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ABSTRACT

Calcination, which represents thermal decomposition of CaCOs, is the key reaction in a cement process.
Some reactions including heating-up also take place simultaneously in the calcination reactors. Basic thermal
performance and dimensions of the reactors in two cases, which are a rotary kiln wih a four-stage cyclone
pre-heater and a simple single rotary kiln, were compared. To employ the heat transfer, mass transfer and
reaction rate as well as calcination, one-dimensional modeling was conducted in each case. Some simplification
about the reactors was described, however, the reliable Nusselt number and heat transfer coefficients on the
reactors were used to make results reliable.
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NTHED
A : cross section area, m’ ko : pre-exponential factor
Cp : specific heat, kl/kg'K m : mass flow rate, kg/s
D : diameter, m u . velocity, m/s
D. : hydraulic diameter, m r : angle of fill of the kiln, °
Es : activation energy, kJ/mol ¢ : sphericity
AH  : reaction heat, kJl/mol-K ] . exergy, kl/kg
L(H) : length(height), m o : heat loss factor
MW : molecular weight, kg/kmol B : heat consumption for calcination,
R : universal gas constant, kJ/kmol'-K kJ/kg-cl
S . source term in discretized equation € : emissivity
T . temperature, C n . filling ratio
X : mass fraction, kg/kg n . dynamic viscosity, Pa‘s
ds : particle diameter, m p - density, kg/m’
h : heat transfer coefficient, W/m>K c : Stefan-Voltzmann constant, W/m>K*
k : thermal conductivity, W/m-K Tres . residence time, s
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® : kiln rotational velocity, rpm e : exit
Re : Reynolds number f : flame
Pr  : Prandtl number g : gas
Sh  : Sherwood number gs : gas to solid
Nu : Nusselt number gw : gas to wall
Fm : gas-solid ratio i © inlet
k : phase (solid or gas)
Subscripts p : Pa"ﬁ"?"
rad : radiation
cal : calcination ref  : reference
cl . clinker S - solid
cond : conduction t - terminal
conv : convection w - wall
1.2 Table 1. General reactor type at each process
Preheating Calcination
AMIEARG]L. o Ui 2| obkel 0 24, St A Rotary Kiln
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Table 4. Abbreviation of the chemical formulae used in 800 Reaction Heat [kJ/kg-cl]
the cement field s00
Clinker phase Clinker phase abbreviation <00
Ca;SiOs C3S
200
Ca,Si04 CS 36.43 336 1292
Caz;AlLOs CA ° R1 R3 R4 RS
Ca4A12Fe2010 C4AF 0
-400
Table 5. Reactions, kinetics and heat of reaction[4] -600
' Enx AH,ene Fig. 2. Reaction heat per clinker at each reaction in
No. Reaction ko (kJ/mol) | (kJ/mol) cement calcination.
CaCOs 1.0 x 10°
RUL _ cao+co, |qamovmzs| 1% | 1794 22 . CITIAOIZE o EA Y2
R 2Ca0 + SiO, 1.0 x 107 240 1276 thhAto] 22 ol I A Al Z(multistage-cyclone pre-
= (S (m*/kg:s) ’ heating calciner)= Fig. 323 ThthAlo| ZE2 o d7]
Ry | ©S+Ca0 1.0 x 10° 20 160 R eluA g2 2EHdECR A E Stk
=GsS (m’/kg's) : o9} 7o LA A HeS IS AgurSol A
3Ca0 +ALOs | 1.0x10° gk o] o] o 7] WollA] o] Fofxm 23 xof w}
R4 3 310 21.8
=GA (m’/kg's)
4CaO + ALOs + | 1.0 x 10° 4-Stage Cyclone Pre-heater
R -41.
5 | Fei05= CAF (m%kg*s) 330 3

ATH2]. B3 S 9 ALY RS F4PEE(CasSiOs,
Ca;Si04) X A FWAPZ£(CazAl,Os, CasAlLFe;010)©]
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UE A S AL 3 Do A6 4 —
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Fig 204 SHIT 5 9ok Wgd W wsepol
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243to] dpmte] JFE S5 vjd o=

Az 4= Qi L oul + Air
o R W Leluhs gastE AWE & R Moo
e BARY] Aol Fad 4 AN AA Product
A A W @Az W3t ©E w4 Fig. 3. Arotary kiln calciner with four-stage cyclone pre-
dso dA d2F 4 AUk heater.
150 kJ/kg-cl * Total Input: 1,900 kJ/kg-cl
'3531?1-1?;1_:1'_'_'_'_'_' R
—_— —_—
Rawmeal, [ 2240E 'cmamm ."’]mg Clinker
400 kJ'kg—cl 1500 km;g -l

Fig. 1. Typical heat consumption in cement process.
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Fig. 4. A rotary kiln calciner heated by in-kiln open flame.

o] Aoz Hong REILE 2R Y 7]
A7F S = Qs dHAS A JATE AR =
HE(EAE)S A Feer ud 4 gtk

S 2HEE W] Wl A AR ARA] W&
o] 5%A 15%°] YAIsh= 4% 4ol SHiehe=
AR dHA H6].

24. 2E2| 42 3F thest

ZHILE 2R A5 7] HFelM A=
o] AadteZ &3l sl ot HAF e, e
Z1A1e] diF @dE 3 HHoRREH M dA
92 T AHEdR o8& B s RSN
ol Zadt s T

ZH BN dae WE7] Aol APAL
2 e A T8 54017 el Ade 1
H7F a7tk 53] A4 whgolA 2k o] dolE
oz bl ofHEol glon ZEUE Autny
AME 2t dolE 7HT F, dantgoR Qg
TIFE 3k dolE met AeHos Hay
ot ol vpAlef FEo M= 00 +HEstE A+AH A

ELEE S

P
¥
=
=

anmb:HHVh*eXp(fa%)] (1)
f

V[_‘
fr
-

7] AL Fig SHY SAET WHST)R ge
statol, Zelats B0 oF B oY A(DE Tots}

Heat of Reaction Elue Gas

* Heat Transfer

Raw Material * HeatLoss lProduct
* Mass Transfer !
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Table 6. Fuel properties

Wt.% HHV
C H 0 N S Ki/kg
88 12 0 0 28,173

Table 7. Theoretical O, and air for combustion according
to fuel component

Reaction Theo. Oxygen | Theo. Air
[kg/kg] [kg/kg]
C+0, = CO; 2.664 11.485
H+1/40, = 1/2H,O 7.921 34.141
S+0, = SO, 0.998 4.302
0 = 120, -1.000 -4.310
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Table 8. Standard proportion of vertical reverse-flow cyclones

Recommended Duty % % % % % % % Reference
a. High throughput 0.75 0.375 0.875 0.875 1.5 4.0 0.375 Stairmand [8]
b. High throughput 0.8 0.35 0.85 0.85 1.7 37 0.4 Swift [9]
c. General purpose 0.5 0.25 0.6 0.6 1.75 3.75 0.4 Swift [9]
d. General purpose 0.5 0.25 0.625 0.625 2.0 4.0 0.25 Lapple [10]
e. High efficiency 0.44 0.21 0.5 0.5 1.4 3.9 0.4 Swift [9]
f. High efficiency 0.5 0.22 0.5 0.5 1.5 4.0 0.375 Stairmand [8]
: 1A W 3R GESAS Telsha gow, ¢
3] Eaol 7 o) LEE Feow AT 4 9l
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Fig. 6. Schematic description of a cyclone reactor.
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—— Flow direction
——— » Mass transfer

----- > Heat transfer
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Solid + Gas
.
Cyclone Rotary Kiln Dryer

Fig. 7. 1-Dimensional discretizated computational do-
main of a cyclone and a rotary kiln calciner.
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Fig. 8. Description of mass and heat transfer at the i'th
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Table 9. Empirical correlations for heat transfer

Cyclone Heat Exchanger
Nu=0.001217Re, *'Fo "' Pr*? Raju et al.[16]
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Nu=1300Re," " Fin () Pr"?

c

Yen et al.[17]

Table 10. Kiln and solid data used in calculation

Kiln operating conditions

Rotation speed RPM 1.5
Filling ratio % 8
Wall emissivity - 0.9
Solid conditions
Diameter pm 100
Density kg/m’ 914
Specific heat kJ/kg'K 1.0
Conductivity W/mK 0.5
Solid emissivity - 0.9
® 24 gHg
4 4
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Table 11. The results of block performance evaluation

Case 1 Case 2
Raw (t/h) 72.58
meal (T) 13.4 — 1,300
Coal (t/h) 4.06 421
Air (Nm’/h) 59,975 62,286
(Nm*/h) 68,423 71,426
Off-Gas -
() 250 200

Table 12. The composition of clinker

Component Mass Fraction
GsS 0.503
GS 0.222
GA 0.051
C4AF 0.149
CaO 0.075

Table 13. The heat consumption composition at each

case
kJ/kg-cl Case 1 Case 2
Off-gas 314.7 255.2
Reaction 291.5 291.5
Product 1020.0 1020.0
Loss 141.7 262.3
Engineering Safety 40.3 46.9
Total 1808.2 1875.9

Table 14. The results of preliminary engineering calcu-
lation

Case 1 Case 2

Rotary Rotary

Cyclone Kiln Kiln

Number of
Units

Diameter (m) 2.0 4.5 5.0
Length (m) 8 50 120
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Table 15. The composition of clinker at each case

Designed ‘ Case 1 ‘ Case 2
Component Mass Fraction
CaCO; 0.00 0.13 0.06
SiO, 0.00 0.05 0.05
ALOs 0.00 0.02 0.02
Fe 03 0.00 0.03 0.03
CaO 0.07 0.15 0.21
CsS 0.52 0.41 0.38
GS 0.21 0.13 0.16
GA 0.05 0.03 0.03
C4AF 0.15 0.06 0.07
Temp. T
Clinker 1300 1256 1330
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Table A-1. Dimensions, operating conditions and indus-
trial data of kilns[4]

Case #1 # 2 #3

Length m 50 60 68
Diameter m 3.4 3.6 4.0
Rotation RPM 5.5 33 35
Flow rate of solid | kg/s | 38.88 | 50.78 | 48.12

Solids composition at exit

GsS 0.483 | 0.508 | 0.500
GS 0.239 | 0.257 | 0.269
GA 0.051 | 0.048 | 0.042
C.AF 0.143 | 0.151 | 0.142
CaO 0.084 | 0.035 | 0.047
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the axis (#1).
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Fig. A-3. Mass fraction profiles in the rotary kiln along
the axis (#3).
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