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1. Cement manufacturing and the pyro-section
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« (CaCQO3 + heat - Ca0 + CO2
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P - pressure w - rotation rate
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2. DAE of the pyro-section

» DAE structure

» Clinker formation reactions

T = .f(ma yau)
0=g(z,y,u)
z = h(z,y,u)

CaCO3; — CO, 4 CaO
2Ca0 + Si105 — CsS
CaO 4 C2S = C3S
3Ca0 + Al,O3 — C3A

» Mass and energy balances

4Ca0 + Aleg —+ F6203 — C4AF
» Combustion reactions

8tC:—V°N—-R
U =—-V -H+Q

2C + O, — 2CO
C + H,O — CO + H;

» Algebraic relations

C+ CO; — 2CO
CO + H>O — CO3 + H

U(T,P,c) — U =0
V(T,P,c)—1=0

2H2 —+ 02 —> 2H20
» Radical reactions

» Thermo-physical properties

O; + Ar = 20 4+ Ar
Hz - Nz = 2H + N2

V =V(T, P,n)

H = H(T,P,n)
U=H(T,P,n) — PV(T, P,n)
C,=Cy(T,n)

p=M'c

M — “(Ta n, V)

k=k(T,n,V)

D = D(T, P, c)

H+ O; + N, = HO, + Ny
H+0O,=0H+O0
Ho +O=0H+H
H, + OH = H,O+H
20H = H,O + O

» NOx reactions

O, +N=NO+0

» Transport phenomena

N+ OH = NO +H
» SOx reactions

N =cv— DVe

H=H(T,P,N) — kVT
v =v(VP,pu,p)

Q Q(Ta P,n,k, u, p, Cp)

S+ 0;=5S0+0
SO + O = S0,
SOQ O= SOg

1
CaO + SO3 + 502 = CaS0y

» Reaction and production rates

CaO 4 SO, = CaS03
CaO + S0O3 = CaS0y

R =1v'r(T, P,c)

C&SO?, —+ 0502 — CaSO4

11 1
FeSQ + ZOQ — 5F6203 —+ ZSOQ

» Cyclone specific model formulas

Usep =—

s Teq =—

18, Teq 7T—ht

Va

» Kiln specific

model formula

v5(2) = w

Y + ¢(2)cos(§) wLe(z)

sin(&) asin(fg2))

» Cooler specific model formulas

Qi
B
Nu

= A;;3:i;(T; — T;)
k. Nu
D, + 0.5¢D,Nu
— 2 4+ 1.8PriRez

» Calciner specific model formulas

k

Nu =

m=—Nu
G Dy

I(Rep — 1000) Pr

14 12.7(E )z (pri — 1)

(a) Cross section

—r— "
Al I I
1r I : _:_}
: \
| 1
N sin —T* _"} _'_} N

Clinker \ :
| N i
Grate Belts : f

-4z ey 0

i i i LY Z

; —— 2

(b) Axial profile, with segment
notation for the k-th volume.

3. Model-based step repsonse & IMC-based tuning

» Normalized step response from the model and the estimated linear transfer function

Exhaust pressure, P,
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» CVs, MVs, and KPIs of SIMC-based Pl-tuning vs manual Pl-tuning

Calcination degree Calciner fuel flow Exhaust temperature
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4. RGA

» Linearized system
G(s)=C(sI — A 'B+D
A= 0.f — 0yf :8yg:_1 0:9
B = 0uf — 0yf Zaygﬁ_l Oug
C = 9,h — 8,h[0,9] " O.g
D = 8,h — 8,h [9,9] " Dug
» CV-MV pairing evaluation based on RGA
Ay (G) = G(iw) o (G(iw) )t

[Pu]ij =

[Au(G)]i

Table 1

- RGA matrix.
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Intuitive pairs (blue,orange).
RGA-based pairs (red,orange).

CV\MV

Vgrate Pph Ffeed

Ff,Ca Ff,K Fist Feool

XO2,C’a
Xca0
Xo02,K
Ts,b'u,'rn
Ferink
Tclinker
Pebed

-7e-6  5.20 -0.08
1le-5 -6.62 1.30
8e-5 -3.56 -0.02
-0.01 8.54 -1.38
1e-3 -0.17 1.04
-2e-6 -2.41 0.18
1.01 0.02 -0.04

-1.13 1.61 -2.17 -2.43
13.4 -14.4 3.87 3.51
-0.01 -423 7.14 1.69
-11.7 19.4 -8.35 -5.51
2e-3 0.01 0.04 0.08
0.42 -1.26 0.45 3.61
0.02 -0.08 0.02 0.05

Contacts: John B. Jorgensen: jbjo@dtu.dk



