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Abstract

O A cement rotary kiln is characterized by a kind of counter-flow heat exchanger of cylinder
shape in which radiative heat transfer acts on dominantly due to extremely high temperature.
This process has also a highly complex dynamic behavior because several reactions such as
clinker generation and fuel burning occur in the kiln simultaneously with heating up of
material.

O In this paper, the authors improved the dynamic model of a rotary kiln for control purpose
especially in evaluating correctly radiative heat transfer using Monte Carlo method and
clinkering process improved by using the transportation equation of reaction rate based on
Jander’s formula. This simulator has been derived easily by using the SIMULINK.

O Consequently, they gave some information about effects of radiative heat transfer and
clinkering process, which differs from the conventional knowledge. Furthermore, it was clear
that the heating up rate of material was different by its temperature by this improved

dynamic model.

Key Words[ cement rotary kiln, radiative heat transfer, monte carlo method, clinkering

process, dynamic model
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Fig.1 A flow diagram of cement rotary kiln
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Fig.2 Radiative heat transfer in the kiln
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Fig.3 Launching direction of energy particle
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Fig.4 A kiln simulator generated by SIMULINK
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Tab.1 O Simulation conditions

Kiln diameter

3

[m] Length of kiln 60 [m]
Material charging rate 94.75 [t—raw/h] Material filling ratio 10 %
Kiln throughput 90 [t—cl/H] Input material temp 1,073 K
Initial material temp. 1,073 K] Initial refractory temp. 1,073 K
<Constituent of material>
CaO 57 (%] Si02 22 (%]
A1203 6 [%] F6203 3 [%]
CaCOs3 12 (%] a
Initial gas temp. in
Input gas temp. (Ty;) 1,273 K] the kiln 1,273 K]
Unit of secondary air 0.5 [Nm®/KG—cl| Unit of coal 0.045 [kg/KG—cl]
Cross section area of Cross section O
coal buming zone area of kilnx0.3 [m?] a
A, 5.24x10° 1/s E. 2.05x10° J/mol
A, 2.16x10° 1/s E. 3.29x10° J/mol
Ay 2.78x10'® [1/s] E, 7.18x10° [J/mol]
pr 3000 [kg/m?] pe 790 [kg/m”]
D. 10x107° [m] T, 298 K]
Com 1,000 7/ (kgK) Chg 1,000 T/(kgK)
Che 629 J/(kgK) Cor 1,050 J/(kgK)
Hym 12 [W/(m*K)] Hge 47.5 [W/(m*K)]
Hgy, 12 [W/(m?K)] H, 10 [W/(m?K)]
HCcacos —1.674x10° [J/Kg-CaCOj3] HCcys 2.557x10" | [J/Kg-CaO]
HCc,s 8.862x10° J/Kg-CaO Emr 0.8
HCcoal 2.93x107 J/Kg—Coal W, 0.25 [m]
kr 2.5 [W/m/K] a
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Tab.2 0 READ matrix

| [ M1 | M2 | M3 | M4 | GI [ G2 | G3 | G4 | Rl | R2 | R3 | R4 |
M1 0.378 | 0.005 0.563 | 0.019
M2 0.006 | 0.415 | 0.007 0.014 | 0.537 | 0.021
M3 0.007 | 0.369 | 0.015 0.022 | 0.579 | 0.008
M4 0.005 | 0.830 0.008 | 0.141
G1 0.185 | 0.007 0.015 0.723 | 0.027
G2 0.014 | 0.183 | 0.005 0.012 0.015 0.019 | 0.744 | 0.008
G3 0.006 | 0.169 | 0.010 0.010 0.022 0.018 | 0.753 | 0.013
G4 0.006 | 0.234 0.009 0.012 | 0.693
R1 0.215 | 0.020 0.661 | 0.026 0.014
R2 0.012 | 0.206 | 0.018 0.017 | 0.682 | 0.018 0.024 0.023
R3 0.015 | 0.270 0.021 | 0.620 | 0.038 0.015 0.020
R4 0.004 | 0.057 0.004 | 0.902 0.005
Tab.3 00 Self absorption matrix
| [ M1 [ M2 | M3 | M4 | GI | G2 | G3 | G4 | Rl [ R2 | R3 | R4
M1 | 0.001
M2 0.001
M3 oo
M4 0.002
G1 0.255
G2 0.266
G3 0.283
G4 0.658
R1 0.348
R2 0.339
R3 0.345
R4 0.080
Tab.4 0 Ratio of radiative heat that material receives
(%)
O M1 M2 M3 M4 2000 — 1
Ml . Gé'gemg G-Temp |
M2 o 1800 _css | /_/_ 0.8
4 = - -
M3 % 1600 ROEEPE E;Temp 06
M4 IS - /- CZS e
O S - e L
G1 43.8 1.5 g 1400 / 0.4
(7] - N T S —
= { C3S..—~
Source | G2 3.2 42.1 1.2 1200 35 02
G3 1.3 35.9 3.8 L o - i
G4 10| 73.9 1000 = 0
R1 50.2 4.6 0 5000 10000 15000
R2| 28| 470| 38 Timé) st
R3 35 | 671 Fig.5 T C2S C3S trend at 4th secti
ig. emp. rend a 1 section
R4 09| 223 & b 2o b
sum 100.0 | 100.0 | 100.0 | 100.0

C,S, C3S



52 goooooooooobooooooOoboboOoOooooooOooOoO0oOoooooooooon.

gboooboooooboobooooboobooooog
gboooooboboboobooooboobooooog
gbooooooooboobooooboobooooog
gboooboooboobooboobooooboooboaon

O
C)0000(00)0U0000D0O0D0OU0OD0OOUOO

gbooooooboobooboooooobobooon
gobobooobbooobobooooobooboooooboog
goooOoOoOooO 4000oobo20000ooOn
gogubuooboooooobooooooboooooog
OO00o0OoOO0o0oO00DOO0o00DD FigeOOOO

2000
I Gask=02| -
4 Gask=08| ...
., 1800 N
< B ST ] ] a
o e Material k=0.2
5 1600 A .
% e \\ i
5] -/ Material k=0.8 b
S /
£ 1400 i
§ — Material k=0.2
| --- Gask=0.2 |7
------ Material k=0.8] |
1200 -~ Gask=0.8
0 5000 10000 15000
Timél s

Fig.6 Material Gas temperature trend (absorption co-
efficient in Gas-4 = 0.8 or 0.2)
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Nomenclﬁture
Aco : area of coal at given cross section [m?]
Ac : pre-exponential factor (C03—>CaO+COﬁ) [1/s]
Ag : area of gas at given cross section [m?]
A : area of solid at given cross section [m?]
Az : pre-exponential factor (CaO+42Si0O2—C2S) [1/s]
A,y : pre-exponential factor (CaO+C2S—C3S) [1/s]
Chpg,pm : specific heat at constant pressure of combustion gas, material [J/kg/K]
Chpr.pec : specific heat at constant pressure of refractory, coal [J/kg/K]
Dc : diameter of coal particle [m]
Ec : activation energy (CaCO3—CaO+CO2) [J/mol]
E, . activation energy (CaO+2Si0O2;—C2S) [J/mol]
E, : activation energy (CaO+C2S—C3S) [J/mol]
Feom : heat transfer surface (gas-coal, material-gas) [m?]
F, : heat transfer surface (r3-atomosphere) [m?]
Fr1 2,3 : heat transfer surface gas-rl, r1-r2, r2-r3 [m?]
Fs : kiln shell suaface area [m?]
Gco, : ratio of COg in combustion gas —]
GnN,,0, : ratio of N3, Oz in combustion gas —]
HCc,s : heat generated by chemical reactions (2Ca0+SiO2—C2S) [J/keg—CaO]
HCc¢,s : heat generated by chemical reactions (CaO+4C2S—C3S) [J/kg—CaO]
HCcaco, : heat generated by chemical reactions (CaCO3—CaO+COs2) [J/kg—CaCOg]
HCcoar : heat generated by chemical reactions (C4+02—CO2) [J/keg—Coal]
Hg.gm  : convective heat transfer coefficient of gas to coal, gas to sold [W/m?2/K]
Hgy, o : convective heat transfer coefficient of gas to refractory, shell to atomosphere ~ [W/m?2 /K]
kg i : absorption coeflicient [1/m]
Ke,s : coefficient of reaction (2Ca04SiO2—C2S) [1/s]
Kco,s : coefficient of reaction (center part zone r2) [1/s]
Kcacos : coefficient of reaction (CaCO3—CaO—+CO2) [1/s]
Kcoal : coefficient of reaction (C+02—CO2) [1/s]
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k. : coefficient of conduction refractory to air [W/m-K]
N : the number of an energy particle emitted from i ]
N; : the number of an energy particle absorbed with i D00 OO0 0000 ]
Mai,0, : ingredient ratio of AlsO3 ]
Mcacos : ingredient ratio of CaCOg ]
Mcao : ingredient ratio of CaO [—]
Mpe,0, : ingredient ratio of FeoOg ]
Ms;o, : ingredient ratio of SiOo ]
Qout m : radiant heat emitted from materials [J/s]
Qout g : radiant heat emitted from gas [J/s]
Qout r : radiant heat emitted from refractory [J/s]
Qin g : radiant heat which gas receives [J/s]
Qin.m : radiant heat which materials receive [J/s]
Qin r : radiant heat which refractory receives [J/s]
RADg : heat transfer of gas by radiation [W/m?]
RAD,, : heat transfer of material by radiation [W/m?2]
RAD,. : heat transfer of refractory by radiation [W/m?]
Rd;; : radiative energy absorption distribution [—]
Ro e : the random numbers in the interval (0, 1) —]
Sim,r : heat transfer surface of m.-gas, r-gas [m?]
s : distance until an energy particle is absorbed [m]
T, : temperature outside kiln K]
Te,g,m : temparature of coal, combustion gas, material K]
Ty; : temparature of combustion gas at end part of kiln K]
Tm : temparature of material K]
T : temparature of refractory (inside zone rl) K]
T2 : temparature of refractory (center part zone r2) K]
T3 : temparature of refractory (outside zone r3) K]
Vgm : velocity of gas, material [m/s]
Vyi : velocity of gas at end part of kiln [m/s]
VO, : volume of a combustion gas element [m?3]
W, : thickness of refractory [m]
e : ratio of reacted CaO for C2S generation —]
ag : amount ratio of CaO for C2S generation —]
Qm,g,r : rate of self absorption of m, g, r ]
B8 : ratio of reacted CaO for CgS generation —]
Bo : amount ratio of CaO for C3S generation —]
Emr : surface emissivity of kiln shell ]
o : Steffan-Boltzmann constant [W/m?2 /K4
0 : the azimuthal angle in spherical coordinates [rad]

: the polar angle in spherical coordinates [rad]
Pe : density of coal [kg/m3]
Pei,gi : density of coal, gas at end part of kiln [kg/m3]
Pg,r : density of gas, refractory [kg/m3]
Pm : bulk density of solid [kg/m3]



