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Fig.1 Schematic of cement rotary kiln process
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LIZE 2%, Figbld, ZH XY 2258 X, Y Sz
MV Z= £(X,Y). SHIZ, 8O D K5y THEE L/
A RL, TOMEET T T EEEORIE ST EE 2D,
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INEREET NEEZ, SHIZK ST LI 3 AIGITH
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Table 1 0-1 discrete variables

Supplementary Variables | Index Number
Continuous | Discrete of of
(0-1) | region | regions
Piecewisely | @ Kiog 7 y i N,
linearized B Kesg W F i N,
terms Kees Mees \ ¢ k N,
4
Tr, S n P N,
Discretized | A, T T q N,
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Sl G
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AV, =[A"'Bg,...A"'Bg, ., A""Bg,....A" “Bg,_]|
AS,=[A"'By,...A"'Bn,,, A" Bn,,...A" “Bn,, | 4y
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7272l
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F3i,n :Zi,n _An _Xmin?i,n’F“i,n = _Zi,n +An +Xmax?i,n
le =0 ,ézl_,n =0, (48)
é3i,n :_(i) ’é4i,n :(’i)n
Hi,, =0 JH2,, =0
I:I3[,n:_‘pn.R+Xmin ’I:I4[,n:\T’n'R_X
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F5 ~F1, Gs ~G7, Hs ~H7 WZE-> TRtk T& 5,
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_ An (X W Table 2 simulation conditions
- 2 min2 1 ix/lin
Kiln diameter 3 [m] Length of kiln 60 m]
= Y Material charging rate 94.75 [t-raw/h] Material filling ratio 10 %
An 3 ( min3 1 iy )Yi n Kiln throughput 90 [tﬂ[:lgH] Tnput material temp | 1,073 K]
_ Initial material temp. 1,073 K Initial refram temp.| 1,073 K
F7; =—q .Aﬂ ,+ A (4, X ing 0 = X Vi (49) Coneiyer of il _ . - e
~ _ — A0, 6 ] Fe,0; [ 3 [ ™
G5 = (Dnz 3G6 = ®n3 ’G7 =—a '(I)n2+q)l13 CaC0, 2 %l
~ Initial gas temp. in the
H5. =-— R+ X R+ X Input gas temp. ( 7gi) 1,273 [K] kiln 1273 Kl
L ‘II” 2 min2 ‘II min3 Unit of secondary air 05 [Nm/KG-cl] Unit of coal 0045 | [ke/KGcll
= — Cross section area of coal | Cross section
H7i,n =(_ayi\vn,2 +\|ln 3)R+a;4)(mm2 Xmax3 burning zone area 0fki|n>;0.3 [m’] .
Ao 524 %10 [1/5] E, 205x10°|  [J/mol]
- o NIy e A, 216x10° [1/5] E, 329%10° [ [J/mol]
é%&\-\ Yi =1 &fcﬁé%@ﬁ) 1=1 N/@EF‘TUE M\#ﬁ@ A, 278x10° /5] E, 718x10°|  [/mol]
F a2 T GORDHFIRE R T D, ZAUTEY, FlTiRE 2. I 2 To_| bom]
(3 m a
Lzdoicl y =1 J bR =Rl BT 5004 1 5t 00| /6K 1000 | 65K
C,. 629 [J/(keK)] C, 1050 | [U/keK]
1 CTHRUSSHDIENTED, o 12 W] A, 75 | W]
H, 12 W/(m’K)] H, 10 W/(m'K)]
N, (50) HCowos S1674x10° | CaCO,l o 2557 x 10| [J/Kg-CaO]
Z 7, =1 HCas 8862x10° | [J/Kg-CaO] E e 08
= HCou 293x10" | [J/Kg=Coall w, 025 ]
k, 25 W/m/K]

MRS BE 7, &y (k) BT AR
TFOIHNCEFRTESD,

Fy(k)-UU, + Gy(k)- X, + Hy(k) < 0 (51

72771

Fy() =[F 1,(07,,....F 1,, (k)" Figky” ,Frey” |
Gy(h) =[G 1,(k)",,....G 1, ()7, G k), Gy |
Hy(k)=[H1,(k)" ..., H 1, (67, Bk, Hugk)” |
F1,(k) = [F1,(6)" . F2,(k)" .-+, Fe, (k)" .F7,(k)" |
[Gl G2, ,.,Gs,,' (”}71.7”T]T

i,n ?

(52)

O

iin

TV R | (R (A

iin in i,n 2

m)

Fro = —2 7.(6),G 11 = 0, H (k) = 1
i=1

Fo =Y 7,06, Gu(k) = 0, Hm(k) = -1
® i &

AR5 MIQP RIS
HNlzL-TRbEND,

B DRHEBIS J 13(54)

U =E-UYJ (53)

J=UU,"-82-UU, +S1-UU, +So (54)

= (0@ x,+¥-R—Ry| Q,|Q®-x, +¥-R)- Ry}
+Ry"-Q,,-Ry
=20 5, +'¥-R)-Ry)| Q,(C-A)-2Ry'Q,E
$:=(C-A)Q,(C-A+E'Q,E

(55)

5.2 L2al—ia
REEINTZ MLD £5 VO B2 7R 57-9, Table2
WORT RO TZOET L IVESNDIEE R ERD T,

Fig.9 i, ¥ H O DFEEB LT AD FiREiE Ok
MHERE D IaL —vavfERERLTVA, —F, Fig.10
BB CH DA RO EE 50%,35%(66% AT v 7 X
NETFF TG AEICBTAEEB LT ADORKEBRED Y I
L—val i RE R T, TROORR I, 1 ko R ETHRE
ETIVTIIELRWI AT AOIERIEME, 37205 FEHE
FE 34 4000 F1% O FIRIEE O 282 bR0, F R O
(kT AR e MR R R 2R &Y, SRR L7 BE A & H
Wz MLD E7 /VIZED THELITE TWDERF 138X D, FF
2. ZRBOIERIEIEN 7 0t A 2RO B RE R 72§ #1 & A

RRETHHE—HEET VLo THETETWAILEE X
Le, SR ZOFET MEDNHIBERHREHID A THLIEN
REIND,
2000
1900 =
o 1800 |-S-Temp
% 1700 .- /’C’:‘T
5 L MLD model
g 1600
E 1500
5} M-Temp |-~
= 1400
1300 (conventional linear model) _|
1200 //
1100 =
0 5000 10000 15000
Time [s]

Fig.9 The time response of the temperature, material and gas;

2000

1900 ;:ifG—Tempf — 7Coal50‘?/o step down -—
o 1800 PR Coal65% |
g 1700 \\\ B s S
21600 > T
()
§ 1500 ~M -Temp ~
= 1400

1300 |- Coal50% step down /

1200 Coal 65%

1100

0 5000 10000 15000
Time [s]

Fig.10 The response of the temperature wtith set point change
in quantity of coal
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6. F&&H

IR FEIRIC L JFR AR RN LT A A br—&Y
—F AN L MLD VAT A& AW T b EITHIZE
T REARERO OGN fl#EZ T REE T2 BT T
L DFRaR E A AT,

ET ARIZERL Tl HiBhBE B SR 8 & L oD B
FId 1 2R EXHFI X OB OEREAE B 6912, 0-1 BEHUE
BYZE SR LB T O iy B CAE U (HIRA 16 L TS5
FIEERRE LT, COREFR R RESEME2 b
WML T e R T 5 IS LI LD MLD
BT NVOEMMRAREE /RS T, fEFES L MLD 7 /LD
ISR D & JRBHEE O F-RH B O A 2 LN
BCETWAIENGNY, S BRIOEFT MMEDF Y EES %
DR G ~DOF RPEDRIR ST,

ST R LTI EA ML D MLD 5 L% v,
WHERERA L IS KIBIC T N5 A OB IRERIER Y,
B —E 7L CIE e ALK e o — A2 38 F Uil e~
MEERRREL T2V,

By

1)Alberto Bemporad, Manfred Morari”Control of systems inte-
grating logic, dynamics, and constrains”,Automatica, Vol.35,
pp.407-427(1999)

2) FREAnE, MEWIR: “EA b — S =Y —F N B AT IV TET IV
OBFBEAZ NIV BARKIGIZH T HHEEICA,
Vol.8,No.6,pp.43-54(2003)

EEH —Ek, HEME, AT VYR RT AO TR EE DT 1
o2 o\ o~ o g5 370 v A T A oo
#,Vol.46No0.3,pp.110-119(2002)

Nomenclature
Aco :area of coal at given cross section [m?]
Agm area of gas and solid at given cross section [m?]
Ac,x,y pre-exponential factor [1/s]

Cpg, pm * specific heat at constant pressure of

combustion gas, material [J/kg/K]
Gor, pe © specific heat at constant pressure of refractory,
coal
[J/kg/K]
Dc : diameter of coal particle [m]
Fe,x,y ' activation energy [J/mol]
F.ri *heat transfer surface [m2]
Fs kiln shell suaface area [m2]
Gcoz :ratio of CO2 in combustion gas [—]
G202 * ratio of N2,02 in combustion gas [—]
HCtss: heat generated by chemical reactions
(2Ca0+Si0s—C2S) [J/kg-CaOl
HCtss: heat generated by chemical reactions
(Ca0+C28—CsS) [J/kg-CaOl
HCtacos' heat generated by chemical reactions
(CaC0O3—Ca0+CO2) [J/kg-CaCOs]
HCtoa * heat generated by chemical reactions
(C+02—CO02) [J/kg-Coall

Hgc ¢m  convective heat transfer coefficient of gas to
coal, gas to sold [W/m?/K]

Hg, sa  * convective heat transfer coefficient of gas to
refractory, shell to atomosphere  [W/m%K]

ks i :absorption coefficient [1/ml]

Kesos  coefficient of reaction(2Ca0+Si02—CsS)  [1/s]
Kcss © coefficient of reaction (center part zone r2) [1/s]
Kcacos:coefficient of reaction (CaCOs—CaO+COs) [1/s]
Kooal : coefficient of reaction(C+02s—COs2) [1/s]
k, :coefficient of conduction refractory [W/m - K]
N:the num. of an energy particle emitted from i

Mniz0s :ingredient ratio of AleO3 -
Mecacos
Mcao ingredient ratio of CaO —

[

[

[—]
:ingredient ratio of CaCOs [—]

[—]

[—]

Mre203 ingredient ratio of Fe2Os —

Msio2  tingredient ratio of SiO2 [—]
Qout m * radiant heat emitted from materials [J/s]
Qout 7 ° radiant heat emitted from gas [J/s]
Qoue» ‘radiant heat emitted from refractory [J/s]
Qin s :radiant heat which gas receives [J/s]
Qinm - radiant heat which materials receive  [J/s]
Qi r :radiant heat which refractory receives [J/s]
RADg : heat transfer of gas by radiation [W/m?]

RADuw : heat transfer of material by radiation [W/m?2]
RAD: : heat transfer of refractory by radiation [W/m?]

Rdji  radiative energy absorption distribution [—]
R, .. the random numbers in the interval (0,1) [—]
Smr :heat transfer surface of m.-gas, r-gas [m2]
S :distance until an energy particle

is absorbed [m]
Ty temperature outside kiln K]
Te.m : temparature of coal, gas, material K]
Ty :temparature of combustion gas K]
Thsi - temparature of materialand refractory K]
Vem - velocity of gas, material [m/s]
Vei - velocity of gas at end part of kiln [m/s]
VO, :volume of a combustion gas element [ms3]
W:  :thickness of refractory [ml]

a ‘ratio of reacted CaO for CsS generation [—]
ao :amount ratio of CaO for C2S generation [—]
@ mgr :rate of self absorption of m,g,r [—]
B :ratio of reacted CaO for CsS generation [—]
Bo ‘amount ratio of CaO for CsS generation [—]
¢ mr - surface emissivity of kiln shell [—]
o ' Steffan-Boltzmann constant [W/m2/K4]
¢ :the azimuthal angle in spherical coordinates [rad]

7 the polar angle in spherical coordinates [rad]
o ¢ - density of coal [kg/ms3]
0, ¢ - density of coal, gas at end part of kiln [kg/m?3]
o or - density of gas, refractory [kg/ms3]
o m : bulk density of solid [kg/ms3]

(Zfr 2006. 8.30)
(Z# 2007. 3.15)
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MLD modeling of a cement rotary kiln by using improved transformation
from proposi-tional logic problems to inequalities.

Kazuki Inatsu !, Seiji Matsuo 2

Technical Group, Production and Technical Department, Sumitomo Osaka Cement Co., Ltd., Tokyo 102-8465!
Department of Geosystem Engineering, School of Engineering, The University of Tokyo, Tokyo 113-86562

Abstract

A cement rotary kiln is characterized by a kind of counter-flow heat exchanger of cylinder
shape where several processes occur simultaneously such as coal combustion, radiative heat
exchange between material and combustion gas and clinker generation.

This process has highly non-linear behavior because of radiative heat exchange and chemical
reactions. In this paper, the authors proposed the method of constructing the MLD (Mixed
Logical Dynamics) model of the cement kiln and derived the optimizing problem from the
MLD model in order to improve the control performance in case that the process strayed
distantly from the normally operating point. In order to lighten computing load of solving the
optimizing problem, it was shown that the detailed model of kiln could be simplified and
down-dimensioned maintaining the whole process characterization by neglecting the
dy-namics of the coal combustion and gas process. The non-linear terms left in the simplified
model were sec-tionally linearized for converting into the MLLD model.

KeyWords:
cement rotary kiln, non-linear, linearization, MLD model
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