating an O,/CO, atmosphere in the kiln. The flue gas is relatively pure CO, at the outlet,
and the gas can be directly captured and recovered [2] O./CO, oxygen-enriched combustion
technology can simultaneously reduce NO,, CO,, and other pollutants, and is an environmen-
tally friendly combustion method.
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A major number of experimental studies on the combustion characteristics of pulver-
ized coal under O,/CO, atmosphere have been carried out. Liu et al. [3] found that the factors
affecting the reaction characteristics of coal coke in O,/CO, atmosphere were the pyrolysis
time and temperature. Kabir and Madugu [4] used appropriate sampling techniques to evaluate
the air pollutants in the atmosphere around the cement plant and surrounding settlements and
reasonable suggestions for the reduction of pollutant emissions were proposed. Chen et al. [5]
tested the NO, emission characteristics during the pulverized coal combustion process in the
one-dimension drop tube under O,/CO, and O,/N, atmospheres, and investigated the effects
of residence time, fuel/oxygen stoichiometric ratio and temperature on NO, emission. Suda
et al. [6] experimentally found that the propagation speed of the combustion flame of pulverized
coal in an air atmosphere is faster than that in an O,/CO, atmosphere, but the reasons are not
analyzed deeply enough. Li et al. [7] found that the ignition temperature and combustion tem-
perature of pulverized coal in the air atmosphere is lower than those in O,/CO, atmosphere in
their research tests. Chui ez al. [8] used CFD to simulate the oxygen-rich combustion character-
istics of sub-bituminous coal and obtained that the CO, concentration in the flue gas increased.
Granados et al. [9] simulated the 3-D process of oxygen-enriched combustion of pulverized
coal and found that an increase in oxygen concentration would make the flame length of com-
bustion shorter and the radiant heat efficiency would increase substantially. Ditaranto and Bak-
ken [10] demonstrated through simulation that the rotary kiln burner without any modification
is suitable for oxyfuel combustion, however, the model assumptions in the study are too ideal.

From the aforementioned research, it can be concluded that O,/CO, combustion tech-
nology has been gradually applied in power plant boilers, however, there are few studies on the
use of O,/CO, combustion technology in cement production-lines [11, 12], and most of them
are concentrated on the decomposing furnace. Considering the importance of cement produc-
tion reduce CO, emissions, this study focuses on the analysis of the possibility of using O,/CO,
combustion for rotary kilns.

Since CFD methodology is the mature and low cost [13, 14], this paper takes the
rotary kiln of a 2500 tonne per day cement plant in China as the research object and uses
ANSYS Fluent 2020R2 software to conduct numerical simulation research of pulverized coal
combustion under O,/CO, and O,/N, atmosphere, temperature field, component concentration
field distribution was obtained. The results provide a reference for the application of O,/CO,
combustion technology in the cement production.

Numerical model

The flow field is solved using the continuity equation, the momentum conservation
equation and the energy conservation equation. In pulverized coal combustion using the vortex
dissipation model, the gas-phase turbulence model uses the RNG k-¢ [15]. The discrete phase
model was chosen for gas-solid two-phase flow [16, 17], and the P1 radiation model was used
for radiation heat transfer [18, 19].

Basic control equations
The mathematical expression of the continuity equation:
0 0 0
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where ¢ is the time variable, p — the fluid density, and u, v, and w the vectors of velocity in the
x-, y-, and z-directions.
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For the conservation of momentum equation, in the present study, it was assumed that
the fluid-flows at a steady-state, and the velocity does not change with time. The momentum
conservation equation can be expressed as the rate of change of fluid momentum in the mi-
cro-element within the fluid should be equal to the sum of the forces that act on the micro-el-
ement:
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where P is the pressure on the micro-element, 4 — the viscosity coefficient, v — the velocity
vector, v;, v;, v, are velocity vectors in each co-ordinate direction, respectively, and F;— is the
force that act on the micro-element.

In the conservation of momentum equation, the rate of change of the thermodynamic
energy of the micro-element within the fluid should be equal to the sum of the heat flux of the
micro-element and the work performed on the micro-element by surface forces:

0 0 Oh
—(pvih)=—| T,— |+S
ox; (pv, ) ox; [ " ox; ] h 3)
where 0/0x; is the convective transport of enthalpy within the cell grid, 6/0x — the diffusion and
transport of enthalpy within the cell grid, 77,(0h/0x;) — the source of enthalpy, and S, — is the
source term for coal combustion and radiation heat.

The pulverized coal combustion model

The process of pulverized coal combustion can be divided into the combustion of
volatile matter and the combustion of coke [20]. In the present study, the single-rate reaction
model was used to calculate the combustion of volatile matter. The diffusion-limited reaction
model was used to calculate the combustion of coke. The single-rate reaction model assumes
that the volatilization rate is the first-order, and that the volatilization rate can be determined by
the residual volatiles in the coal particles. The linear function can be expressed:

dm

[y ~(1 1)1 o0 0] ”

k= Ae—(E/RT) (5)

where my, is the particle mass, m,, — the initial particle mass, k — the kinetic parameter, f,,— the
mass fraction of volatile matter in the initial particle, f,, — the mass fraction of volatile matter, 4
— the pre-exponential factor, £ — the activation energy of the reaction, and R — the gas constant.
The diffusion-limited reaction model assumes that the combustion rate of coke de-
pends on the diffusion rate. The coke rate model:
dm Dok
p 0
=—A4P 6
dr “ P Dy +k ©)
where 4, is the remaining area of coke, Pj — the atmospheric pressure around the granule,
D, — the diffusion coefficient that covers the granule surface, and & — the kinetic rate.

The NO, generation model

The nitric oxide produced by the combustion of pulverized coal mainly includes ther-
mal NO,, prompt NO,, and fuel NO,. During the pulverized coal combustion process in the
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rotary kiln, NO is predominantly produced, while the amounts of NO, and N,O account for only
5% of the total NO, emissions [21]. Therefore, merely NO was considered in the calculation
of NO.,. In most pulverized coal combustions, the percentage of prompt NO, generation is less
than 5% [22]. Therefore, in the present study, the prompt NO, was ignored, and merely thermal
NO, and fuel NO, were considered. According to the generalized Zeldovich theorem, the ther-
mal NO, generation mode is [23]:

0, ©»0+0 (7)
O+N, & N+NO ®)
N+0O, & NO+O Q)
N+OH < H+NO (10)

The reaction generation pathway of fu-
el-based NO, is shown in fig. 1. Assuming that
N, the N in the fuel is concentrated in the fixed car-
bon and volatiles, the N in the volatiles is first
converted into HCN, and part of the HCN reacts
with O, to generate NO. The HCN that is not
involved in the oxidation reaction is mixed with
. . . the generated NO, and the HCN at this time acts
Figure 1. Reaction generation pathway . .

of fuel-based NO, as a reducing agent to reduce NO to N,. Since
the residual coke N has a certain reducibility, a

part of NO can also be directly reduced to N,.

CharN

Fuel N

Volatile N — HCN

The physical model and boundary conditions

Based on the data obtained from the thermal calibration of cement, the parameters of
the boundary conditions for the numerical simulation are given in tab. 1.

Table 1. Parameters of cement rotary kiln

Parameters Unit Specification
Size [m] @4 x60 m
Production capacity [tonne per day] 2500
Slope [%] 3.5
Rotational Speed [rpm] 0.396-3.96
Motor power [kW] 315

The size of the rotary kiln used in this paper is @4 X 46 m. Due to the thickness of the
refractory bricks, the size of the computational domain of the model is defined as @3.6 46 m.
The computational domain model as shown in fig. 2. In this paper, the rotary kiln adopts the
meshing of hexahedral structure, with local encryption near the burner, the number of meshes
generated is about 1.48 million, the mesh quality is 0.6, the mesh presents overall tightness, the
mesh quality is good, and there is no bad mesh. Figure 3 shows the grid division of the rotary
kiln system.

The sensitivity and independence of the grids were analyzed based on the data in
fig. 4, and the results showed that the number of grids (1472754 cells) had no effect on the
results of this study. The rotary kiln outlet is set as a pressure outlet, all walls are set as insu-
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Figure 2. Calculation domain model of rotary kiln Figure 3. Grid of rotary kiln
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The specific boundary conditions are shown %1700_ /-;;n‘p;;;tir? 48%
in tab. 2. The proximate and ultimate analysis 3 /' e
of the coal dust used in this paper is shown in § 1% z
tab. 3, M,q4 refers to the air-dried coal moisture, § 1600 420
A,q refers to the air-dried coal ash, V,q4 refers to 15501 39
the air-dried coal volatiles, and FC,y refers to

. . . 15001 36
the air fixed carbon content. The particle size
analysis of the pulverized coal is in accordance 14507 33
with the Rosin-Rampler distribution, and the 0 500000 1000000 150600(_) 2000000
particle size distribution parameters of the pul- Mesh quantity
verized coal are shown in tab. 4 Figure 4. Grid independence verification

Table 2. Boundary conditions

Primary air inlet | Secondary air inlet Kiln outlet Nozzle
Boundary type Velocity inlet Velocity inlet Pressure outlet Wall
Temperature [K] 300 1500 Heat insulation
Velocity [ms™] 150 40 -
Turbulence intensity [%] 4.0 33 5.0 -
Ratio [%] 21 79 —
Table 3. Proximate and ultimate analysis of pulverized coal
Proximate analysis [%] Ultimate analysis [%] Orerar
M, Au Via FCy | Cu | Ha O, N, Su [Mlkg"]
4.14 23.62 31.68 40.56 | 40.12 | 3.2 27.62 1.04 0.26 27.962

Table 4. Particle size distribution parameters
of pulverized coal

Particle size type Rosin-Rammler
Minimum particle size 1-10°m
Maximum particle size 1.6 - 10*m
Average particle size 8-10°m
Characteristic particle size 50.284 pm
Uniformity index 1.1
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Experimental validation

From the data in the tab. 5, it can be seen that the deviation between the simulation and
measurement of the kiln tail temperature is 8.3% at most. This is because the numerical simula-
tion is under an ideal condition, but the measured values are based on the average value of the
actual operation. In addition, the walls are considered adiabatic, so there is no surface heat loss,
which is not possible under practical conditions. The relative error of other parameters is about
5%, all less than 10%, which meets engineering needs. This shows that the model proposed in
this work is reliable.

Table 5. Comparison of simulation and experimental data

Simulation Experimental | Relative error
Parameters 0
values value [%]
Kiln tail temperature [K] 1745 1663 8.3
Kiln tail pressure [Pa] -80 —268 4.5
Kiln tail CO, mole fraction 0.08 0.076 53
Kiln tail NO, concentration [mgm~] 515 549 -6.2

Results and analysis
Speed field

Replacing N, with CO, causes a composition change of the air-flow. It is necessary
to determine whether this will result in significant changes in the overall flow field. The simu-
lation results indicate that replacing N, with CO, will not cause any changes to the distribution
of velocity field inside the kiln. The velocity vectors under two working conditions are shown
in fig. 5. Both atmospheres show a mallet shape in the middle part where the speed is higher.
This is because the speed of the cyclonic flow in the primary air is much higher than that of the
secondary air. Meanwhile, the large speed difference between the swirl air and the secondary air
makes the surrounding air-flow form a re-circulation zone, which allows the pulverized coal to
prolong the residence time and fully burn. This finding is consistent with Wang’s and Huang’s
research results [24, 25] . The backflow area gradually disappears along the length of the rotary
kiln, and then the air-flow is evenly distributed forward, and finally flows out from the outlet.

Figure 6 shows the velocity vector diagrams of the rotary kiln along the X =22 m sec-
tion in O/N, atmosphere and O,/CO, atmosphere. The partial enlargement in the fig. 6 clearly
shows the state of the reflux area in the kiln. The effect of the cyclone causes the air-flow spread
evenly in all directions, which helps to make the residual coke burn out and improves the com-
bustion efficiency of pulverized coal.

Temperature field

Figure 7 shows the temperature contour along the axial section of the rotary kiln. It is
easy to determine that a local low temperature region exists near the burner, which is beneficial
for protecting the burner from damage. It shows that the two cases had nearly the same flame
shape which is consistent with the actual flame shape in production. The flame length in the
high temperature region under O,/CO, atmosphere is shorter than that under O,/N, atmosphere,
which can be explained by the following factors. On one hand, the specific heat capacity of
CO, is higher than that of N,, and CO, absorbs more heat than N, to lower the fuel temperature,
which hinders the efficient diffusion of heat and major fuel components from the reaction zone
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Figure 5. Velocity vector at vertical Figure 6. Velocity vector at X=22 m
cross-section through the kiln axis under cross-section under two working conditions
two working conditions

to the preheating zone, and finally reduces the flame length. On the other hand, the low dif-
fusion rate of CO, blocks the diffusion of fuel components to the preheating zone, which also
reduces the flame length to some extent.
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Figure 7. Temperature contours under two working conditions

From tab. 6, it can be seen that the burnout rates of pulverized coal in the atmospheres
of O,/N, and O,/CO, are 96.23% and 92.68%, respectively. In comparison, the burnout rates of
pulverized coal under the O,/CO, atmosphere decreased by 3.55%, indicating a deterioration in
the combustion characteristics of the pulverized coal, which is similar to the results obtained in
Xu’s research [26].

Table 6. Burnout rate of pulverized coal
under different atmospheres

Combustion atmosphere | Pulverized coal burnout rate [%]
O,/N, 96.23
0,/CO, 92.68

The average and maximum temperatures for the two conditions can be shown in fig.
8. In order to satisfy the calcination of cement clinker, the maximum temperature in the kiln
must reach 1600 K, which indicates that O,/CO, atmosphere can satisfy the conditions for
calcination of cement clinker. Due to the long length and large size of the rotary kiln, the maxi-
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2000 mum temperature in the kiln was quite different

- 1834 from the average temperature under two con-
‘0 1800 [ Maximum ditions. Replacing the O,/N, atmosphere with
& - e an O,/CO, atmosphere resulted in a decrease in
uémo, the maximum temperature from 1834-1633 K,
# and this change can be attributed to its higher
1400- specific heat capacity than that of N,, which
1299 means it can absorb more heat energy without

12001 i e significant increase the temperature. This in

' turn leads to a reduction in the temperature rise

1000 . of the N, as the fuel rele_ases the same amount
O,/N, 0,/CO, of heat. However, the kiln’s average tempera-

Atmosphere ture dropped only slightly, from 1299-1172 K,

Figure 8. Maximum and average temperature indicating a more even distribution of tempera-
in the kiln under two working conditions ture throughout the kiln when using an O,/CO,

atmosphere.

The CO; concentration analysis

Figure 9 shows the molar fraction of CO, at the Z = 0 m section along the length
direction of the rotary kiln under two combustion atmospheres. It can be seen that in the
0,/N, atmosphere, due to the negligible participation of N, in combustion reactions, the mole
fraction of CO, gradually increases from 0-0.08. In the O,/CO, atmosphere, with the initial
molar fraction of CO, at 79% and the continuous generation of CO, during coal combustion,
the maximum molar concentration of CO, at the outlet of the rotary kiln can reach 93%. This
high concentration of CO, is more conducive to large-scale capture and centralized treatment,
reducing CO, emissions in cement production.

mole fraction of co, [T [
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Figure 9. Contours of CO, molar fraction in Z = 0 m section

under two working conditions

Figure 10 shows the variations in the mole fraction of CO, along the central axis of the
rotary kiln under two different atmospheres. It can be seen that both conditions exhibit a trend
of initially increasing and then stabilizing CO, concentration. However, due to different initial
mole fractions, the CO, mole fractions at the kiln outlet under the O,/N, and O,/CO, combus-
tion atmospheres are 0.08 and 0.93, respectively. Therefore, it is easier to achieve CO2 capture
and aggregation using the O,/CO, atmosphere.
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The NO, distribution analysis

Figure 11 shows the NO, distribution in Z = 0 m section of rotary kiln under two work-
ing conditions. It can be seen that the NO, generation under O,/N, atmosphere is significantly
higher than that under O,/CO, atmosphere, the NO, concentration in the high temperature area
under O,/N, atmosphere has reached 646 mgNm, and the average concentration ranges from
430-539 mgN/m’. In contrast, the NO, concentration under the O,/CO, atmosphere is main-
tained at 355 mgN/m?, which is below the national standard of 400 mgN/m?. This eliminates
the need for the SCR/SNCR post-treatment process, saving investment and operational costs of
ammonia injection.

In Oy/N, atmosphere and O,/CO, atmosphere, the NO, along the length of the rotary
kiln is shown in fig. 12. The trends of NO, mole fraction under the two working conditions
were basically the same, both showed an initial increase, followed by a decrease, and eventually
reaching a stable level. The 15 meters from the kiln head is the high temperature zone generat-
ed by the full combustion of pulverized coal. At this location, a significant amount of thermal
NO, is generated inside the rotary kiln, and the concentration reaches the maximum. After the
high temperature zone, the nitrogen-containing oxides in the fuel generate a small amount of
fuel NO,, and the NO, concentration decreases rapidly. In the NO, generation process of the
rotary kiln, the thermal type dominates, therefore, the NO, concentration distribution follows
the temperature distribution in the kiln, which is in line with the thermal type NO, generation
mechanism. However, in the O,/CO, atmosphere, NO, concentration is reduced since thermal
NOx cannot be generated without N,.

NO, (mgNm ) N 600
54108 161215 269 323 377 431 484 538 ”g 500 O,/N,
21% 0, z
79% N, £ 400
)
S 300 0,/CO,
NO, imgNm~] [T | £ 2001
54108 161 215 269 323 377 431 484 538 ~ ) §
21%0, : € 51007
79% CO, 1= Sx
=z 01
TSI () : : . . ;
40 0 10 20 30 40 50
XIml
Figure 11. The NO, distribution at Z = 0 m section Figure 12. Change of NO,

of rotary Kiln under two working conditions concentration
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Glarborg and Bentzen [27] conducted experimental and simulation studies of the
chemical effects of high CO, concentrations and concluded that the O,/CO, atmosphere pro-
duces higher concentrations of CO compared to the O,/N, atmosphere, which has a positive
effect on the reduction of NO, generation. When the temperature is greater than 1300 K, the
rate of reaction (11) will be high, and CO, will react with coal coke to produce large amounts
of CO. Although coal coke has limited ability to reduce NO,, at high temperatures, CO exhibits
a significant catalytic effect on the reaction between coal coke and NO,, which makes the reac-
tion (12) faster. Meanwhile, more NO, is reduced by CO through reaction (13) in the presence
of coal coke catalysis:

C+CO, »2CO (11)

Char+NO—>%N2+... (12)
char

CO+NO - N, +... (13)

Combustion in an O,/CO, atmosphere can significantly reduce NO, emissions mainly
for the following reasons:
— Without the involvement of N, in the O,/CO, atmosphere, there is no thermodynamic NO,
generation at high temperatures, thus greatly reducing the overall NO, concentration.
— High concentrations of CO, lead to high concentrations of CO allowing NO to be reduced to N,.
— The temperature of the combustion chamber under O,/CO, atmosphere will be reduced, and
at the same time, the NO production will be reduced.

Conclusion

This paper presents a simulation study of pulverized coal combustion in a rotary kiln
under two different combustion atmospheres. The speed field, temperature field, and distribu-
tion of CO, and NO; inside the kiln are compared and analyzed. The simulation results were
validated by experimental results and showed good agreement. The results indicate that there is
no difference in the velocity distribution between two atmospheres, and the velocity difference
between the primary and secondary air creates a re-circulation zone near the burner. The O,/CO,
atmosphere combustion decreased the flame length and maximum temperature, but improved
the uniformity of the temperature field in the kiln. The pulverized coal burnout rate under
0,/CO, atmosphere decreased by 3.55% compared to O,/N, atmosphere. The CO, mole fraction
at the rotary kiln outlet is 0.08 and 0.93 for O,/N, and O,/CO, combustion atmospheres, respec-
tively. The NO, concentration at O,/CO, is approximately one half of that at O,/N,, which can
save the investment on denitrification equipment. This study provides a theoretical basis for
further research on the O,/CO, combustion of the cement kiln.
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