2.1

(Hydraulic Binder)

4-5%
+ (4-5%) — Gomins >
(Calcareous Material)

(Argillaceous Material) 1 1450°¢

1

2

3

4

5

(Solid - Solid Reaction) Sintering  Clinkering
1450°c



2.2
(Aluminium) (Iron)
4
1
2
3
2.2.1
1
5% (Limestone)
(Chalk) (Coral Limestone)
Limestone)
80-85 %
2
(Argillaceous Marl) (Marl)
(Shale)
3

( 1450°¢ )

4 (Silicon)
(Calcium)
(Raw Mix)

(Corrective Material)

(Marly Limestone)
(Marble) " (Shale

5%
(Marly Clay) (Clay)

(Corrective Component)



vn 'V 3

5
3.1
3.2 (Quartz)
3.3 (Bauxite)
3.4 (Iron Ore) (Pyrite Ash)
2.1
Ignition Loss 42.90 42.90 30.60
Si02 5.20 0.70 13.80
AL 3 0.81 0.68 7.00
Fe2 3 0.54 0.08 4.60
Ca0 48.60 54.50 38.40
MgO 1.90 0.59 1.30
S03 0.05 0.25 0.43
Kp 0.33 0.01 0.86
N ap 0.05 0.16 2.60
TiOj 0.06 0.01 0.21
Cra 3 0.01 0.01 0.02
MiijOj 0.05 0.01 0.29
P25 0.04 0.01 0.25
Cl 0.02 0.01 0.04
F 0.01 0.01 0.01
(Holderbank, 1990 10)
4 (Additive)
4.1 CaF,

4.2 (Setting Time)



2.2

lgnition Loss
Si02
ALD 3
Fed) 3
Ca0
MgO
503
K0
Na2
Ti02
Crd 3
Mn20 3
pd 5
Cl

F

(Holderbank , 1990 : 11)

5.30
64.10
13.60

6.10

1.80

2.90

0.03

2.10

1.90

0.67

0.01

0.05

0.18

0.01

0.01

32.20
22.10
3.90
2.40
32.90
3.30
0.95
0.59
0.19
0.39
0.01
0.04
0.03
0.01
0.01

12.50
45.90
23.90
15.50
0.2
0.33
0.03
0.01
0.11
0.86
0.01
0.20
0.06
0.04
0.01
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1450 °¢
1 (Alite)
(Early Strength) 40-80 %
3 1 1450 °c
3 Ca0 + Si03 = 3Ca0*Si03 C3
2 (Belite)
(Later Strength) 0-30%
2 1 1200 °c
2Ca0 +Si03 -» 2Ca0*Si03 C2
3
3 1
3 Ca0 + ALD3 -> 3Cal0*AlD3 CA



(Fluxing Agent) 4
1 1

4Ca0 + AlD3+ FeD3 -» 4Ca0*AlD 3Fed) 3 CAF

2.3

Ca0
Si02
ALY 3

Fe2°3

(Holderbank, 1990: 13)

24
Ideal  Real % in PC
CX  Alite 3Ca0*Si02 40-80
C2  Belite 2Ca0*Si02 0-30
CA  Aluminate 3Ca0*AlD 3 7-15
claf Ferrite 4 Ca0*ALD 3Fed 3 4-15

(Holderbank 5 1990 13)



22.3

1 (Silica Modulus)
M= A1202+ Fedd .
1
25 -35
20-25
1.7-20
11 21
%
C%S
1 21
LSF

CH

2]



AM

2.1

2.2

(Alumina Modulus)

A120j
Feno,
25-30
1.5-2.0
1.0- 15
2.2
(R
22

3 Lime Saturation Factor ( LSF)

LSF

(LIME)

10



100* Ca0
Si02+1.18 *AlR0 3+ 0.65*Fe20 2

LSF
102
97
90

2.3

90
(Cooling Tower)
(Electrostatic Precipitator)
(Homogenizing)

2.1

il

23)

10-15 %
1
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QUANTITY

1£00 fl 1200Fc

UPHEATINQ eOOLNQ

2.1 Quasi - Quantitative Variation of Minerals with Temperature
(Holderbank, 1990 7)



2.5

(Holderbank , 1990 15)

13

)
CA  CAF
CA CAAF
(Ring Formation)

CA CAAF
CA CAAF
C3 C2

¢3 C2



2.6

[ (Burning Zone)

(Clinker Melt)

14

(Endothermic Reaction)

(Heat of Reaction)

(Exhaust Gas)
(Preheater)

2.6
Temp. Range Characteristic Process

(°C)

- 100
100 - 400
400 - 750

Kaolinite — Metakaolinite

600 - 900

600 - 1000
800 - 1300
1300- 1380
1250- 1500

(Holderbank , 1990 18)

2.1
(Exit Gas)

Type of Process



2.1 'y
Heat of Reaction Kcal / kg-clinker

Evaporation of Combined Water 20
Decomposition of Clay Minerals 35
Decomposition of Carbonates 475
Heat of Formation Clinker Minerals -130
Heat of Combustion in Rawmeal -15
Total Heat of Reaction 385

(FLS 51992 19)

24

3
2.8 Ultimate Analysis of Fuels (% by weight)
88-90 83-87 15-17
4-5 11-13 23-25
3-4 01-04
1-2 1-3

(FLS, 1992 13)

15

2.8



16

( )
(Heat of Combustion ) (Calorific Value)
(Free Heat)
1 (Complete Combustion)
lkg C + 267kg 02 --ereeeeemee ) 367kg C02 + 33.9MJ
2, (Incomplete Combustion)
lkg C + 1.33kg 02 -reeeememeeees ) 2.33kg CO + 100 MJ
3,
lkg H2 + B8kg 02 - ) 9kg HD + 1199 MJ
24.1
COLLIER * Encyclopedia
(Intermediate Product)
(Volatile M atter? /
2.9
1 Proximate Analysis
(Fixed Carbon) (Ash) (Loss of
Weight) ASTM

2 Ultimate Analysis



17

2.9 Net Calorific Value of Various Fuels

MJ/kg cal /g BTU/Ib
33-35 - 7800-8400 14100-15200
40-41 9600 - 9900 17300 - 17800
MJ/Nm3 keal /Nm3 BTU/cf
34-38 8000 - 9000 900- 1000
(FLS, 1992 15)
2.1
(Combustion Gas) Infrared Absorption
2.2 Calorimetric
Bomb
23~ (ASH)

(Self-ignition)
2.2

(Residual Moisture) 10-1.5%

24.1.1 (Coal Firing System)
23 24

(Direct Firing)
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W
(@]

T
o sieve Nr. 0,090 "
'8 20 "/ /
il s
: 10 il
% —
pe sieve Nr. 0,20 .
l
O ‘ {

8 12 16 2= P4—P8 32 36 40
% volatile content (water and ash free) -

typical for boilers/cooled furnaces

ideal for rotary kiln systems

2.2
(Holderbank , 1990 20)
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COAL

milling plan.
break down = kiln
shut down

pumber of kilns

mo/sture
confent

/)/'g/‘)‘

oNcRol

2.3 (Kiln Firing System)
(Holderbank , 1990 12)
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arying aur = arying air #
primary air | primary amnwr
direc? firing sem/-direct firing
! l B o |
[ . ¥ F B
© M| r O
without ———— i
pulverized QA:D {“"“"’ i ! |
coa/ : .
storage 2 M o-—~ = (P—
= ) 1 _._
LIV
@ M )
semi- indirect firing |indirect firing __}
N F LJ
' : ——
wirh ® | ® |
pulverized | } | i
coa/ I :
srorage | 1 QE ,
gﬂ:nr iQ——_l-_—g A 1: Q___l-_—‘-a
M M ;
24 (Firing System)

(Holderbank , 19% : 13)



~ ~ ~ —_—

.O
Inil

» 01» h )
1 41 ' Int 21
2
(Direct Firing)
(Excess Air)
25
15%
Exit Gas 15% 12
(Induced Draft Fan) (Full Load)
3
4 ( F )
* (Burner Technology)
0-100%
26 2T
(Transition Zone) 2.6
(L3>12)
2412 (Pulverized Coal Burner)
1 (Burner Pipe)
(Burner Tip)

€
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3
(Secondary
Combustion) 28 29
2 "' (Oil Nozzle)
(Radial and Axial Flow)
40 (Orifice)
2.10
3
(Secondary Air) (Kinetic Energy)
(Rule of Thumb)
(Velocity of Primary Airf * %Primary Air = 65,000 - 75,000
211
(Suction Effect) (Flue Gas)
(Recirculation)
2413 1
Burner
' 2
1

11 (Volatile Content)
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12 Aerodynamic Condition

13
(
)
14
2 1
GUMZ * Formula
K 15 1 = —
t = 4784*10 * YOVO 015) (l- = ),* Bossst « ) (F= CID/TI fm)

Y0 Gross Density of Initial Fuel

V. Kinetic Viscosity of Gas in Combustion hamber
Mean Temperature of Gas

d Grain Diameter

5 :Sinking Speed of Grain

f(n) . Corrective Factor for Excess Air
Excess Air Value

V. :Volatile Content
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X 0 2Requirement for Combustion Relative to Total 02
Requirement
Degree of Swelling
f(w, ): Corrective Factor Value of Swelling and Sinking Speed
GUMZ * Formula
1 Grinding Fineness

3
4 Rate of Swelling

(Burning Zone) International Flame Research Foundation

(IFRF) Aerodynamic (30% 40m/s)
24.14

(Material Bed)
Diffusing Flame!

(Flame Momentum) (Impul ¢)

Flame Momentum = Lp*V (% *mls)
Lp %
Vv

(Flame Profile)
1400 %*m/s
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(Vd 901 : cc:&%mmv 90DDJoUT uoj dwNsuo) JDIH
@) O @) (@) .
NN o - 8V Mw ¢ m o
~—] “ “ | “ f } i
(110 By /1BOY))

s

(/o) O} 1D £iDw)dd

Coal moisture (%)

0
<5

— T

1
&9)
130

S+

€

0,5+ 20 T
LO= 10+

0,4+ 25+

1
1
(@)
i
" |
m B
. o

| ) SHey-lv/ong

0,251 40

0,75+

2.5

(Heat Consumption)

(Holderbank , 199 : 22)
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(Holderbank 5 1995 : 8)



higfo flame
temperafure T
A
low flame \
temperature T LA
\ " B a
YT

( - IR .
upper surface _ ij%
temperature limit b 18I X,

. AN
for stable coating

\\
PN
NN \ ambicn’

A

21

| SEN
j - tempare?.
lining — kitn shell

A = coating thickness with high

temperature flame
B = same with low temperature flame

a " thickness of unstable coating
with high temperature flame

b s same with low temperature flame

2 ,
(Holderbank , 199 :18)
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N
©Adjustment of flow area for radial air ©m"| | ,__@
©Adjustment of flow area for axial air (D

') f
© Damper o 4 w 213

AT T

© Castable

() Coal
) Radial air

©Axial air

28
(FLS519% : 15)
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7777777777777 T
\\\\\\\\\\\\\\\\\\\\\\w//oBﬁo&O

AN NNNNANNNN N NN N NN NN RS 1 6 g

A\&\\Kw\w\\\\\& ) ~ y
/ " [4IMG
= /
/////////JVVY \ h 8
\\\\\\\\\\\\ ﬁ R 1209
A lle [eIxXy

\\\\\x\\\\wwwwx\\xMA
P2 LA L LT LA LA REE LSS

(Burner Tip)
(FLS, 1992 16)

29



FLS atomizer

(needle valve principle)

o> WODN R

tangential oil flow
axial oil flow
tangential slots
swirl chamber
orifice plate

2.10 (Oil Nozzle)
(FLS519%2: 17)

30



Flame length (m)

3l

Kiln capacity : 2000 t/d

Kiln diameter : 46 mgd
Specific heat consumption: 800 kcal/kg cli
Coal net heat value Hy : 6400 kcal/kg
Excess air ratio : 1,15

50 5
Primary air ratio=const. (%)
Burner diameter -const. (m)
10
40
0,2
=15
30-
20
~0,25
~ S p———25
0,3
% p x v2=65000-75000
20
T T L 4{’
0 50 100 150

Primary air velocity (m/s)

211 Length of Pulverized Coal Flame in Rotary Kiln
(Holderbank , 1995 :26)
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10%
STEFAN * Law
R = ekT4
e Coefficient of Emissivity
For Coal - 1.00
Oil - 07-09
Gas - 02-06
k Stefan Boltzmann
T N\
3

1 (Lining)
2
3

(Ideal Flame)
1
2
3
4
(Residence
Time)

2.2

1 Primary Air Momentum



2 Primary Air Velocity
3 Swirl air

4 Primary air rate

5

6
1

Temperature) 2000 ¢

(Excess Alr)

(Excess Air)

33

(Actual Flame



34

242

(Heavy Fuel Oil)
Thermal Cracking  Visbreaking

1°C 68 %
15°
0.84-0.98

(Atomization)

2.12
120°¢c

50-60°c 200 - 100 ¢St (Pumpable)
110-120 C  20-12 cSt (Atomizable)

(Water Content)
0.5%

0.5%

1 40-41 MJ/kg 9500-10000 kcal/kg
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2.12 Kinematic Viscosity of Fuel Oil as a Function of Temperature
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2
2.1 83-87%
2.2 11-13%
2.3 4%
2.4 / [ 5%
3 0.05 «
4 100°c
5 12%
6 Emissivity 081
1 300-500 °¢
8 / 8 1
9 Heating Value 9500 - 10000 kcal / kg
24.3
2431
2431
2432
5
Gas Petrol
1 (Dry Natural Gas) (Gasoline
Content) 0.0134 1 13
2 (Lean Natural Gas)
0.0134 - 0.04021/m3
3 (Moist Natural Gas)

0.04021/m3



2.5

1

11
1.2
1.3
14
15

2

3

4

5

6 Emissivity
0.226
0.80

25.1
2511

2512

10%

98%
15%
15 %
10%

£0.72-0.85 )
8000 - 9000 kg/Sm 3

8400 kg/Sm3
:600-700°c
. 8

100%
Dusty Kiln Atomosphere

37
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(Porous and Unstahle Coat)

KONOPICKY?9
4 Ca0 ALD 3-Fe3-Si02 213
LEA  PARKERD 3
MA
1340°¢ MA 14
1300°¢c MA
16
2.13
1300 - 1340°¢C (Capillary Force)

(Cohesion Force)

(Mathematical Model)

(Plug Flow)
SASTRY  FUERSTENAUL Coalescence  Layering
2.14
Coalescence 2

Layering
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Weight % clinker melt

204
10
%LSF{Ms |Mj
— 95|26 |18
-=-=- 05126 |14
—-— 9526 |10
O v | il 1
1350 1400 1450
Temperature °C
2.13 Lea and Parker

(FLS-review 5 1980 : 5)

(O

Coalescence Layering

= a 2 ]
510 2.14 guvvetinenalamsiludia

(FLS-review 51980 7)
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(x.t)ax X x+dx t

A *»0 1/\ At A X . :
a{t) ) 2 ()) JH<X—X ,t>dx -] )* A % l/\* 1 ok%kIA (1)
N(t) t
Al
‘ 1
X dt
1 2
! X
2 2 X
Layering
dn(x,t))
I « (2)
R(t) .
Coalescencell
Layering 1 9
A =. A ) *”)'k' *”)]_I_z* / ll*sn)*. %
-1 A tokok ) ok (3)
(x.t)

3 Layering R(x,t)
CAPES  SASTRY-FUERSTENAUG Layering



n{xt) =

Layering

Layering

41
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RAMABHADRAN  SEINFELDG6

1 1
N (t) f-D
n(D.t) - (3] exvaq)y (12)
D(t)
\D*n(D,t)dD
m =1- (13)
J;(D,t)dD
12 1
(N(1)
Nz oo LY A ) (14)
dN{t V7. 7, 1, N(t
S FUT L
ieve Analysis
12 (Well-Formed Nodule)

Number Fraction, N(D,t)yND  Weight Fraction , (D.t)
D D



\ (D.1)di

N (D,)mD
| (04D <w)>

J—*| *(1-f)*.D 3* (D,)dD
w{D,t)ND = Ir-

p¥ {1 5)*D2* {D)dD

43

17)

(-A*Gl*( +]*(o +D+l

17 16 17 Number Fraction

p=D/D{T) Weight Fraction

jv(p) = 1-exp(-p)* ~*p3+~*p2+tp +1

Number Fraction

Number Fraction N(D,t)TOT

N{D,t)roT = u{t) +[1- u(t)] *N (D t)ND

N (D, t)mT = 11 —04/)]exp :DitJ

Weight Fraction

(n)
(18)

Number Fraction



L - uft) = exp(- B{t)) (20)
20 19
N(D,t) =1-exp D+B{t)"W) (21)
2 16
Number Fraction B(t)*D(t)
Number Fraction ~ Weight Fraction
Weight Fraction (D,t)TOT D
(D, t)mr = (p) (22)
) _ /s D+B(I)*W)
Dit)
(p) Weight Fraction
(Coalescence Layering)
Weight Fraction D 22
Sieve Analysis
2.15
D{t)
14
D{t) = Dio) *expj -* (23)

t=0

44
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Weight %Passing

ag |B3a)

2 .
Q; | ’/./
01 r I

T 04 0.5 1 2 5 10 20 30 40

Clinker diameter mm

2.15 Size Distribution of Clinker Plotted in Usual Diagram According

to Model Described
(FLS 51993: 9)

v{t) = A-[p*(\-e)*P*Di*n{D,1)dD

24



\

dv(t) p*{\-E)*7t,

L ey (a<

14 15
Vit) _ Lo
gt = FEFU<> A+ pi)
V(1) = 7(0) *exp{ J(/w) +%sz}
26 Volume Fraction
t Coalescence  Layering
Al y()
Rate of Coalescence  Rate of Layering
16
X ()
SM
yit) — X(T)
C2 Ca0
C3
Ca0+CXS —C3
2.16
CS
CS
Coalescence
C3 Coalescence

(26,27)

AM

Layering

SM

c3
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OA
] A0
] ,
% ]
2.16 ]
Porosity
0.5 \
0.4
0.3
® 10%C3S
%2 —io asle=S
® 60%C5S
Q.- 10 20 30

Weight % clinker melt

2.16 Porosities Shortly After Melt Formation in Laboratory Sintering Experiments

(Holderbank, 1990: 10)
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(Capillary Bridge)

2.17
Scanning Electron Microscope (SEM)
2.18
D(t) mm
S
(6a)
: 4
- 7
7
— ’//
0
Weight fraction dust
1.0
(6b)
0.5
(0]
Time in burning zone
2.17

(FLS, 1993: 13)
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(FLS, 1993 : 28)

JOHANSENS

1 Calcining Zone
(Calcination)
(Solid Reaction)
(Exothermic Reaction)

2 Sintering Zone 2
2.1 (Heating Zone)
Calcining Zone 900 °¢ 1300°¢c
(Liquid Zone)
2.2 (Liquid Zone)

1300- 1350 ° ¢



252

11

(Ring Formation)
12

(Maximum Temperature Zone)

(Cooling Zone)

45

50



A (Fine - Grained Clinker)
2

(LSF)

24-28 %

51



(Bumability)

2.19

Calcining Zone

Calcining Zone

52
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2.19

(FLS, 1990 17)
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