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1. Cement manufacturing and the pyro-section
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T - temperature          M - feed flow
P - pressure                w - rotation rate
X - composition           v - velocity
q - flow 

Notation:
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2. DAE of the pyro-section

▶ DAE structure

ẋ = f(x, y, u)

0 = g(x, y, u)

z = h(x, y, u)

▶ Mass and energy balances

∂tc = −∇ ·N +R

∂tÛ = −∇ · H̃ +Q

▶ Algebraic relations

U(T, P, c) − Û = 0

V (T, P, c) − 1 = 0

▶ Thermo-physical properties

V = V (T, P, n)

H = H(T, P, n)

U = H(T, P, n) − PV (T, P, n)

Cp = Cp(T, n)

ρ = M ′c

µ = µ(T, n, V̂ )

k = k(T, n, V̂ )

D = D(T, P, c)

▶ Transport phenomena

N = cv −D∇c
H̃ = H(T, P,N) − k∇T
v = v(∇P, µ, ρ)
Q = Q(T, P, n, k, µ, ρ, Cp)

▶ Reaction and production rates

R = ν′r(T, P, c)

▶ Clinker formation reactions
CaCO3 → CO2 + CaO

2CaO + SiO2 → C2S

CaO + C2S ⇌ C3S

3CaO + Al2O3 → C3A

4CaO + Al2O3 + Fe2O3 → C4AF

▶ Combustion reactions

2C + O2 → 2CO

C + H2O → CO + H2

C + CO2 → 2CO

2CO + O2 → 2CO2

CO + H2O → CO2 + H2

2H2 + O2 → 2H2O

▶ Radical reactions

O2 + Ar ⇌ 2O + Ar

H2 + N2 ⇌ 2H + N2

H + O2 + N2 ⇌ HO2 + N2

H + O2 ⇌ OH + O

H2 + O ⇌ OH + H

H2 + OH ⇌ H2O + H

2OH ⇌ H2O + O

▶ NOx reactions

N + NO ⇌ N2 + O

O2 + N ⇌ NO + O

N + OH ⇌ NO + H

▶ SOx reactions

S + O2 ⇌ SO + O

SO + O ⇌ SO2

SO2 + O ⇌ SO3

CaO + SO2 +
1

2
O2 ⇌ CaSO4

CaO + SO2 ⇌ CaSO3

CaO + SO3 ⇌ CaSO4

CaSO3 + 0.5O2 ⇌ CaSO4

FeS2 +
11

4
O2 →

1

2
Fe2O3 + 2SO2

▶ Cyclone specific model formulas

vsep =
d2m∆ρ

18µm

vθ,req(vin)
2
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, req =

√
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πht

▶ Kiln specific model formula

vs(z) = ω
ψ + ϕ(z)cos(ξ)

sin(ξ)
πLc(z)

asin(Lc(z)
2rc

)

▶ Cooler specific model formulas

Qcv
ij = Aijβij(Ti − Tj)

β =
ksNu

Dp + 0.5ϕDpNu

Nu = 2 + 1.8Pr
1
3Re

1
2

▶ Calciner specific model formulas

βm =
km

DH

Nu

Nu =
f
8
(ReD − 1000)Pr

1 + 12.7(f(ReD)
8

)
1
2(Pr

2
3 − 1)

3. Model-based step repsonse & IMC-based tuning
▶ Normalized step response from the model and the estimated linear transfer function

ĝ(s) = K0

τzs+ 1

(τ1s+ 1)(τ2s+ 1)
e−τds

▶ CVs, MVs, and KPIs of SIMC-based PI-tuning vs manual PI-tuning

4. RGA
▶ Linearized system

G(s) = C(sI −A)−1B +D

A = ∂xf − ∂yf [∂yg]
−1 ∂xg

B = ∂uf − ∂yf [∂yg]
−1 ∂ug

C = ∂xh− ∂yh [∂yg]
−1 ∂xg

D = ∂uh− ∂yh [∂yg]
−1 ∂ug

▶ CV-MV pairing evaluation based on RGA
Λω(G) = G(iω) ◦ (G(iω)−1)T

[Φω]ij =
1

[Λω(G)]ij
− 1

Table 1: RGA matrix.
Intuitive pairs (blue,orange).
RGA-based pairs (red,orange).

CV\MV vgrate Pph Ffeed Ff,Ca Ff,K F1st Fcool
XO2,Ca -7e-6 5.20 -0.08 -1.13 1.61 -2.17 -2.43
XCaO 1e-5 -6.62 1.30 13.4 -14.4 3.87 3.51
XO2,K 8e-5 -3.56 -0.02 -0.01 -4.23 7.14 1.69
Ts,burn -0.01 8.54 -1.38 -11.7 19.4 -8.35 -5.51
Fclink 1e-3 -0.17 1.04 2e-3 0.01 0.04 0.08
Tclinker -2e-6 -2.41 0.18 0.42 -1.26 0.45 3.61
hbed 1.01 0.02 -0.04 0.02 -0.08 0.02 0.05
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