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Abstract — The selective non-catalytic reduction(SNCR) performance is sensitive to the process parameters such as flow
velocity, reaction temperature and mixing of reagent(ammonia or urea) with the flue gases. Therefore, the knowledge of the
velocity field, temperature field and species concentration distribution is crucial for the design and operation of an effective
SNCR injection system. In this work, a full-scale two-dimensional computational fluid dynamics(CFD)-based reacting
model involving a droplet model is built and validated with the data obtained from a pilot-scale urea-based SNCR reactor
installed with a 150 kW LPG burner. The kinetic mechanism with seven reactions for nitrogen oxides(NO,) reduction by
urea-water solution is used to predict NO, reduction and ammonia slip. Using the turbulent reacting flow CFD model
involving the discrete droplet phase, the CFD simulation results show maximum 20% difference from the experimental data
for NO reduction. For NHj slip, the simulation results have a similar tendency with the experimental data with regard to the
temperature and the normalized stoichiometric ratio(NSR).

Key words: NO, Reduction, Selective Non-Catalytic Reduction(SNCR), Urea Solution, Computational Fluid Dynamics
(CFD), Modeling and Simulation, Droplet Model
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Fig. 2. Temperature comparison of experimental and simulation in
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Fig. 1. 2D symmetric geometry and boundary conditions of NO, reduction reactor in CFD simulation.
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Table 1. Boundary conditions at reactor inlet in the case of T;=940°C

Species L/min mol/min mole fraction g/min mass fraction kg/s
CO, 103.0 4.598 0.0631 202.3 0.0971 0.00337
H,0 1324 5912 0.0811 106.4 0.0510 0.00177
0, 153.8 6.867 0.0942 219.7 0.1055 0.00366
N, 12432 55.499 0.7613 1554.0 0.7459 0.02590
NO 0.5964 0.02662 0.000365 0.7987 0.000383 0.000013
Total 1633.1 72.904 1 2083.3 1 0.03472
Table 2. Boundary conditions for atomizing air in the case of T;=940°C
Species L/min mol/min mole fraction g/min mass fraction keg/s
0, 23.480 1.0482 0.21 33.543 0.2330 0.00056
N, 88.329 3.9433 0.79 110411 0.7669 0.00184
Total 111.809 4.9915 1 143.954 1 0.00240
Table 3. Boundary conditions for urea solution in the case of T;=940°C
Species L/min mol/min mole fraction 2/min mass fraction keg/s
Urea - 0.0200 1.1981
H,0 - 2.1557 0.9818 38.802 0.9700 0.000647
HNCO - 0.0200 0.0091 0.8586 0.0215 0.000014
NH; - 0.0200 0.0091 0.3393 0.0085 0.000006
Total - 2.1957 1 40 1 0.000667
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Table 4. Reduced kinetic parameters developed by Brouwer et al. [15].
No. Reaction Pre-exponent (A) [ hm—3} Temperature exponent, b Activation energy (E,), [J/kmol]
s-K’ s-K”-kmol
1 NH;+NO—N,+H,0+H 4.24x10° 53 3.5x108
2 NH;+0,~NO+H,0+H 3.50x10° 7.65 5.24x108
3 HNCO+M—H+NCO+M 2.40x10™ 0.85 2.85x10%
4 NCO+NO-N,0+CO 1.00x10% 0 -1.63x10°
5 NCO+OH—NO+CO+H 1.00x10"3 0 0
6 N,O+OH—N,+0,+H 2.00x10'? 0 4.19x107
7 N,O+M—=N,+0+M 6.90x10% 23 2.71x108
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Tx=940 °C.
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Fig. 7. Reduction of NO with respect to temperature at: a) NSR=1.0;
b) NSR=1.5; ¢) NSR=2.0.

o

074, Hle4 B &8 H o= pilot-scale HES-7]ollA =
HALEHE HolA & RES 52418 8ol sHAE 2t
ETH15]. ¥ CFD BARYA 9] #A% B9 900 °C<TR<980 °C
o]$leH, CFD 2% Iz} 4 RAF Aij= Fof7l 2R $lolA
fraEsit.

22 Al7FA] TR NSR(1, 1.5 % 2.0)7 AI714] thE £5(900,

Korean Chem. Eng. Res., Vol. 46, No. 5, October, 2008

%



928 el ekl - el - gl -

940 4 980 °C) ol tist F 97Fx] Az tiste] No, A&
I} NH;-slip] A3k ZARES vlasie),

3-1. NO, MZ&8

Ot s AA] F7olA SNCR 372 oF 30~60%2] Aaatsla
Aays G4 S Qlar, B} 22 bench-scale o4+ o]H}
F U =2 NO, AES B 2] the 7k glo] Q89
S AFRE ) HALE= 930~1,040 °CE LA UTHA).

Fig. 72 37019 U2 NSRolM £%of uE NO, A7E&S TAL
Aol AFAE 7 BAFET Fig 7ollAE W 255(Tp)9h
NO “s=o] tist 23 expA)7t A= o] Sk, Whe- o] s}
o K-type A7} 1,000 °C TAH A HoFs &7 Al
£5°C(&A7], &)tk NO s5ol that AthxPH 9= +5%2
A o] A7) L 2H£1%,; Fuji electric system Ltd., Japan)2} 31 ©]
2] Nk Adel FHA oz AL A7) o]9]e) Ad e}
(©F +4%)5 33T}

B 93] 5] SNCR 378014 A2 25 oF 940°CE K.
oln], o]i= =g B3 HAMde] B} 1 e 2% Jo7A] HE
37] wltell Al HALTE ST 2% 940°C Hik= o =
& 2 Zlom oitdnt Addtel A NSR=2.02 Tz=940 °C
A 80%2] ] NO, ATHES BRIt} o) BAMA e E 2
AFE L k. A FE AR AATe] oF 860 °C ©]3t
oA NO, AARESO = Qlete] 52] NO, A17H&s HRlth= 3l0]
o}, o]e)dt A dvh= AF7H] Harg Fo] glom, & ¢lojlA
AREEE 70 RESAI 151 ARESFEA] o] &= o]3telA12] NO, A
TEE A5 = §lrk Table Sell= 7 Adxe] & NO,
A7rgol digt AgAn, BAMEY, 123 APd el digk AR
o] 2ok Bl ek

A& BARE Alololl= Aol 20% FE9] xlo]S HolFr gl
on, BAMA = AEANE dAlF oz Z oS53kl otk #H AL
TZ21(940°C)0llA vl A e BAPA T o] RENtollA
CFD 2Ele] ofg] BAL QIxIgEES] & 24 =|917] wito|th,

3-2. O[EES UTL|of WEH

Axzo] A7} #7441 Selld SNCR 5782 vk NH,
WEHE F23lE|o]of SHH4]. NH; slip 259} NSRel 2y
), Fig. 84 A Azel RAPAE Bt} Fig. sollM ¥k
L5(TRSk NH, Fof| tish A3 apH9)7F A =] Qlot. v

Table S. Comparison of NO, reduction percentage between experimental
and simulation at three different temperature and NSR

Temperature NSR Expfor/zr)nent Simulation (%) Dlgzr;f e
900 °C 1 45 23.0 220
L5 14 21.6 7.6
2 61 41.8 192
940°C 1 56 67.0 11.0
1.5 73 62.5 10.5
2 81 80.3 13
980°C 1 53 36.4 16.6
1.5 69 58.1 109
2 71 534 17.6

*Difference (%) = |[Experiment-Simulation|
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Fig. 8. NHj slip with respect to temperature at: a) NSR=1.0; b) NSR=
1.5; ¢) NSR=2.0.
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INe=A k=
A; : pre-exponential factor for the species i
A, : surface area of the droplet [m’]
b : temperature exponent

C,» C,, Cs,: constants in Eq. (4)

Cp : drag force coefficient

CFD : computational fluid dynamics

c, : the specific heat capacity of the droplet [J/kg/K]
Cho : the vapor concentration in the bulk gas

C,s : vapor concentration at the droplet surface [kmol/m’]
C, : constant in Eq. (5)

OF : the length fraction constant

C, : time scale constant

D;,, : molecular diffusivity of species i [m%/s]

d, : droplet diameter [pum]

D, : the turbulent diffusivity [m%s]

Dy : water diffusion coefficient in the air [m?/s]

E, : activation energy [J/kmol]

EDC : eddy-dissipation concept

Fp : drag force

F,and F, : additional accelerations in the x and y directions

G, : turbulence kinetic energy due to buoyancy

G, : turbulence kinetic energy due to the mean velocity
gradients

h : convective heat transfer coefficient [W/m*/K]

hg, : latent heat [J/kg]

I : turbulence intensity

J; : diffusion flux of species i

k., : thermal conductivity of the gas [=0.6 W/m/K]

k : turbulence kinetic energy [m%/s?]

k. : mass transfer coefficient [m/s]

m, : droplet mass dynamics [kg]

M,,., : water molecular weight [g/mol]

NSR : normalized stoichiometric ratio

N,, : molar flux of vapor [kmol/m%/s]

Pr : Prandtl number

R : gas constant [R=8314.4 J/kmol/K]

R, : net rate of production of species i by chemical reaction

Sc, : turbulent Schmidt number

S; : rate of creation by addition from the dispersed phase
plus any user-defined sources

S,and S, : user-defined source terms

SNCR : selective non-catalytic reduction

T, : local temperature of the continuous phase

Ty, : boiling temperature [K]

T, : droplet temperature [K]

Tg : reaction temperature [K]

Ty : vaporization temperature [K]

uand v : gas phase velocities in the x and y direction [m/s]

u, and v, :droplet velocities in the x and y direction [m/s]

v : dynamic viscosity [kg/m/s]

P : velocity vector [m/s]

Y, : species mass fraction of the surrounding fluid

Y/ : species mass fraction of the fine structure

Yy : fluctuating dilatation in compressible turbulence to the
overall dissipation rate

Yy : water mass fraction in the flue gas

J2[o|A =X}

p : gas density [kg/m’]

n : molecular viscosity of the gas phase [kg/m/s]

g : length fraction (or mass fraction) of the fine structures

P : density of the fine structure

Pp : particle density [kg/m?]

I : turbulent viscosity [kg/m’]

€ : turbulence dissipation rate [m?/s’]

(8 : turbulent Prandtl numbers for k

c : the turbulent Prandtl numbers for €
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