
Numerical Simulation of Urea Based SNCR Process in a Trinal-Sprayed
Precalciner

Yu Liu and Hongtao Kao*

College of Materials Science and Engineering, Nanjing Tech University, Nanjing, 211816, China
*Corresponding Author: Hongtao Kao. Email: Kaoht@163.com

Received: 10 June 2020 Accepted: 28 July 2020

ABSTRACT

In order to study the combustion characteristics, NOx emission and NH3 slip in a new trinal-sprayed precal-
ciner, the simulations of combustion and aqueous urea solution based selective non-catalytic reduction (SNCR)
process were conducted by computational fluid dynamics in this precalciner, the effects of different injection
heights, different injection flow rates and stratified injection under different flow rates on SNCR process were
studied. The results showed that the flow field was symmetrically distributed in the precalciner, and the flue gas
from the rotary kiln formed the recirculation region on both sides of the cone body, which increased the resi-
dence time of the solid particles. The temperature was mainly between 1100 K and 1250 K in the middle and
upper column of the precalciner, which met the demand of the pulverized coal combustion and raw material
decomposition. The concentration of NO at the outlet of the precalciner was 559 ppm, moreover, different
injection heights and different injection flow rates had a strong influence on NOX removal efficiency and
NH3 slip. The aqueous urea solution should be injected at SNCR-1 to prolong the residence time of NH3,
and injection flow rate had an optimal flow rate but not the higher the better. When the injection flow rate
under stratified injection was 0.019 kg/s, which could play a better optimization role on NO removal efficiency
on the basic of the injection flow rate. In consideration of cost effective, a stratified injection with an injection
flow rate of 0.019 kg/s and an injection height of 20 m, 25 m and 30 m was suggested as a compromise of a
satisfactory NOx reduction rates and reasonable NH3 slip. Under this condition, numerical simulation
result showed that NOx concentration at the outlet of precalciner was 297.27 mg/Nm3 and NH3 slip was
4.67 mg/Nm3, meeting emission standard.

KEYWORDS

Trinal-sprayed precalciner; selective non-catalytic reduction; aqueous urea solution; NOx reduction

1 Introduction

The process of cement production is referred to as “two grinding and one calcination”, which includes
the grinding of raw meals, the formation of clinker, and the grinding of clinker mixed with other additives,
like slag, gypsum and so on. Before fed into the rotary kiln for calcination, the raw materials should be
preheated and decomposed by the precalciner. The precalciner, which is used for coal combustion and the
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decomposition of calcium carbonate, is another important piece of equipment for cement production. In order
to save raw meals and fuel, refuse-derived fuel [1,2] (RDF) and municipal sewage sludge [3,4] are put into
the precalciners for cement production. At the same time, a great deal of exhaust gas was produced by fuel
combustion, such as NOX, which damages the environments seriously. NOX produced by cement production
is the third largest source of nitrogen oxide contaminants after power plant and automotive exhaust. To meet
increasingly stringent emission standards, selective catalytic reduction [5,6] (SCR) has been widely applied
to power plant and automotive exhaust for NOx reduction. However, in consideration of cost effective, the
most popular methods are staged combustion [7,8] and selective non-catalytic reduction (SNCR) [9–12] for
reducing NOX emissions in cement plant recent years. So, understanding the operation condition of the
precalciner is essential in order to obtain good denitration efficiency.

The decomposition of calcium carbonate is the main chemical reaction in the precalciner. Temperature is
a significant influence factor for the calcination of calcium carbonate according to the reaction (1). When the
temperature is above 873 K, calcium carbonate decomposes slowly. With the temperature increases, when the
temperature exceeds 1173 K, the decomposition rate of calcium carbonate improves greatly. Otherwise, CO2

pressure also has a huge impact on CaCO3 decomposition. Fig. 1 displays the relation between equilibrium
CO2 pressure and temperature on limestone and the curve can be described by the Eq. (2). Here, Pe

CO2
is given

in atmospheres (1 atm = 0.101MPa), and T is given in Kelvin. When the CO2 partial pressure in the system is
lower than the equilibrium CO2 pressure over CaCO3, calcium carbonate begin to decomposes in five steps:
a) the process of heat transfer from the gas to the surface of particle, b) the interior of the particle conducts
heat to the reaction surface through the calcium oxide layer, c) chemical reactions on the reaction surface, d)
the mass transfer of the reaction product carbon dioxide through the oxide layer, e) the mass transfer of
calcium carbonate from the particle surface to the atmosphere.

CaCO3 �!1173K
CaOþ CO2 þ 178kJ=mol (1)

log 10p
e
co2

¼ � 8308

T
þ 7:079 (2)

The complex flow field is formed in the precalciner due to the interaction of tertiary air and flue gas
from the rotary kiln, and the pulverized coal particles and calcium carbonate are in a suspended state. The
gas stream formed by tertiary air and flue gas not only affect the trajectory of solid particles but also decide

Figure 1: Equilibrium CO2 pressure over CaCO3
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their residence time. The heat released by coal particles supplies enough energy for the decomposition of
the raw meals.

A high calcium carbonate decomposition rate is beneficial to decrease the coal consumption of the rotary
kiln so as to reduce the thermal load of the rotary kiln. So, the coal must burn around the calcium carbonate
suitably. However, the traditional cold model experiment cannot simulate and predict the complex reacting
process. At the same time, NOX produced by pulverized coal combustion has become an increasingly serious
problem in the sustainable development of the cement industry.

In recent years, many scholars and research institutions have conducted a large number of studies on the
precalciners from experiments to numerical simulation. According the research results, the temperature
[9,10,13], the gas composition [9,14], CaCO3 and CaO [15–18] have a different effect on NOX reduction.
In the appropriate temperature window, the higher the temperature, the higher the denitrification
efficiency. Moreover, the different gases in the precalciner, like O2, CO, H2 and CiHi, also have impact
on NOX reduction. What’s more, CaCO3 and CaO can be used as the catalyst to promote CO to reduce
NOX, but inhibit NOX reduction by NH3, besides experimental studies, numerical simulations of the
precalciners were also studied by many scholars and research institutions. Xie et al. [19] used a 3D model
for SLC-S precalciner using standard k � e model and discrete phase model in order to predict the flow
field and particle concentration distribution in the precalciner by adding a raw meal inlet. Huang et al.
[20] proposed a new method idea to solve the pole problem of the double-spray precalciner by the RNG
(renormalization group) k � e model and developed a four-mixture-fraction model to predicted the multi-
component mutual transportation and the formation of NO in the precalciner. Fidaros et al. [21] studied
the relationship between velocity, temperature, gas concentration and particle trajectory in a low NOX

precalciner. Moreover, Computational Fluid Dynamics (CFD) validation studied of combustion
characteristics and NOX emissions based on the actual incinerator had also been published [22], on this
basis, the co-combustion characteristics and NOX emissions in municipal solid waste incinerators with
ammonia based SNCR process were studied [11,23]. What’s more, reburning zone conditions [24], CaO
[25] and different gas compositions [26] on NOx removal efficiency by selective non-catalytic reduction
were explored by CFD software for obtaining the law of NOx formation in different coal types. In
addition, An et al. [27] studied NOX emission by injecting aqueous urea solution directly based on the
7-step global mechanism. Norbert found that the performance of the 12-step reduced mechanism was
better than the 7-step mechanism [28].

In conclusion, it becomes apparent that numerical simulation is important because it not only saves
human and material resources but also optimizes operation conditions of precalciners to reduce coal
consumption, improve the final cement quality and reduce NOX emission on the basis of simulation
results. Although the above studies had done a great deal of work about different types of precalciners,
there is a little research about the newer trinal-sprayed precalciners (TTF) regardless of combustion
characteristics or NOX removal efficiency. Compared with the older precalciner, the newer TTF
precalciners have simpler structure, stronger adaptability to fuel, three-sprayed effect, and strong turbulent
recirculation, and the feeding modes of pulverized coal and raw material have changed. These unique
features make the combustion characteristics in the newer TTF precalciner different from the older
precalciner. Therefore, it is significant to analyze the transport of gas-solid two-phase flow in the newer
TTF precalciner under cold and hot condition for cement production by numerical simulation. Besides,
aqueous urea solution was injected into the precalciner by different injection heights, different injection
flow rates and stratified injection under different flow rates to optimize selective non-catalytic reduction
process on this basis, which may be beneficial to reduce NOX emission and provide the groundwork for
SNCR process in trinal-sprayed precalciner.
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Fig. 2 shows the geometric structure of the trinal-sprayed precalciner. The precalciner is 45.88 m high
and is divided into three column sections and one vertebral body section. The three columns are 9.22 m, 12.9
m and 9.1 m from top to bottom, respectively. The cylinder is 7.1 m in diameter and the cone is 5.6 m high.
The tertiary air and raw meal duct are symmetrically distributed on both sides of the cylinder at the lower part
of the cylinder. The tertiary air enters the horizontal direction tangentially from the lower part of the
precalciner column, and the flue gas is sprayed into the precalciner through the shrinkage of the flue
chamber, and meets the tertiary air to form a “swirl-spray” effect. The mass fraction of aqueous urea
solution is 50% and aqueous urea solution is injected into the precalciner through the SNCR nozzles,
which contains three groups and 12 nozzles on the walls and the distribution of each group is shown in
Fig. 2B. The heights of low (first), middle (second) and high (third) groups of nozzles are 20 m, 25 m
and 30 m, respectively, where we call them SNCR-1, SNCR-2 and SNCR-3, respectively. Fig. 3 is the
grid of the precalciner, the precalciner is divided into structured hexahedral structured grid and the
number of grids was about 938380. The grids around the coal-injection pipes and raw meals pipes region
were encrypted to accommodate the complex structure.

2 Mathematical Models

2.1 Fundamental Governing Equation
Computational fluid dynamics is based on the basic governing equations of fluid mechanics including

the continuity equation, momentum equation and energy equation. These equations are the three fundamental
physical principles that all flows must follow and the corresponding governing equation is as follows:

Figure 2: Precalciner structure
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(1) Continuity equation [29]:

@q
@t

þ @ðquÞ
@x

þ @ðqvÞ
@y

þ @ðqwÞ
@z

� �
¼ 0 (3)

where q is density, t is time, and u; v;w are the components of the velocity vector in the axial, radial, and
circumferential directions, respectively.

The Eq. (3), which is in square brackets, is r � ðqV Þ. So, the Eq. (3) becomes:

@q
@t

þr � ðqV Þ ¼ 0 (4)

(2) Momentum equation (Navier-Stokes equation) [29]:

For Newtonian fluids, the Navier-Stokes equation in x, y, z directions is as follows:

@ðquÞ
@t

þr � ðquV Þ ¼ � @p

@x
þ @sxx

@x
þ @syx

@y
þ @szx

@z
þ qfx (5)

@ðqvÞ
@t

þr � ðqvV Þ ¼ � @p

@y
þ @sxy

@x
þ @syy

@y
þ @szy

@z
þ qfy (6)

Figure 3: Precalciner mesh
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@ðqwÞ
@t

þr � ðqwV Þ ¼ � @p

@z
þ @sxz

@x
þ @syz

@y
þ @szz

@z
þ qfz (7)

where p is pressure, f is volume force on unit mass fluid micelles, and s is shear stress, which is
calculated from:

sxx ¼ kðr � V Þ þ 2l
@u

@x
(8)

syy ¼ kðr � V Þ þ 2l
@u

@y
(9)

szz ¼ kðr � V Þ þ 2l
@u

@z
(10)

sxy ¼ syx ¼ lð@v
@x

þ @u

@y
Þ (11)

sxz ¼ szx ¼ lð@u
@z

þ @w

@x
Þ (12)

syz ¼ szy ¼ lð@w
@y

þ @v

@z
Þ (13)

and l is the molecular viscosity coefficient and k is second viscosity coefficient. Stokes made the
assumption:

k ¼ � 2

3
l (14)

(3) Energy equation [29]:

The law of conservation of energy is a fundamental law that a flow system containing heat exchange
must follow. The equation is expressed as follows:

@ðqTÞ
@t

þ @ðquTÞ
@x

þ @ðqvTÞ
@y

þ @ðqwTÞ
@z

¼ @

@x

k

cp

@T

@x

� �
þ @

@y

k

cp

@T

@y

� �
þ @

@z

k

cp

@T

@z

� �
þ ST (15)

where T is temperature, cp is specific heat capacity, k is heat transfer coefficient, and ST is viscous
dissipative term.

2.2 Turbulent Model
Comparing other turbulence models, the k � emodel is the most widely used model in engineering fluid

calculations, including the standard k � e model, RNG k � e model, and the realizable k � e model. Among
these models, the realizable k � e model is more suitable for simulating the gas flow in the precalciner
because of the advantages of simulating jet impact, circular aperture incident flow, secondary recirculation
and swirl compared to the other two models.
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In the realizable k � e model, the transport equation of k and e is shown as follows [30]:

@ðqkÞ
@t

þ @ðqkuiÞ
@xi

¼ @

@xj
lþ lt

rk

� �
@k

@xj

� �
þ Gk � qe (16)

@ðqeÞ
@t

þ @ðqeuiÞ
@xi

¼ @

@xj
ðlþ lt

rk
Þ @k
@xj

� �
þ qC1Ee� qC2

e2

k þ ffiffiffiffi
ve

p (17)

where

rk ¼ 1:0; re ¼ 1:2;C2 ¼ 1:9 (18)

C1 ¼ maxð0:43; g
gþ 0:45

Þ (19)

g ¼ ð2Eij � EijÞ1=2 ke ;Eij ¼ 1

2
ð@ui
@xj

þ @uj
@xi

Þ (20)

In these equations, l represents the viscosity coefficient, Eij is the time-average strain rate. rk and re are
the prandtl number corresponding to the turbulent flow energy k and the dissipation rate e, respectively, Gk is
turbulent kinetic energy caused by the average velocity gradient.

2.3 Radiation Model
Considering the characteristics of radiation between the gas phase and the particles, this research adopts

the P1 radiation model, which is represented in the following [31]:

r � ð�rGÞ þ 4p½a rT
4

p
þ EP� � ½aþ ap�G ¼ 0 (21)

where

EP ¼ lim
V!0

XN
n¼1

epnApn

rT4
pn

pV
(22)

ap ¼ lim
V!0

XN
n¼1

epn
Apn

V
(23)

� ¼ 1

3½aþ ap þ rp� (24)

rp ¼ lim
V!0

XN
n¼1

ð1� fpnÞð1� epnÞApn

V
(25)

2.4 Discrete Phase Model
The physical-chemical process of a series of solid phases in the precalciner, which contains the

pulverized coal combustion and the raw material decomposition, is gas-solid interaction in complex field.
In this paper, the gas phase and solid phases are identified as the primary phase and the discrete system,
respectively. So, the discrete phase model (DPM) [32] is used to simulate the movement of solid particles
and the interaction between solid phases and the gas phase.
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Because of the strong turbulent motion in the precalciner, the stochastic tracking model was used to
simulate the particle dispersion due to turbulence in the fluid phase, the discrete random walk (DRW)
model was adopted to account for the turbulence generation or dissipation in the gaseous phase. In
addition, considering gravity and drag force, the force balance equation of the particles in three directions
in Lagrangian coordinates is as follows:

dup
dt

¼ FDðu� upÞ þ
gxðqp � qÞ

qp
(26)

dvp
dt

¼ FDðv� vpÞ þ
gyðqp � qÞ

qp
(27)

dwp

dt
¼ FDðw� wpÞ þ

gzðqp � qÞ
qp

(28)

where up, vp and wp are the velocity components of the particle in the axial, radial, and circumferential
directions, respectively, u, v and w are that of the fluid -phase in the axial, radial, and circumferential
directions, respectively, and qp and q are particle density and fluid particle, respectively. FD(u-up) is the
drag force per unit particle mass.

2.5 Pulverized Coal Combustion Model
The pulverized coal particles, when injected into the precalciner, undergo a series of physical-chemical

processes including inert heating, water evaporation, devolatilization, char-burning and ash cooling. Among
these steps, devolatilization and char-burning are the main processes of coal combustion.

The process of the volatile devolatilization is simulated by the single-kinetic-rate devolatilization model
[33], which assumes that the rate of volatilization is a first-order function of the content of volatiles in the
particle:

� dmp

dt
¼ A1e

�ðE1=RTÞ½ðmp � ð1� fv;0Þð1� fw;0Þmp;0� (29)

where mp and mp,0 are particle mass and initial particle mass, respectively, and fv;0 and fw;0 are the initial mass
fraction of the volatiles in the particles and that of the water, respectively.

After the volatiles are released and burned out, the remaining char starts to undergo the surface
combustion reaction and the reactionkinetics/finite diffusion rate model was used:

� dmp

dt
¼ �APPOX

D0K

D0 þ K
(30)

where

D0 ¼ C1
½ðTP þ T1Þ=2�0:75

dp
(31)

k ¼ C2e
�ðE2=RTPÞ (32)

In these equations, Ap represents particle surface area, Pox is partial pressure of oxygen, T1 and TP are initial
particle temperature and the gas temperature around particles, respectively. dp represents particle diameter
following the distribution of Rosin-Rammler and the distribution of particle diameter was shown in Tab. 1.
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2.6 Chemical Reaction Model
The species transport model was adopted by the reactions involved in the simulation process [34]. In the

species transport model, the mass fraction Yi of the substance is estimated by solving the convection-
diffusion equation of the ith substance, and the solution equation can be expressed as:

@

@t
ðqYiÞ þ r � ðq~vYiÞ ¼ �r �~Ji þ Ri þ Si (33)

In this equation, J
!

i is mass diffusion flux caused by concentration gradient, Ri is the net rate of chemical
reaction of substance i and Si is the extra generation rate of discrete phase.

In this paper, the decomposition of raw meals is mainly the decomposition of calcium carbonate
(Eq. (1)). The pre-exponential and activation energy of the decomposition reaction of calcium carbonate
are 2.47E6 s−1 and 178 kJ/mol, respectively, and the decomposition rate of calcium carbonate is
calculated as follows:

a ¼ CaCO3inlet � CaCO3outlet

CaCO3inlet
� 100% (34)

where CaCO3inlet and CaCO3outlet are the flow rate of calcium carbonate at the inlet and at the outlet,
respectively.

2.7 The Formation of NOx
The kinetics of fuel NOX formation is complex, and its reaction mechanism researched by many scholars

has not been fully understood. It is generally believed that NO generation is a simple two-step model (Fig. 4).

According to the reaction mechanism, the production rates of HCN and NO can be used as reaction
source terms to simulate the generation of NO in the precalciner:

SHCN ¼ SVolatile!HCN þ SHCN!NO þ SHCN!N2 (35)

SNO ¼ SCharN!NO þ SHCN!NO þ S
NO�!HCNN2

þ S
NO�!charN2

(36)

2.8 SNCR Model
Aqueous urea solution, which is injected into the precalciner through different nozzles, is used as

reducing agent to reduce NOX in this article. The injection type of aqueous urea solution is cone pattern.
The non-uniform droplet size distribution is carried out in simulation, which meets the Rosin-Rammler
distribution, meanwhile, the motion of the droplet particles are calculated by the Lagrangian formulation

Table 1: Particle diameter distribution parameters

Size distribution Minimum size Median size Maximum size

diameter 10 42 200

Figure 4: The main reaction path of fuel-N
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and the interaction of the liquid solutions and the gas phases is introduced through particle sources of
Eulerian gas-phase equations. What’s more, the dispersion of particles due to turbulence in the fluid
phase was considered. Because the temperature in the precalciner is far below the formation temperature
of thermal-NOX, only fuel-NOX is considered in this article.

We assume that one droplet is formed by a single urea particle. Water evaporates before urea begins its
subliming process. The temperature of the injected droplets is controlled by both the convective and radiative
heat transfer with the flue gases and the transfer coupled with the latent heat of vaporization. Below the
boiling point, the vaporization rate is controlled by convection and diffusion according to the Eq. (37) [35].

dm

dt
¼ Sh � D � p � d � qfg � ln

1� yvapfg
1� yvapsurf

� �
(37)

where Sh is the Sherwood number, D is dynamic diffusivity, d is droplet diameter, qfg is flue gas density,
yvapf g and yvapsurf are vapor mass fraction at the surface and surrounding fluid, respectively. The
concentration of vapor at the droplet surface is evaluated by assuming that the partial pressure of vapor at
the interface is equal to the saturated vapor pressure, at the particle droplet temperature.

When the particle reaches the boiling temperature (vapor pressure becomes higher than gaseous
pressure), the mass transfer is determined by the latent heat of vaporization. Assuming constant droplet
temperature during boiling:

dm

dt
¼ �Qconvection þ Qradiation

hlatent
(38)

where Q is the convective and radiative heat transfer, hlatent is latent heat of evaporation.

The reactions between NH3 and NO are used Brouwer’s seven-step mechanism (Tab. 2). Brouwer
assumed that the breakdown of urea is instantaneous and 1 mole of urea is assumed to produce 1.1 moles
of NH3 and 0.9 moles of HNCO.

2.9 Computational Conditions
The study of SNCR process is consist of three main parts, different injection heights, different injection

flow rates and stratified injection under different flow rates on NOX removal efficiency were explored.

Tab. 3 shows the SNCR operating conditions. In this SNCR process, 0.019 kg/s corresponded to
normalized stoichiometric ratios (NSR) and all injection speeds were kept constant at 25 m/s. In the first
part, the effect of injection heights on NOX removal efficiency was explored, in general, NOX removal

Table 2: Seven-step reduced mechanism for SNCR with urea

Reaction A b E

NH3 + NO = N2 + H2O + H 4.24E + 02 5.30 349937.06

NH3 + O2 = NO + H2O + H 3.50E – 01 7.65 542284.005

HCNO + M = H + HCNO + M 2.40E + 08 0.85 284637.8

NCO + NO = N2O + CO 1.0E + 07 0.00 −1632.4815

NCO + OH = NO + CO + H 1.0E + 07 0.00 0

N2O + OH = N2 + O2 + H 2.0E + 06 0.00 41858.5

N2O + M = N2 + O + M 6.9E + 17 −2.5 271075.646
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efficiency is closely related to temperature, and the temperature of the precalciner are different in different
height. So, this part of the study focused on exploring the effect of heights on NOX removal efficiency.
The aqueous urea solution was injected through SNCR-1, SNCR-2 and SNCR-3 at 0.019 kg/s,
respectively. In the second part, the effect of injection flow rates on NOX reduction was explored,
injection flow rates of the aqueous urea solution would affect the production of ammonia, thereby
influencing the efficiency of denitrification. So, this part of the study focused on exploring the effect of
NSR on NOX reduction with a ratio of the gradient of 0.2, and the total flow rate was tested at
0.019 kg/s, 0.0228 kg/s, 0.0266 kg/s, 0.0304 kg/s, 0.0342 kg/s and 0.038 kg/s. In the third part, on the
basis of the second part, urea solution was injected through SNCR-1, SNCR-2 and SNCR-3 by the fixed
ratio to study the effect of the stratified injection on NOx removal efficiency, and the injection ratio of
SNCR-1, SNCR-2 and SNCR-3 was 7:2:1.

2.10 Numerical Algorithms
The mesh-independent verification of the computational grid is important factors affecting the accuracy

of simulation, because this paper focused on the reduction of NOX emission by SNCR denitration
technology, the variation of temperature, O2 concentration and NOX concentration of the precalciner
outlet was selected for the mesh-independent verification. Five mesh numbers (614,256 cells, 845,568
cells, 938,380 cells, 1,201,054 cells, 1,434,456 cells,) were simulated to record the changes of
temperature, O2 concentration and NOX concentration of the precalciner outlet. As shown in Tab. 4, a
mesh dependency test was performed to determine the appropriate mesh number. The results showed that
the mesh used in this study (938,380 cells) was mesh-independent.

Boundary conditions are also important factors affecting the accuracy of simulation. The measured
operating conditions of the precalciner are presented in Tabs. 5–7. In addition to calcium carbonate, raw
materials also contain clay, sand and other substances, and because calcium carbonate accounts for a
large proportion of raw materials, the decomposition of calcium carbonate is mainly used by most
scholars [17–19] for the decomposition reaction of raw meals. So all raw meals were simplified to

Table 3: The SNCR operating conditions

Case SNCR-1/(kg/s) SNCR-2/(kg/s) SNCR-3/(kg/s) Total flow rate/(kg/s)

0 0.019 0 0 0.019

1 0 0.019 0 0.019

2 0 0 0.019 0.019

3 0.0228 0 0 0.0228

4 0.0266 0 0 0.0266

5 0.0304 0 0 0.0304

6 0.0342 0 0 0.0342

7 0.038 0 0 0.038

8 0.0133 0.0038 0.0019 0.019

9 0.01596 0.00456 0.00228 0.0228

10 0.01862 0.00532 0.00266 0.0266

11 0.02128 0.00608 0.00304 0.0304

12 0.02394 0.00684 0.00342 0.0342

13 0.0266 0.0076 0.0038 0.038
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calcium carbonate in this article. The bituminous coal and the raw meals come from Weinan County of
shaanxi Province and Weihui County of Henan Province, respectively. In this simulation, the fixed non-
slip state and reflection condition were applied on the surfaces of walls, and the wall is insulated for heat
exchange. The outlet value is set as the pressure outlet, given the gauge pressure value −1000 Pa. The
pressure-based solver was used for numerical simulation through ANSYS FLUENT, and the pressure
velocity coupling was applied to the spatial discretization of SIMPLE algorithm equation using the first-
order upwind format.

Table 4: Mesh-independent verification

Mesh number Parameters

Temperature (K) O2 mole fraction (%) NO (ppm)

614,256 1062.98 3.45 528

845,568 1085.64 3.78 545

938,380 1100.21 4.01 559

1,201,054 1102.05 4.05 561

1,434,456 1099.54 4.03 560

Table 5: Proximate analysis and ultimate analysis of shaanxi bituminous coal

Proximate analysis (%) Moisture Volatile matter Ash Carbon Specific energy (MJ/kg)

2.5 27.46 18.47 51.57 25.29

Ultimate analysis (%) Carbon Hydrogen Oxygen Nitrogen Sulfur

81 7.6 10 1.5 0.7

Table 6: Raw materials compositions (%)

Loss SiO2 Al2O3 Fe2O3 CaO MgO

32.47 13.84 3.47 1.87 42.77 1.82

Table 7: Boundary condition of the inlet

Exhaust gas Tertiary air CaCO3 Coal

Velocity (m/s) 25 24 3 13

Hydraulic diameter (m) 2.4 3.6 0.85 0.2

Mass flow rate (kg/s) 37.91 1.25

Temperature (K) 1400 1120 1040 331
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3 Result and Discussion

3.1 Cold Flow Field
Figs. 5 and 6 show the profiles of velocity, vector and local zoom. From the Figs. 5 and 6, it can be

observed that the velocity fields were all symmetrically distributed. The direction of the lower cone speed
was dominated by the rising flue gas from the rotary kiln, forming a spray shape. The formation of the
recirculation region (① and ②) on both sides of the cone body increased the residence time of the gas and
the particles and facilitated heat exchange and decomposition between the raw meals and the gas.
Because the tertiary air changed the flow direction of the rising flue gas such that the gas was cut off, the
speed reached the minimum at the intersection of the tertiary air and the flue gas from the rotary kiln, and
the first sprayed effect was formed. Subsequently, the gas continued to rise through the lower constriction
and the upper constriction, respectively, forming the second and third sprayed effect. With the existence
of the spayed region, the pulverized coal particle and raw meal were in suspended condition and fully
exchange heat with the flue gas.

Figure 5: The profiles of velocity, vector and local zoom at x=0. (a) Contour, (b) Vector and (c) Zoom

Figure 6: The profiles of velocity, vector and local zoom at y=0. (a) Contour, (b) Vector and (c) Zoom
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Fig. 7 displays the average velocity along the z direction. From Fig. 7, it can be seen that the maximum
average velocity in the precalciner was at the inlet of the flue gas. When the flue gas entered the precalciner at
the height of 5 m, the average velocity in the precalciner decreased rapidly. Then, the average flow velocity
underwent four increased. The increase of first three average flow velocities, which was caused by the three
sprayed effect in the precalciner, was firstly increased and then rapidly decreased at heights of 5 m~7 m,
13 m~17 m and 32 m~34 m, respectively. The fourth increase of average flow velocity was the reason for
the decrease of the diameter of the outlet.

Fig. 8 displays the motion path of the gas, the tertiary air and the mixing gas. It can be seen that the
dominant motion form of the gas in the precalciner was jet rising flow, and the gas rose vertically along
the z-axis in the center of the precalciner. Due to the interaction between the tertiary air and the flue gas,
the streamlines on both sides were disordered, and some vortices and swirls appeared near the wall of the
precalciner. The simulation result of the average residence time of the gas phase in the precalciner was
about 5 s, which is very close to actual design parameters (4.8 s). There is no significant difference
between the two results, indicating the reliability of the simulation result.

Figure 7: Average velocity along the z direction

Figure 8: Motion path of the gas, the tertiary air and the mixing. (a) Flue gas (b) Tertiary air (c) Mixing gas
and (d) Zoom
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3.2 Hot Flow Field
Pulverized coal combustion and calcium carbonate decomposition occurred almost simultaneously in

the precalciner, to reveal the complex thermal process. The coupling of coal combustion and CaCO3

decomposition was simulated. Fig. 9 presents the contours of temperature. It can be observed that there
were two high temperature regions in the precalciner. The first region was in the lower part of the cone
resulting in the high temperature of the flue gas from the rotary kiln, and the other was in pulverized coal
main combustion area due to the heat generation of coal combustion instantly. After that, the temperature
decreased slightly and was between 1100 K and 1250 K.

In this article, in order to simplifying the model, the decomposition of the CaCO3 is considered to be the
only decomposition reaction. Fig. 10 shows the simulation result of the contours of the mass fraction of
CaCO3 and CaO. Overall, we can see that the mass fraction of CaCO3 dropped gradually along with the
height of the precalciner, but the mass fraction of calcium oxide increased remarkably, which indicates
that the calcium carbonate converted to calcium oxide by absorbing the heat of coal combustion. Locally,
calcium carbonate decomposition is mainly concentrated in the middle and lower column section of the
precalciner, and the decomposition rate of calcium carbonate decreased in the upper cylinder of the
precalciner. Finally, almost all the of calciumcarbonate decomposed into calcium oxide, and only a small
amount of unreacted calcium carbonate escaped from the outlet. According to the simulation result, the
flow rate of calcium carbonate at the outlet is 7.19 kg/s, so the decomposition rate of CaCO3 was 90.51%
calculated by Eq. (34), which corresponded to actual measured result [24,36].

Figure 9: Contours of temperature
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The distributions of the average gas temperature and concentrations along the z direction are displayed
in Fig. 11. It can be observed that when z < 7 m, the temperature decreased rapidly because the calcium
carbonate was decomposed into calcium oxide by absorbing the heat. The temperature and CO2

concentration, with the value at = 7 m, reached the minimum on account of the tertiary air. On the
contrary, the mole fraction of O2 reached the maximum. When 7 m < z < 12 m, the temperature and CO2

concentration increased sharply due to large quantities of heat and CO2 produced by coal combustion. At
the same time, O2 concentration decreased rapidly because of O2 consumed by coal combustion. When z
>12 m, the gas temperature and O2 concentration started to decrease smoothly. This is because the rest of
the calcium carbonate continued to decompose by absorbing the heating from the high-temperature gas
and the remaining coke continued to burn. According to the simulation result, the temperature at the
outlet of the precalciner was 1113 K, which was close to the online measurement value of 1128 K.
Moreover, CO2 concentration continued to increase slowly because of calcium carbonate decomposition.
In a word, when 20 m < z < 30 m, the gas concentrations were relatively stable and the temperature was
in the SNCR temperature window. In addition, compared with the lower column of the precalciner, the
gas flow in the middle column of the precalciner is also more stable (Fig. 8), which was more suitable for
the injection of urea solution, so SNCR nozzles should be designed in this position.

Figure 10: Contours of the mass fraction of (a) CaCO3 and (b) CaO
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3.3 Formation and Analysis of Nitric Oxide
NOX concentration was affected by two factors in the precalciner, containing fuel-NOX produced by coal

combustion and thermal-NOX from the rotary kiln. According the on-line measurements, NOX concentration
from the rotary kiln is about 750 ppm. The contours of NO are shown in Fig. 12. It could be observed that the
concentration of NO, appearing at the bottom of the precalciner, was the highest, which could be attributed to the
thermal-NOx produced in the rotary kiln. The lower part of the cylinder at x = 0, a small area with very low NO
content was formed near the tertiary air because of the tertiary air without NO, and the concentration of NO in
the center of the precalciner and near the wall were about 400 ppm and 500 ppm, respectively. The lower part of
the cylinder at y = 0, the lowest and the highest concentration of NOwere about 300 ppm and 450 ppm, respectively.

Figure 11: The distributions of the average gas temperature and concentrations along the z direction

Figure 12: Contours of NO
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Fig. 13 showed the average NO concentration along the z direction, it can be observed that when z < 7 m,
NO concentration in the precalciner dropped rapidly, which is attributed to the dilution effect of tertiary air
and the reduction of NO by CO produced by incomplete combustion of pulverized coal. When 7 m < z < 12
m, due to sufficient oxygen in the precalciner, pulverized coal particles burned violently, meanwhile, fuel-N
was oxidized completely to form NO rapidly. When z >14 m, because most pulverized coal particles have
burned completely, the concentration of NO was stable gradually and NO concentration at the outlet was
559 ppm, which was close to the online measurement value of 615 ppm.

3.4 Analysis of SNCR Process under Different Injection Conditions
3.4.1 Effects of Different Injection Heights

The contours of NO concentration and NH3 concentration under different injection heights are displayed
in Figs. 14 and 15, respectively. Furthermore, the NO and NH3 concentrations at the outlet under different
injection heights are shown in Fig. 16.

It can be seen from the Figs. 14 and 15 that the distributions of NO and NH3 were similar for different
cases, which could be attributed to the fact that, when urea was injected into the precalciner, the NH3 formed
at high temperature reacted with NO and O2, especially in the four injection locations, a large amount of NO

Figure 13: The average NO concentration along the z direction

Figure 14: The contours of NO concentration in the precalciner under different injection heights
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was reduced to form N2. The difference was that the NO concentration in case 2 was the highest, and the NO
concentration in case 0 is the lowest, the following reason could explain this phenomena, the average
temperature at case 0 is higher than case 2 (Fig. 11) and was more suitable for SNCR reaction. Moreover,
the distributions of NO for different cases were uneven, which could attribute to uneven temperature
distribution (Fig. 9), the higher the temperature, the more complete the reaction between NH3 and NO,
and the less NO content at the corresponding SNCR injection position. As shown in Fig. 15, NH3

concentration in case 0 was the highest and NH3 concentration in case 2 was the lowest for the three
cases. This is also because urea pyrolysis is more complete and more NH3 was formed at high
temperature. In addition, NH3 was only monitored near the four injection positions, and there was almost
no NH3 elsewhere, which indicated that NH3 reacted completely with NO. The average NO concentration
under different injection heights along the z direction is displayed. As can be seen from the Fig. 17, when
the aqueous urea solution was injected, a large amount of NH3 reacted with NO, causing the
concentration of NO to dropped sharply first, then a small amount of NH3 remaining continued to rise
and reacted with NO in the precalciner, and the downward trend of NO concentration slowed down.
According the simulation results, NO concentrations at the outlet were between 304.28 mg/Nm3 and
328.84 mg/Nm3, which meet the NOx emission standard (400 mg/Nm3). Moreover, the higher the
injection heights, the higher NH3 slips, but all NH3 slips were less than 10 mg/Nm3, which were lower
than the NH3 emission standard.

Figure 15: The contours of NH3 concentration in the precalciner under different injection heights

Figure 16: NO and NH3 concentration at the outlet under different injection heights
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3.4.2 Effects of Different Flow Rates
The contours of NO concentration and NH3 concentration under different flow rates are displayed in

Figs. 18 and 19, respectively, and the average NO concentration under different flow rates along the z
direction is shown in Fig. 20. Moreover, NO and NH3 concentrations at the outlet under different flow
rates are shown in Fig. 21.

As can be seen from Figs. 18 and 20, as the flow rate increased, the NO concentration gradually decreased and
the distribution of NO became more uniform. This is because with the increase of urea, more NH3 produced by the
decomposition of urea reacted with NO, which increased NOX removal efficiency and resulted in a more uniform
distribution of NO on the cross section. As shown in Fig. 19, the distribution of NH3 was similar to the Fig. 15, that
is, the high concentrations of NH3were only detected at the four injection locations and the other regions was almost

Figure 17: The average NO concentration under different injection heights along the z direction

Figure 18: The contours of NO concentration in the precalciner under different flow rates at SNCR-1
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zero, which also proved that the reaction between NH3 and NO was complete. With the flow rate increased, NH3

concentration increased slightly at SNCR-1, but the increase was not obvious, at this situation, on the one hand, the
NH3 generated by urea pyrolysis was largely consumed by NO reaction, moreover, although the decomposition of
urea was instantaneous. It could be seen from the Fig. 20 that the rapid descent stage of NO after urea injection was
20 m~22 m, which was mainly affected by the upward gas flows in the precalciner, leading to the rise of unreacted
NH3 along with the airflow. These dual function caused NH3 concentration was not high at SNCR-1. According to
the simulation results, the NO concentrations at the outlet were 226.24mg/Nm3~297.27 mg/Nm3, and the reduction
efficiency were 37.92% to 54.74%. In addition, the NSR increased by 0.2 every time, the NO concentration
decreased by 21.92 mg/Nm3, 16.61 mg/Nm3, 21.92 mg/Nm3, 18.84 mg/Nm3 and 3.51 mg/Nm3, respectively. It
can be seen that when NSR was greater than 1.8, the effect of flow rates on NO removal efficiency was small,
and NH3 slip exceeded emission standards (10 mg/Nm3). So the SNCR injection flow rates had an optimal flow
rate but not the higher the better. Results showed the optimal flow rate was 0.0342 kg/s with NO emission
concentration of 226.24 mg/Nm3 and NH3 slip of 3.43 mg/Nm3.

Figure 19: The contours of NH3 concentration in the precalciner under different flow rates at SNCR-1

Figure 20: The average NO concentration under different flow rates along the z direction
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3.4.3 Effects of Stratified Injection under Different Flow Rates
The contours of NO concentration and NH3 concentration under the ratio of 7:2:1 are displayed in Figs.

22 and 23, respectively. Moreover, NO and NH3 concentration at the outlet under different condition are
shown in Figs. 24 and 25.

Compared to the effect of injection height and flow rates, both NO and NH3 concentrations at SNCR-3
were lower by fixed ratio injection, which could attribute to the effect of stratified injection, the former was
because large amounts of NO was reduced at SNCR-1 and SNCR-2, resulting in the lower NO concentration
at SNCR-3, the latter was because the aqueous urea solution was not injected into SNCR-3 completely, NH3

produced by urea decomposition was consumed by reacting with NO between 20 m and 30 m, leading to a
lower NH3 concentration at SNCR-3. Moreover, the distribution of NO under stratified injection was more
nonuniform in Fig. 22 compared to Figs. 14 and 18. This is also because when z = 30 m, the temperature
distribution (Fig. 9) was more uneven, resulting in different denitration efficiency, which further led to
more uneven NO distribution at SNCR-3.

Figure 21: NO and NH3 concentration at the outlet under different flow rates

Figure 22: The contours of NO concentration in the precalciner under fixed ratio injection at SNCR-3
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From Figs. 24 and 25, it can be observed that NO concentrations at the outlet were 226.24 mg/
Nm3~297.27 mg/Nm3, the reduction efficiency was 39.36% to 53.85%, and NH3 slip was 4.67 mg/
Nm3~10.59 mg/Nm3. Moreover, NO concentrations at the outlet in case 8, case 9 and case 10 were lower
than that at the outlet in case 0, case 3 and case 4, respectively, which could be attributed to proper
stratified injection could slow down the competition of SNCR reaction [37]. However, NO concentrations
at the outlet in case 11, case 12 and case 13 were higher than that at the outlet in case 5, case 6 and case
7. This may be because although stratified injection could reduce the competition of SNCR reaction, with
the increase of aqueous urea solution at SNCR-3, the shorter reaction time played a more important role
in SNCR reaction. Therefore, the flow rate of aqueous urea solution at SNCR-3 had a strong effect on the
slip of unreacted NO, and decreasing the flow rate of that at SNCR-3 was conducive to reducing NOX

emission. What’s more, NH3 slips of case 8, case 9, case10, case 11 and case 12 were much higher than

Figure 23: The contours of NH3 concentration in the precalciner under fixed ratio injection at SNCR-3

Figure 24: NO concentration at the outlet under different condition
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that of case 0, case 3, case 4, case 5 and case 6, respectively, which could be attribute to the residence time of
NH3 was shorter at SNCR-3 and the reduction of NO was incomplete, leading to higher NH3 slip. Therefore,
the flow rate of aqueous urea solution at SNCR-3 had an adverse effect on the slip of NH3, and the greater the
flow rate, the more serious the slip of NH3. Besides, NH3 slip at the outlet in case 7 and case 13 was similar,
as mentioned above, when NSR > 1.8, the effect of flow rate on the reduction efficiency of NO was small,
meaning that NH3 slip was serious.

In a word, the effects of stratified injection and different flow rates on NOx removal efficiency were
different, When the flow rate of stratified injection was 0.019 kg/s, NO concentration at the outlet of the
precalciner dropped the most, meanwhile, NH3 slip met the emission standard. Therefore, the optimal
injection flow rate under stratified injection was 0.019 kg/s with NO emission concentration of 297.27
mg/Nm3 and NH3 slip of 4.67 mg/Nm3, which could play a better optimization role on NO removal
efficiency on the basic of the injection flow rate.

4 Conclusions

In this article, a numerical simulation of the full-scale trinal-sprayed precalciner was enforced to study
the transport of gas-solid two-phase flow, combustion characteristics, NOx emission and NH3 slip in the
precalciner. The results showed the flue gas from the rotary kiln formed the recirculation region on both
sides of the cone body, which increased the residence time of the solid particles, and facilitated heat
exchange between the raw meals and the gas and CaCO3 decomposition, further, there were high
temperature and low temperature zones in the precalciner, the high temperature zone was mainly
distributed in the cone of the precalciner and pulverized coal main combustion area, and the low
temperature zone was mainly distributed in the middle and upper column section of the precalciner. In
addition, the calcium carbonate decomposition was mainly concentrated in the middle and lower column
section of the precalciner, and the predicted CaCO3 decomposing rate was 90.51%, which was in
accordance with the actual measured data.

The concentration of nitric oxide was predicted and the NO concentration at the outlet was 559 ppm.
Moreover, different injection heights and different injection flow rates had a strong effect on NOX

removal efficiency and NH3 slip. The aqueous urea solution should be injected at SNCR-1 to prolong the
reaction time between NH3 and NO, and injection flow rate had an optimal flow rate but not the higher
the better. When the injection flow rate under stratified injection was 0.019 kg/s, which could play a

Figure 25: NH3 concentration at the outlet under different condition
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better optimization role on NO removal efficiency on the basic of the injection flow rate. In consideration of
cost effective, A stratified injection with an injection flow rate of 0.019 kg/s and an injection height of 20 m,
25 m and 30 m was suggested as a compromise of a satisfactory NOx reduction rate and reasonable NH3 slip.
Under this condition, numerical simulation result showed that NOx concentration at the outlet of precalciner
was 297.27 mg/Nm3 and NH3 slip was 4.67 mg/Nm3, meeting emission standard.
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