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Highlights:

e A new approach for calculating detailed materials and heat flows in a double-string type cement
plant with separate and in-line calciners (SLC-I) is presented in two parts (Part 1 and Part 2).

o The least squares method was used for solving the obtained overdetermined system equations,
based on the measurement of kiln feed and gas temperatures.

e With this method the detailed materials and heat flows as well as the separating efficiency of
each cyclone, which cannot be measured directly in the plant during operation, can be
approached with an error of heat balance smaller than 1%.

e The obtained results can be used for operational control needs, designing and analyzing new
equipment, numerical study of the suspension preheater, and even modification of existing
equipment.

e The second part of the study focused on the detailed heat and materials flows in each cyclone
of the suspension pre-heater and the calciners, including their impact on operational practice.

Abstract. In many industries, energy auditing is important as the basis for controlling
processes and designing additional equipment or modifying an existing plant. However,
it requires detailed data of the materials flow, which often cannot be determined easily by
direct measurement due to high-temperature limitations. This paper presents the second
part of an integrated study to perform energy auditing in a separate line and in-line
calciners (SLC-I) type cement plant. The second part of this study, as presented in this
paper, focused on the materials flow calculation for eight separate cyclones and two
calciners. The least square method was employed for solving the obtained overdetermined
system equations. Using the operation data from Part 1 of the study, calculation of the
detailed materials flow in each cyclone was executed. The results showed that the
separation efficiency of cyclones 1A, 2A, 3A, 4A and 1B, 2B, 3B, 4B was 93.86%,
89.80%, 84.41%, 81.98% and 93.96%, 88.70%, 88.53%, 80.72% respectively and the
estimated calcination percentage of kiln feed coming out of the ILC and the SLC was
85.3% and 56.3%, respectively. These values are impossible to be measured directly in
the cyclones and calciners during plant operation.

Keywords: cyclone; least square; overdetermined system; separation efficiency;
suspension preheater.
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1 Introduction

As mentioned in the first part of this research, a modern cement plant consists of
a suspension preheater (SP), calciners, akiln, and a clinker cooler. The production
of cement is energy-intensive. In order to improve the energy consumption, it is
essential to conduct a precise heat consumption analysis of the plant to optimize
heat conservation and efficiency, as mentioned by Rivendra, et al. [1] and
Anantharaman [2]. Therefore, energy auditing of cement plants is conducted to
identify opportunities to reduce heat consumption, improve productivity and
environmental protection, and plan the necessary conservation efforts, as
proposed by Avami and Sattari [3] and Parinya and Unchalee [4]. Some efforts
for waste materials utilization have been reported by Nerskov, et al. [5],
Mikuléié, et al. [6], and Chao, et al. [7]. The utilization of alternative materials
as clinker substitute and to reduce the production cost was observed intensively
by Kourounis [8], Varma and Gadling [9], Ghassan, et al. [10], and Allahverdi
and Salem [11]. A number of works on heat waste conservation for producing
electric power have been conducted by Ayu, et al. [12], Hendi and Sigit [13], and
Kawasaki Plant System Ltd. [14]. The application of the Kalina cycle for
obtaining the most efficient power plant was shown by Ali and Mohammad [15].
Integration of a cement plant with other plants to produce other products and
electricity is discussed in Firman and Muhammad [16] and Firman, et al. [17].
Heat efficiency improvements were made by modifying processes and
equipment. Top cyclone preheater modification has been conducted to increase
its separation efficiency and clinker to kiln-feed ratio as well as to reduce return
dust, which can contaminate the fine coal in coal mills, as reported by Paa and
Darmanto [18] and Darmanto, et al. [19].

Mikulci¢, et al. [20] and Amila, et al. [21] have reported results from modeling
the calcination process in the calciner and modification of the calcination process
using co-fuel combustion. Reports concerning equipment modification to
increase process efficiency have been published, such as modification of the
tertiary duct, and modernization of the kiln using a pyroclone calciner has been
reported by Grzegorz, et al. [22] and Claus [23]. The development of the design
concept as well as the evolution of the main burner has been proposed by Xavier
D’Hubert [24]. To minimize cost and avoid production stops, these studies used
computational fluid dynamics (CFD) to understand the mechanism of any
equipment modification. CFD simulations have been reported by Niki and
Akshey [25] and Hrvoje, et al. [26].

Almost all of the research mentioned above required precise and accurate data
such as the mass flowrate of gas and solid material entering into the equipment,
but the source of these data is rarely mentioned. Obtaining precise input data from
currently active cement manufacturing plants remains a prevalent issue. It is
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hampered by the limitations of measurement instruments and methods in very
high-temperature conditions, which can sometimes not be used while the plant is
running.

Input data for setting up a simulation can be obtained from possible direct
measurement in a cement plant. These data consist of operational parameters such
as feed rate, clinker production, fuel mass rate, air consumption rate for
transporting fuel, clinker cooling air rate, and equipment surface temperature.
Meanwhile, the materials and gas flows between two interconnected devices
cannot be measured directly when the plant is in operation. For example, between
the cyclones of the suspension preheater (SP), between the cyclones and the
calciner, and between the kiln and the clinker cooler. Materials flow data such as
the input and output materials flow rates in each cyclone stage and in the calciners
are necessary for developing new designs, process simulation, and modification
of cyclones and calciners.

The difficulties in making direct measurements in cement manufacturing
equipment are related to technical limitations such as high temperature, dust in
the environment, and others, as mentioned in the report of Edoardo, et al. [27].
Furthermore, the separation efficiency of each cyclone is closely related to the
rate of materials and heat flows in the whole SP and the calciners. Due to the
difficulty of direct measurement, normally, the design values are used in studies.
However, the design values certainly do not match the conditions during practical
equipment operation when the factory is running. Thus, parametrization based on
real operating condition values is necessary to obtain a realistic approach for
preheater system design modification.

The literature survey conducted in this study indicated that studies on the direct
measurement of materials flow of the cyclone separator in a cement preheater are
limited in number and scope. Thus, the main objective of the second part of this
research was to develop a new method for calculating the detailed materials (gas
and solid) flows in each cyclone and in the calciner in a separated line with in-
line calciners (SLC-I) preheater system, without performing direct mass flow rate
measurements on the related equipment. In order to simplify the modeling and
calculation results, the conservation equations of the cyclone preheater were
formed as a matrix and solved using the least-square method. Through this
proposed method, the materials flow value as well as the separation efficiency
value for the cyclones can be calculated with heat balance error smaller than 1%.
Through this study, as the novelty of this research, we also expect to provide more
accurately data required for designing new equipment, modification of
equipment, process simulation, plant operation control, and detailed heat
auditing,
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2 Methods

2.1 Suspension Preheater and Calciners

The configuration of cement plants varies depending on the plant design,
especially related to the suspension preheater and the calciner. According to the
classification proposed by Schmidt [28], the configuration of the studied dry
process cement plant is limited to the separate line calciner with in-line calciner
(SLC-I) type shown in Figure 1.

flue gas & unseparated
kiln A dust A kiln
1

|_| |T| feed

<& —tertiary air

from cooler

kiln feed to
kiln hbt gas & clinker
dust from kiln

Figure 1 Schematic diagram of configuration of SLC-I preheater and calciners.
The preheater consists of two strings. Each string has four cyclone separators
installed in series and one calciner unit. The string connected to the kiln is called

the kiln string or A-string, while the calciner is called an in-line calciner (ILC).
The string separated from the kiln is called the B-string and the calciner is called

1040



SLCI Type Cement Plant (Part 2: Suspension Preheater & Calciners)

a separated line calciner (SLC). In Figure 1 it can be seen that the kiln feed is
inserted into the SP through the riser duct of the top cyclone of each string. The
material coming out of cyclones 3A and 3B are first flowed towards the SLC and
then separated by cyclone 4B before entering into the ILC. From the ILC, the kiln
feed is separated by cyclone 4A and goes on to the kiln for further processing to
become clinker.

2.2 Conservation Equations for the Suspension Preheater

The flow of solid materials and gas through the SP and calciners is presented in
Figure 1 and its related mass conservation equation can be written as follows:

Myfp_pg + Myp_p+ Mpg_g—i.c + Metia—k-10c T Mcomb-air-ILC
+ Meomb—-air-SLC + Meiiqg—c-1LC + Mclig—c-SLC
+ Meoai—11c + Meoat-sic t Mer—air—-11c + Mer—air-s.c =

)

msep—kf—4-A + mHZO—kf—lA + mHZO—kf—lB + munsep—kf—lA +
munsep—kf—lB + mhg—A + mhg—B + mgas—kf—A + mgas—kf—B
The flow of mass entering the SP and the calciners consists of:

Mass flow rate of kiln feed through strings A and B, myyz4 and myzs
Mass flow rate of hot gas from kiln to in-line calciner (ILC), myg-r-ic
Mass flow rate of clinker dust from kiln back to SP through ILC, mciigi-izc
Mass of combustion air from the cooler to ILC, mcomp-air-1Lc

Mass of combustion air from cooler to SLC, micombp-air-s.c

Mass of clinker dust from cooler to ILC, mjig-circ

Mass of clinker dust from cooler to SLC, miig.c-s.c

Mass of fine coal to ILC, mcoar-iLc

Mass of fine coal to SLC, mcoar.sic

10. Mass of transporting air of the fine coal to ILC, m-qir-izc

11. Mass of transporting air of the fine coal to SLC, m-air-1c

12. Mass of transporting air of the fine coal to SLC, m-air-izc

WHO_NAN B W=

The materials flow exiting from the SP and the calciners consists of:

1. Mass flow rate of separated kiln feed from cyclone 4A, mgep-ir44 -

2. Mass flow rate of evaporating water content in kiln feed (vapor) through
strings A and B, my,o_xr_14 and my,o_gs_15-

3. Mass flow rate of unseparated kiln feed from top cyclone of strings A and B,
Munsep-kf-14 and Munsep-kf-1B-

4. Mass of hot gas through top cyclone of strings A and B, mjg.4 and mjg.s.

5. Mass of gas obtained from kiln feed calcination process through top cyclone
of strings A and B, mgus-ir-4 and mgas-i:5.
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It should be noted that the values of miep k44 and mciia-ri.c are known by solving
the kiln mass conservation equation. The flow of heat equation in the SP and the
calciners can be presented as follows:

Engg_p+ Engs_p+ Enpg_g_jictEnciig—k—i.c + ENcoar—1c +
Encomb—air—ILC +Enclid—c—ILC + Entr—air—ILC + Encoal —comb-sLc t
Encomb—air—SLC+ Enclid—c—SLC + Encoal—SLC + Entr—air—SLC =
Enkf—4A—k + Envapor—kf—A + Envapor—kf—B + Enevap—kf—A + (2)
Enevap—kf—B + Enunsep—kf—A + Enunsep—kf—B + Engas—kf—A
+ Engas—kf—B + Enevap—HZO—coal—A + Enevap—HZO—coal—B

+ Enhg—A + Enhg—B + Encalc—SPC + Qloss—SP

The heat flow into the SP consists of:

1. Heat of kiln feed entering to SP, Eny= Enyzq + Enizs, Eq. (12) in Part 1.

2. Heat of hot gas from kiln, Enpe.r.ic, which can be calculated using Eq. (A12)
in Part 1, Appendix 1.

3. Heat of return clinker dust from kiln, Enciiaric, represented by Eq. (A19) in
Part 1, Appendix 1.

4. Heat of combustion air from cooler to ILC, Encomp-air-ic, as mentioned in Eq.
(A6) in Part 1, Appendix 1.

5. Heat of return clinker dust from cooler back to ILC, Enji.c-i.c, represented
by Eq. (A9) of Part 1, Appendix 1.

6. Heat of coal transporting air for ILC, as mentioned in Eq. (3):

Eng—qir-1.c = Mer—air-1 * hair (Tair) (3)

7. Heat of fine coal combustion result in ILC, Encoarcomp-ic, Wwhich can be
evaluated using Eq. (4):
Encoai—comb-1.c = Meoat-1rc * NHVoq 4
8. Heat of combustion air from cooler to SLC, Encomp-air-src, as mentioned in Eq.
(A8) in Part 1, Appendix 1.
9. Heat of return clinker dust from cooler back to SLC, Enciizc-scc, represented
by Eq. (A10) in Part 1, Appendix 1.
10. Heat of coal transporting air for SLC as mentioned in Eq. (5):
Enty_qir—sic = Mer—air-sic * Rair (Tair) Q)
11. Heat of the fine coal combustion result in ILC, Encoaicomb-iLc, Which can be
evaluated using Eq. (6):
Encoai—comb-sic = Meoat-src * NHVoa1 (6)

1042



SLCI Type Cement Plant (Part 2: Suspension Preheater & Calciners)

The heat flows from the SP and the calciners consist of:

1.

2.

Heat flow of unseparated kiln feed by lowest cyclone of string A, Eq. (A14)
in Part 1, Appendix 1.

Heat of evaporated water content in kiln feed as written in Eq. (18a) and Eq.
(18b) in Part 1.

Heat flow of evaporating process of kiln feed water content as formulated by

Eq. (7):
Enevap—kf = Enevap—kf—A + Enevap—kf—B = Mp,0-k * hfg (7

where my, o_i s mentioned in Eq. (7) is the mass of evaporated water content
in the kiln feed and /iy, is the enthalpy of the water evaporation process.
Heat flow of unseparated kiln feed through the top cyclones of strings A and
B, as mentioned in Eq. (19 a) and Eq. (19b) in Part 1.
Heat of gas of kiln feed calcination and burning processes through the top
cyclones of strings A and B dominated by CO.. Its value is approximated by
Eq. (20) in Part 1.
Evaporation heat of water content in fine coal exiting from the top cyclones,
expressed in Eq. (8):
Enevap 20—coal-A + Enevap— 2,0—coal-B =
(Mu,0-coal-1Lc ¥ MHy0-coat-stc) * Rrg )

where mHzo_mal_IL = H>0coar™Meoar-ic and mHZO—coal—SL = H>0c0a1*Meoa-
szc are water content of fine coal supplied to ILC and SLC, where H>Ocou s
the percentage by mass of water in the fine coal used as fuel for the clinker
plant.

Heat flow of coal combustion process gas exiting from the top cyclones Enj,.
4+ Enygp, as formulated in Part 1 by Eq. (17).

Heat of calcination process in SP and calciners, Encqc-spc, as presented in Eq.

9):

Encaic-spc = ENcaic—3a + ENcaic-3p + ENcaic—aa + ENcaic-an
+ Encalc—ILC + Encalc—SLC
= (%Calcsy + %Calczg + %Calcyy + %Calcyp
+%Calcy ¢ + %Calcg;c) * Enggc
where Encaic-34, Efcaic-38, ENcale-14, ENcale-48, ENcaic-iLc, and Encaic-sic are the heat
of the calcination process in cyclones 3A, 3B, 4A, 4B, ILC and SLC while
%CalC3A, %CCZZC3B, %CalC4A, %CalC4B, %CalC1LC and %CCZZCSLC are the
respective related percentages of the kiln feed calcination degree.
Heat loss by radiation and convection Qs sp through SP and calciner surface
area (Asp), which can be approached by Eq. (24) in Part 1 by substituting A,
with Asp.

)

Calculating the mass and heat flows in each cyclone separator and in the calciners
is very useful for plant operation monitoring and parametric design as well as
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equipment modification. Their formulations are derived one by one in Appendix
1.

2.3 Calculation Methodology

To solve the materials flow rate in each main equipment in more detail (e.g. the
detailed materials flow rate in each cyclone of the SP and the calciners) Egs. (A1)
to (A20) in Appendix 1 should be used. Unfortunately, although the formulation
of the mass and heat conservation for each cyclone and calciner has been derived
(Appendix 1), the values of materials and heat flow in cyclones 2A, 2B, 3A, 3B,
4A, 4B and the calciners cannot be calculated sequentially. This is due to the
unknown variables of the kiln feed mass separated by cyclones 2A, 2B, 3A, 3B,
and 4B exiting from ILC and SLC, and the unseparated kiln feed from cyclones
3A, 3B, 4A and 4B. These eleven unknown parameters are interdependent and
need to be solved simultaneously. In order to evaluate all eleven parameters
simultaneously, the equations of mass and heat balance of cyclones 2, 3, 4 of
strings A and B and the calciners (ILC and SLC) are used, written in matrix form
as follows:

[A] x [X] = [B] (10)

The elements of matrices [4], [X], and [B] are presented in Appendix 2. Matrix
[4] 16 x 11 is a constant as a multiplier of unknown variables, while matrix [B]
11 x 1 is a constant resulting from the known constant value of Eq. (10). Matrix
[X] 1 x 11 is the variable that should be solved. Eq. (10) is a representation of 16
linear equations with eleven of unknown variables. Furthermore, because the
rank of [4] is smaller than the rank of the conjunction of [4] and [B], according
to Anton and Rorres [28], this system of equations is called an overdetermined
equation system. Overdetermined equation systems usually have inconsistent
variables, but the solution can still be approached using the least square method
to find the value to fulfill the equation of the results with the minimum square of
residual error, as stated by Markovsky [29]. The method used is by least squaring
matrix [4] by multiplying the transpose matrix itself [4]" so that matrix [4]"[4]
has the same number of rows and columns. Matrix [4]'[B] will change the rows
of matrix [B] so that matrix [B] has the same number of rows as [4]", as shown
in Eq. (11). The variable values in matrix [X] can be searched by multiplying the
inverse matrix [4"4]" on both sides of the equation, as described in Eq. (10),
which can be solved using mathematical software.

[A]"[A] x [X] = [A]"[B] (11)
[ATA]7H [ATA] x [X] = [ATA]7*[A]"[B] (12)

From Eq. (10), the values of X = X5 complying with the least squares method,
called the unique least squares approximate solution, are defined as follows:
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Xis = [ATA] A" B] (13)

Knowing the approximate values of X, acceptable approximation values of the
separation efficiency of cyclones 2A, 3A, 4A, 2B, 3B and 4B can be calculated
using the following equations:

m —kf—
Naz = sep-kf 24 X 100% (14)
Msep—kf-1ATMunsep_kf 2A
Msep—kf-3A
= X 100% 15
ZE Mgep—kf—24 tMunsep—kf-34—(%Calcpa* Mggs—kf-a ( )
Msep—kf—4A
= X 100% 16
Nas Myp-q, — (%Calcga* Mgas—kf-a) (16)
m —kf—
Nz = Sepk/ 25 x 100% (17)
Msep—kf—1BTMunsep_kf_2B
Msep—kf-3B
= X 100% 18
B3 Msep—kf—2B tMunsep—kf-38—(%Calcsp* Mgas—kf-B ( )
m. —kf—
Nga = i/ X 100% (19)

mypfr-sL — (%Calcyp* Myas—kf—B)

The values of cyclone separation efficiency can be substituted into the mass
conservation equation of each cyclone to recalculate the value of X that meets the
mass conservation law. The final results of X can be used to evaluate the heat
flow in each cyclone with minimum heat balance error (<1%) while tuning the
values of gas and/or kiln feed temperatures if required. All the above-mentioned
equations and calculation methods were adopted as the basis for developing a
dedicated engineering equation solver (EES) software application and were used
to calculate the detailed plant mass and heat flows.

2.4 Materials

The fuel used is fine coal, which is introduced into the plant through the ILC, the
SLC, and the kiln burners. The average chemical compositions of the used fine
coal and raw materials are presented in Table 1, while the other data required for
the study, such as the geometry of the main equipment and the operation
parameters, are presented in Tables 2, 3 and 4 respectively of Part 1 of this study
[30].
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3 Results and Discussion

3.1 Operation Data Parameters

The results of calculating the mass and heat balance in the SP and the calciners
are given in Table 1. From the results, we can conclude that the difference
between the outgoing and incoming heat rates is insignificant (0.64%). The
percentage of calcined kiln feed in this SP is around 25% with around 8% in the
cyclone 3 and the remaining 17% in the lowest cyclone (4).

Table 1 SP and calciner materials (kg) and heat (kcal) flows per kg of clinker.

Parameter Inlet Outlet
mass heat mass heat
Kiln feed supplied to A and B strings 1.6659 22.780 - -
Recirculating dust from kiln and cooler 0.2329 54.026 - -
Fine coal supplied and combustion heat 0.1000  506.020 - -
Total combustion air supplied 1.0926  218.219 - -
Flue gas from kiln 0.635 174.496 - -
Kiln feed gas from kiln 0.0810  21.873 - -
Kiln feed to kiln - - 1.3110 299.324
Combustion gas including excess air - - 1.8400 181.365
Kiln feed gas out - - 0.5492 50.094
Return dust out of top cyclones - - 0.1072 9.950
Heat of calcination process - - - 421.515
Evaporating of kiln feed water content - - - 12.647
Convection and radiation loss - - - 16.149
Total of materials and heat flows 3.8074 997.414  3.8074 991.044

The calculated results of mass and heat balances for strings A and B are presented
in Tables 2 and 3 respectively. The results of calculating the separation efficiency
of these cyclones depend on the measured temperature. For example, in cyclone
3, the temperature variation of material coming out of cyclone 2 as well as the
gas entering cyclone 3 by +2°C practically does not affect the value of its
separation efficiency.

It should be noted that only the top cyclone is designed with high efficiency since
its separation function is more dominant compared to its heat transfer function.
Figure 2 shows the calculated results of cyclone separation efficiency for strings
A and B that are impossible to measure directly in an operating plant. From this
figure it can be seen that the separation efficiency is lower, the lower the position
of the cyclone. This is in accordance with the previous statement that the
separation function becomes less important and the heat transfer function
between the gas and kiln feed particles becomes more dominant. This results also
agrees with the design rule of thumb mentioned by FL. Smidth [31] and Duda
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[32], who state that the material separation efficiency for the two lowest cyclones

is around 80%.

Table 2  String A cyclone materials (kg) and heat (kcal) flows per kg of clinker.

Cyclone 1A Cyclone 2A Cyclone 3A Cyclone 4A
Parameters
mass heat mass heat mass heat mass heat
Entering flow:
Kiln feed from 0.8584 11738 09030 81306 09890  148.281 . .
upper cyclone
Kiln feed dust from =100 17134 01980 38297 02881 65890 16010 36644
lowercyclone/ILC
Flue gas fromlower ) g0)) 14777 09824 18523 09824  217.97 - -
cyclone
Kiln feed gas from )06 37307 02466 47550 02405 55021 ; ;
lower cyclone
Flue gas from kiln - - - - - - 0.9824  218.25
Kiln feed gas from ) ) ) ) ) ) 02386 54730
kiln
Total of entering
materials and heat ~ 2.1994  213.97 23300 352.39 25000  487.16  2.8220  639.42
flows
Exiting flow:
Separated kiln feed ~ 0.9030 81306 09890 148281 1.0730  206.158 13110 299.324
Unseparated dust
flowtoupper ~ 0.0550 5091 01120 17.134  0.1980 38297 02881 65890
cyclone/duct
Kiln feed gas 02466  22.135 02466 37.327 02466 47550 02405  55.021
Fluegasincluding - go)c 94780 00824 147769 09824 185635 09824 217971
€Xxcess air
Kiln feed vapor - 7.341 - - - - - -
Calcination heat - - - - - 5.489 - 1.428
Heat loss y 1.533 . 1.501 . 1.690 . 0.899
Total of exiting
materials and heat  2.1994 21219 23300 352.01 2.5000  484.82  2.8220  639.63

flows

In addition to controlling the process, high efficiency in the top cyclone is meant
to reduce pollutant emissions into the environment. However, for the 3 lower
cyclones, the heat transfer function is more important. It can also be seen that the
amount of heat carried by the exhaust gas from the top cyclones is significant
(>200 kcal/kg of produced clinker). This heat can be recovered for drying lime
stone and clay, as reported by Amalia, et al. [33,34]. The separation efficiency of
the top cyclone is re-evaluated by Eqgs. (5¢) and (5d) in Part 1. The results of the
cyclone mass and heat balance calculations are highly useful for designing new
equipment, controlling the process, and modifying equipment. Some studies that
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simulated the process in a calciner (Mikul¢i¢, et al. [20,26] and Fidaros, et al.
[35]) required data on the entering kiln feed flow that generally comes out of
cyclone 3. Unfortunately, the origin of this data was not clearly explained and of
course it cannot be measured directly in the plant. Using the simulation result
presented in Tables 2 and 3, the process that occurs within the calciner is expected
to be closer to real conditions.

Table 3 B-string cyclone materials (kg) and heat (kcal) flows per kg of clinker.

Cyclone 1B Cyclone 2B Cyclone 3B Cyclone 4B
Parameters
mass heat mass heat mass heat mass heat
Entering flow:
Kiln feed from

0.8075 11.042  0.8570  79.258  0.8880 132.99 - -
upper cyclone

Kiln feed dust from

SLC lower 0.1129 16.999 0.1440 27.631 0.3696 81.424 1.9240  427.94
cyclone

Flue gas from

0.8409 129.98  0.8409 163.94  0.8409 187.62 - -
lower cyclone

Kiln feed gas from 35 45083 03025 57782 03019 66510 - -
lower cyclone
Flue gas from kiln - - - - - - 0.8410  189.35
Kiln feed gas from
kiln - - - - - - 0.2951 65.624

Total of entering
materialsand 50638 203.10  2.1444 32861 24004 46854  3.0601  682.91

heat flows
Exiting flow:
Separated kiln feed ~ 0.8570 79.258 0.8890 132987 1.1130 212963 1.5480 339.619
Unseparated dust
flows to upper 0.0520 4.859 0.1120 16.999  0.1440  27.631 0.3693 81.424
cyclone/duct

Kiln feed gas 03025  27.778  0.3025  45.083  0.3025 47.550 03019  66.510

Flue gas lnclufilng 0.8523  84.375  0.8409 129979 0.8409 163.940 0.8409 187.623
excess air

Kiln feed vapor - 4.827 - - - - - -
Calcination heat - - - - - 0.501 - 6.178
Heat loss - 1.363 - 1.642 - 1.576 - 1.761

Total of exiting
materials and 2.0638  202.46  2.1444  326.69 2.4004 463.89  3.0601 683.12
heat flows
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Figure 2 Calculated results of cyclone separation efficiency for strings A and B.

3.2 ILC and SLC Mass and Heat Flows

With the results of the calculation of the mass and heat balances in the SP’s
cyclones, especially C3 and C4, the calculation of the mass and heat balances in
the calciners approaching real operating conditions were carried out. The results
are shown in Table 4. These results are quite precise, with the difference between
the heat in and out being less than 1%. The results of the mass and heat balances
in the calciner are very useful for design, process simulation, equipment
modification, calciner operational monitoring, and equipment maintenance. In
addition, operation optimization by varying the fuel mass rate fed to the calciners
that is associated with the degree of calcination of the kiln feed can be conducted.

Table 4 Materials (kg) and heat (kcal) flow per kg of clinker of ILC and SLC.

P ¢ ILC SLC
arameters mass heat mass heat
Entering mass and heat flows
Kiln feed from cyclone 3A - - 1.0730 206.158
Kiln feed from cyclone 3B - - 1.1130 212.963
Kiln feed from cyclone 4B 1.5480 339.619 - -
Supplied fine coal and combustion heat 0.0290 146.852 0.0710 359.168
Combustion gas 0.3198 47.969 0.7800 170.249
Flue and kiln feed gas from kiln 0.7160 196.369 - -
Dust from kiln and/or cooler 0.2097 49.284 0.0231 4.742
Total of mass and heat flow in 2.8225 780.093 3.0601 953.280
Exiting mass and heat flows
Kiln feed to the cyclone 4A or 4B 1.6010 366.439 1.9240 427.940
Kiln feed gas 0.2389 54.730 0.2951 65.624
Flue gas including excess air 0.9826 218.247 0.8410 189.346
Heat of calcination process 142.371 265.548
Convection & radiation heat loss 1.671 2.513
Total of mass & heat flow out 2.8225 783.458 3.0601 950.971
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For the example from Table 4, with fuel feeding rates of 9.13 TPH and 22.33
TPH in the ILC and the SLC respectively, the calculation result of the percentage
of calcined kiln feed coming out of the ILC and the SLC was 85.3% and 56.3%,
respectively, which is very difficult to obtain from direct measurement in the field
because the calcination process cannot be stopped abruptly, even when quenching
the kiln feed, because the process will still continue when the sample is taken
until it is examined in the laboratory.

The estimated percentage and uniformity of the calcined kiln feed, especially
when entering the kiln, greatly determines the quality of the clinker and closely
influences the clinker microscopy. The clinker quality, which is normally
determined by microscopic observation, significantly influences the quantity of a
third material required when making Portland composite cement (PCC) so that
the cement production process becomes more competitive, as reported by
Darmanto and Amalia [36].

4 Conclusions

The advantage of the method proposed in this study is that it can estimate the
materials flow and separation efficiency in each cyclone without measuring the
flow rate, which is impossible in the field when the plant is operating. From this
second part of the study, as presented in the paper, some conclusions that can be
drawn are:

1. The estimated separation efficiency of each cyclone can be obtained with less
than 0.9% error in the heat balance.

2. The proposed method can also be used to estimate the values of parameters
that cannot be obtained by direct measurement in a running plant (e.g.
cyclone efficiency, combustion air temperature exiting from the cooler, heat
used for calcination in the calciners, and clinkerization heat).

3. The results obtained can be used as additional data in controlling operations,
designing new equipment, as well as modifying the processes and dimensions
of existing equipment.

4. The proposed method can also be applied to modern cement plants, which
generally have calciners. Further analysis is required for different
configurations of modern cement plants. However, the result reported in this
work shows a good agreement between the calculation result and plant
operation data.

5. Theresults of this study can contribute not only to controlling plant operation,
but also for new equipment design, process improvement, and simulation of
processes in the calciners.
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Appendix 1
Materials Flow Conservation Equations of Each Cyclone and Calciner

A schematic diagram of the materials flow in the top cyclone for two strings is shown in
Figure Al.

flue gas &
unseparated dust
Kiln A Kiln
feed

flue gas and
unseparated dust
from cyclone 2B

flue gas and

unseparated dust separated separated
from cyclone 2A iin feed to kiln feed to
cyclone 2A cyclone 2B

Figure A1 Flow diagram of materials flow in the top cyclones of strings A and B.

For the top cyclones, assuming zero flow leakage, the incoming mass flow consists of:

1. kiln feed at each string A and B, my..4 and myy.p at temperature Ty

2. flow of unseparated kiln feed from cyclones 2A and 2B, munsep-kr24 and munsep-if-28,
where its temperature is Thg24 and Thg2p.

3. gas flow from the cyclone below temperature The.24 and Th,.25, which consists of flue
gas (mpg-4)in & (mpe-p)in and kiln feed gas (CO; and others), (mgas-kra)in and (Mgasir:
plin.

The outflow of mass from the top cyclones consist of:

1. separated kiln feed towards cyclones 2A and 2B, myep.ir.14 and msep.ir-15.

2. unseparated kiln feed at temperature Tyzr4and Tiri, (Munsep-k14 AN Munsep-ir:1B)-

3. mass flow rate of evaporated water content in the kiln feed flowing through strings A
and B, mu20-k14 and m20-4:15.

4. mass of flue gas through top cyclone of strings A and B, (mug.4)out and (my,g-g)out.

5. mass of kiln feed gas of the calcination process through strings A and B, (mgas.k14 Jout
and (mgas -k28)0UL.

The mass balance equation for the top cyclones of each string can be written as follows:

Myp—a + Mynsep—kf-24 + (Mpg-a)in + (Mgas_rr-a)in =
msep—kf—lA + mHZO—kf—lA + munsep—kf—lA + (mhg—A)OUt + (mgas—kf—A)out (Al)

Myr_p + Mynsep—kf—28 + (mhg—B)in + (mgas—kf—B)in =
msep—kf—l + mHzO—kf—lB + munsep—kf—lB + (mhg—B)Out + (mgas—kf—B)out (AZ)

For general SP operation, the temperature of the gas that heats the kiln feed is slightly
higher than the kiln feed temperature when exiting the cyclone (7414 and Tyz;5). During
operation of the plant, these temperatures are measured and can be read from the
measurement mimic in the control room. The rate of the kiln feed and unseparated dust
filtered by the baghouse can also be measured, assuming that the dust from cyclone 2 will
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be filtered back by the top cyclone. Furthermore, the ratio of (M4 - Munsep-ar-14) and myz4
can be used as an approach of the value of cyclone 1A separation efficiency, #;.4. The
same goes for cyclone 1B, #; 5. In this case (Mgas-kra )in = (Mgasir.a)out and (Mgas-ie )in =
(Mgasira)out while (mpg.4)in = (mugq)out and (mpg.p)in = (myg.p)out. Based on these
operating conditions, the top cyclone separation efficiency can be approached with Egs.
(8a) and (8b). The heat balance of top cyclones 1A and 1B can be written as follows:

Engr_ g+ Mynsep—if-24 * hkf(Thg—ZA) + Mpg_a * hpg (Thg—ZA) + Mgas—kf-a
* Reo (Thg—ZA) = Enhg—A+Engas—kf—A+Envapor—kf—A
+Enunsep—kf—1A + msep—kf—lA * hkf(ka—l ) + Qloss—lA (A3)

Enkf—B + munsep—kf—z * hkf(Thg—zB) + mhg—B * hhg (Thg—ZB) + mgas—kf—B
* heoy (Thg—ZB) = Enhg—B+Engas—kf—B+Envapor—kf—B
+Enunsep—kf—13 + msep—kf—lB * hkf(ka—lB) + Qloss— (A4)

where Qjoss-14 and Qjoss-1 are heat loss by radiation and convection through the surface
area of top cyclones 1A and 1B (44 and A4;5), which can be approached by Eq. (24) in
Part 1 by substituting A, with 4,4 and 4.

The flow of material in cyclones 2A and 2B is presented schematically in Figure A2.
Using the same notation of materials and gas flow as denoted in Figure A2, the mass
conservation equation of cyclones 2A and 2B can be written as follows:
Msep—tkf-14 T Munsep—kf-3 + (Mug-a)in + (Mgas_r-a)in =
msep—kf—ZA + munsep—kf—ZA + (mhg—A)out + (mgas—kf—A)Out (AS)
Msep—kf-1 T Munsep-kf-38 T (mhg—B)in + (mgas—kf—B)in =
msep—kf—ZB + munsep—kf—ZB + (mhg—B)OUt + (mgas—kf—B)out (A6)
while their heat conservation is represented by Egs. (A7) and (AS8).
flue gas and flue gas and
unseparated separated separated unseparated

dust to 1A kiln feed  kilnfeed Adustto 1B
from 1A fro

separatedY  flue g‘as and flue gas and Yseparated

kilnfeed  unseparated unseparated kiln feed

to cyclone dust from  dustfrom  to cvclone
cyclone 3A  cyclone 3B

Figure A2 Flow of materials in the cyclones 2A and 2B.

Msep—rr—1a * M (Ter—1a) + Munsep—kr—3 * hir(Tag—3a) + Mhg-a
* hhg(Thg—3A) + Mgas—kf-a * hco (Thg—3A) =
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Mpg—g * hhg(Thg—ZA) + Mygs—kf-a * hcoz (Thg—ZA) + Mypsep—kf—2 *
hier (Thg-2a) + Msep—kr—24 * Pir (Tip—24) +Quoss—2a (A7)
Msep—rr—18 * Nif (Ter— ) + Munsep—ir—38 * N (Thg—38) + Mng—5
* hhg(Thg—SB) + Mygs—kr-p * Neoz (Thg—3B) =
Mpg-p * hpg (Thg—ZB) + Myas—kr-p * Rcoz (Thg—ZB) + Mynsep—kf—2 *
hier (Thg-28) + Msep—kr—28 * hier (Tep—28) +Quoss—28 (AB)

A schematic flow diagram of materials in the third cyclones 3A and 3B is shown in Fig.
A3 while their mass and heat balance are represented by Egs. (A9)-(A12).

flue gas & flue gas &
separated separated
dust to 2A dust to 2B
separated A separated
kiln feed n n kiln feed
from 2A m m from 2B
flue gas and flue gas and
unseparated unseparated
dust from 4A separated dust from 4B
kiln feed to
SLC

Figure A3 Flow of materials in the cyclones 3A and 3B.

Mgep—ikf-24 T Munsep—kf-4 T+ (mhg—A)in + (mgas—kf—A)in =
msep—kf—3A + munsep—kf—3A + (mhg—A)out + (mgas—kf—A)OUt (A9)

Mgep—kf-28 T Munsep-kf-4 T (mhg—B)in + (mgas—kf—B)in =
msep—kf—3 + munsep—kf—3 + (mhg—B)OUt + (mgas—kf—B)out (AIO)
In cyclones 3A and 3B, the calcination reaction of the kiln feed is started due to its
temperature higher than 600 °C [31,32]. Part of the kiln feed forms CaO and CO,. The
formed CO; is equal to %Calcs*mgas-iz4 in cyclone 3A and %Calcsp*mgas.isp in cyclone
3B. So the value of (mgus-ira)out = (Mgas-iza)in + %Calcss*mgas-iza and (Mgas-izp)out =
(Mgaske)in + %Calcsp*Mgas-iyp.

Mgep—if-2a * Pics (ka—ZA) + Mynsep-kf-a * his (Thg—4A) + Mpg_a * hyg (Thg—4A)
+ Mgas—kf-a * Reoz Thg—4A) =
mhg—A * hhg(Thg—3A) + mgas—kf—A * hCO (Thg—3A) + munsep—kf—3 *
Ricr (Thg-3a) + Msep—ir-3a * Picr (Tir—3a)+Qross—3a (A11)
Mgep—kf-2B * hkf(ka—ZB) + Mynsep—kf-4B * hkf(Thg—4B) + Mpg_p * hyg (Thg—4B)
+ Myas—kf-B * hCOZ(Thg—4B) =
mhg—B * hhg (Thg—3B) + mgas—kf—B * hCO (Thg—3B) + munsep—kf—3B *

1057



Prihadi Setyo Darmanto, ef al.

Rir (Thg-38) + Msep—if—3 * M (Tip—38)+Quoss—38 (A12)

In Egs. (A11) and (A12) Encaic-34 = %0Calcsa*Encaic and Encaie-38 = %6Calczp*Encq. are the
heat of the calcination process in cyclones 3A and 3B.
Figure A4 shows a schematic diagram of the materials flow in cyclones 4A and
4B. The mass and heat balance of these cyclones are represented by Egs. (A13)-(A16).
Myr_jic + (Mpg_a)in + (Mgas_gp_a)in =
msep—kf—k + munsep—kf—4 + (mhg—A)Out + (mgas—kf—A)Out (A13)

Mypos  + (Mpg_g)in + (Mygs_r-p)in =
msep—kf—ILC + munsep—kf—4 + (mhg—B)out + (mgas—kf—B)out (A14)
Similar to cyclones 3A and 3B, the calcination reaction of the kiln feed continues in
cyclones 4A and 4B. The formed CO; is equal to %Calcys*mgas-iz:4 and %Calcsp*mgas iy
in these cyclones. So the value of (Mmgus-ira)out ~(Mgas-iz-a)in = %Calcia*Mgas-ir-a and (Mgas-
kB)out - (Mgasike)in = %Calcsp*Mgas-iy-5.
My % hkf(ka—ILC) + Mpg_a * hpg (Thg—IL )+ Myas—kf-a * heoz (Thg—IL )
= Mpg_pg * Mg (Thg—4A) + Myas—kf-a * hCOZ(Thg—4A)
+munsep—kf—4 * hkf(Thg—4A) + msep—kf—k * hkf(ka—4A) +
Encalc— + Qloss— (AIS)

flue gas and flue gas and
unseparated unseparated
dust to 3A dust to 3B
u
\_ar
separated
flue gas fluegasand " i feed to
separated and dust dust from ILC
kiln feed to from ILC SLC

kiln
Figure A4 Flow of materials in the cyclones 4A and 4B.

In the Eqs.(A15) and (A16) Encaic-44 = %Calcqs*Encalc and Encaic-48 = %Calcsp*Encaic are
the heat of the calcination process in the cyclones 4A and 4B previously mentioned in

Eq. (9).
Mys_sic * Ps (ka—SLC) + Mpg_p * hpg (Thg—SL ) + Mygs—kr-p * Ncoz (Thg—SL )
= Mpg-B * hhg (Thg—4B) + Myas—kf-B * heo (Thg—4B)

+ munsep—kf—4 * hkf(Thg—4B) + msep—kf—ILC * hkf(ka—4B)
+Encalc— + Qloss—4B (A16)

For the ILC and the SLC, the schematic diagram of material flows is presented in Fig.
AS. Based on this figure, the equation of mass balance of the ILC and the SLC are given
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by Egs. (A17) and (A 18) respectively, while Egs.(A19) and (A20) are their related heat
balance equations.

msep—kf—4B+ mhg—k—ILC + Melig—k-IL +mcomb—air—1L + Melig—c—IL +
Meoai—i.c + Mer—air—i.c = Mgr-1 T Mpg—q + Mgas—kf-1LC (A17)

msep—kf—3B + msep—kf—3B +mcomb—air—SL + Melig—c-sLc + Meoal-sLc +
Myr—air—s;,. = Mip-sic + Mpg-sic T Mgas—kf-s.c  (Al8)

Msep—kf-aB * hkf(ka—4B) + Enpg e + Enciia—r—1.c + ENcomb—-air-1c
+ Enclid—c—ILC + Entr—air—ILC + Encoal —comb-IL + Encoal—ILC
= Myg_p * hkf(Thg—lL ) + Enevap—HZO—coal—A +
Mpg_1, * g (Thg—ILC) + Mygs—kr-11c * Rcoz (Thg—ILC)+Qloss—ILC (A19)

Msep—kf-34 * hkf(ka—3A) + Mgep—kf-38 * hkf(ka—3 ) + ENcomb—air—sLc
+ Enclid—c—SLC + Entr—air—SL + Encoal —comb—-SLC + Encoal—SLC
= Mys_sic * hkf(Thg—SLC) + ENeyap-n20-coai- +
Mpg_s * Mpg (Thg—SL ) + Mgas—kr-sic * Pco (Thg—SLC)+Qloss—SLC (A20)

flue gas f
ue gas
and dust 5
= ‘ . 4ar'xd dust
kilnfeed
from 38

kilnfeed kilnfeed
from 48 from 34

coal &
transport coal &
air transport
Aalr
Etf:-rtlar‘,-'air |
hot gas & from cooler tertiary air
dust from |

from cooler
kiln !

Figure A5 Flow of materials in the ILC and the SLC.

It should be noted that in Eq. (A17) mass flow rate of flue gas from the ILC (.
ite) 1s equal to the mass flow rate of flue gas entering to string A of SP (m,¢.4)in mentioned
in Eq. (A13), while the flow rate of kiln feed gas resulted by calcination in the ILC (mgqs-
weiec) is equal to {(mug-4)in - mugirc}. From the mass balance of the SLC (Eq. A18), it
can be deduced that the flow rate of the kiln feed gas resulted by calcination mgusizsic =
%CalcSLC*mgas—/gf = {(mhg—B)Zn - mhg—SLC} = {(mhg—B)ln - ((]‘aShcnal) *mcnal—SLC +Meomb-air-SLC
+ Myrair-stc)}. In Eqs. (A19) and (A20), Tieic, The-ic, Tigsic and The.sic are respectively
temperature of kiln feed and gas exiting the ILC and the SLC.
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Appendix 2
Element of Matrices [A4], [B], and [X]

1 0 -1 0 [ L] 0 0 [ 0 0
Il Tir 2} 0 —hy(Tog aa) 0 0 0 0 0 0 0 0
-1 1 1 -1 0 0 0 0 0 0 0
e (Tir2a) BerlTiraa) BT al - Il Tie a) [ 0 0 0 [} (] 0
0 0 1 -1 L] 0 0 [ 0 0
] 0 0 BT 2a) bl ) [ 0 0 ] ] 0
0 0 0 L] 0 0 0 -1 0 0
0 0 0 0 | 0 0 0 by (Ter 5) 0 0
0 0 0 0 0 1 0 -1 0 0 0
0 0 0 0 0 bi(Tar 25) 0 — byl 55) 0 0 0
0 0 0 L] 0 -1 - 1 0 -1 0
0 0 0 0 0 ~hielTir28)  burlTir.ss)  herllip.s) 0 —hlTi ) 0
0 0 0 0 0 0 0 1 1 -1
0 0 0 0 0 0 0 0 (T an)  berlTogss) —BrlThp suc)
0 -1 0 L] L] 0 -1 0 L] L] 1
0 helfieas) 0 0 0 T I 0 v dnoa)]

Mep k14~ Munsep-kF-24

Mep prga B (Tpea) + Mpe g “{pe (The54) = Bpe (The2a)} +
M asr-4 8002 (The-54) — ooz (The- 240t — Munsep-ir-24 * Bar (Thg24) — Qoss-24

—96Calc 24 * Mgas r 4

Mpe g *{Bpe (Tpe 3a) = B (The 340} + M gas pr 4 “{hcoz(Thg44) — BrozThe 2401 -
En paje.54 — Qipss-34

M gop pr g — 90CIC 44 ¥ M gze_pr 4
Mpe g * {05 (Thesa) = Bae (Tpezic Wt + M gasoir-a * {002 Thg24) — Doz (Taee Nt +
Meep .k * Ber (Thgosa) — B caje 24 — Quoss 44

= Mg e~ Megig-e-ie — 00 o * Meae gr g + 90358y * Mppay e

g * s
Engig g ¥ B gig e ¥ B0 pe ke ¥ B0 o sir e — Mg e Be Thene)
Mgge_kf-fiC *: bco:(Tng-ac) + By apeiic — Eﬂe»zp-f!:a-maf-ac — En gy iic —
Ent cage_jic + B cpai-compr -6~ Qipss-itc

M op kf-18 ~ Mynsep-kr-38

Meepr 18 *Bpr (Thesn) + Mpe s *{ipe(Thesa) = bpe(The25)t +
M gasr-p * {Bep2(Tag38) — Bepz(The28)t — Muypsep-kr-28 * Ber (The 28) — Qoss 28
= 96Calc 2 * M gas 17 7
Mpe g * ipe (The 48) — pe (Thg 200} + M gos pr 5 * ooz (The an) — ooz (T pe 201 -
Engaie-z5 = Qoss-35
— %Calc 4p * Mgas pr.p

Mg * {0 (Thes5) — Bae Tae-5ic 0} + MW gas-ir-5 ooz (Tagsn) — boozThg-sc )} +
Mgep_pr-iC * e (Tng-.w}* Bt paje 45 — Quoss25
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