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Abstract

A novel kiln has been developed by collaboration of the Chisaki Corp. and the Hyundai Rotem
Co., and installed in the Dangjin works of the Hyundai Steel Co. (500tpd).
At first, process of the development as well as the characteristics of the kiln are presented, and

then structural elements of the kiln are briefly explained. Performance data of the kiln is compared

with those predicted theoretically, and characteristics of refractory are discussed.
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1. Introduction

A novel lime Kkiln has been developed by col-
laboration of the Chisaki Corp. and the Hyundai
Rotem Co. and installed in the Dangjin works of
the Hyundai Steel Co.

The Kkiln supplies necessary amount of prod-
uct to the plant according to the user’s schedule.
An outline of its development process as well
as its present performance shall be reported in
this paper.

2. Process of Development

Chisaki Corp. has installed more than 50 lime
kilns, with small and/or medium capacities of
up to 100t/d, in Japan and other Asian coun-
tries. Moreover, it has installed 6 preheaters to
rotary kilns, with capacities of up to 500t/d.
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In the course of the above installations, Chisaki
Corp. has accumulated technical know-how for
the calcination of limestone.

In 2007, the Hyundai Rotem Co. in Korea
planned to develop a novel lime Kkiln to produce
500t/d of quick lime for Hyundai Steel Co. and
started a cooperative project with the Chisaki
Corp. for that purpose.

On the basis of its own technical know-how,
the Chisaki Corp. has conceived the Chisaki
Vertical Kiln, which has an entirely different
flow system from any conventional lime kilns
of large capacity. Hyundai Rotem Co. agreed
to develop this novel lime kiln, and frequent
discussions were carried out for its realization.

Shinagawa Refractories Co., Ltd., having much
practical experience in the refractories industry,
has collaborated with the above two companies
to design a brick structure for achievement of
its whole construction.

Design and construction were carried out as
follows:

Design

October 2007~September 2008
Procurement of elements

May 2008~February 2009
Installation of kiln

October 2008~]July 2009
Start-up of preliminary operation

December 2009

Operations for preliminary adjustment were
carried out, and such prospective performance
data as quick lime of more than 500t/d, fuel
heat consumption less than 3.56 M]J/kg.pr and
R-CO; 2.5 % were recorded.

Afterwards, steady and continuous operation
has been maintained with R-CO, of less than
2%. The target performance of the operation
has been attained on June 25th, 2010.

The following are the results of the official
steady state operation.
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Fig. 1 Side view of CHISAKI VERTICAL KILN.
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Production of quick lime 521t/d

Fuel heat consumption 3.43M]/kg.pr
R-CO; 1.58%
Hydration ratio 95.8%

The kiln was officially delivered to the
Hyundai Steel Co. and is contributing to the
supplying of quick lime to the Dangjin works of
the company.

Technology to calcinate medium size lime-
stone of about 36~60mm, all originated in
Europe and/or in the U.S.A. Now that a domes-
tic technology has been created, it can replace
the preceding ones, with respect to performance
and construction cost. Further domestic and
overseas development of this new technology in
the future is predicted.

Development procedure of this novel kiln is
briefly explained in this paper. Performance
data is compared with the predicted data by
engineering calculation to show the character-
istics of this Kkiln.

3. Kiln Characteristics

An outside view of this kiln can be seen in
Fig. 1.
Outer width
Outer height
Fig. 2 shows the special flow patterns of solids

ca. 13m
ca. b0m

and gas in the kiln.

The structure is characterized as follows:

1) Axially symmetrical structure
Rigid, and with less heat loss

2) Vertical preheater, having a flat hearth

3) 16 units of main pushers and 16 units of sub
pushers, which move in parallel to the flat
hearth. they send limestone to the upper
calcination zone uniformly.

4) Part of the combustion gas penetrates
upwards through the upper -calcination
zone and calcinates the limestone.



Shinagawa Technical Report

Circulation Blower

Combustion
1 Chamber .

Sub Pusher}}:.

Main Pusher

—_—

Center Column T

Support . AT
Tubes .7 L
Air to Cool e

Discharge
Pusher

Vol. 54 2011

Exhaust Gas

()
Limestone é
Combus:[ion Gas o
3
<
L
oG Q
8 © C
\@\~— 358
©
] O Induced
SO|IdS—/\/ Combustion
> Gas
S S
Circulating Gas °
.S
g
{% |
O
&
Cooling Air| S
( g
c
. N
Quick Lime o
£
o
o
o

500 1000

Temperature [C)

1500

Fig. 2 Flow patterns of solids and gas and their temperature distributions.
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The rest of combustion gas flows down-
wards through the lower calcination zone
to complete the calcination of limestone.
The combustion gas joins the cooling air
which is sent upwards at the bottom of the
center column. Mixed gas flows upwards in
the center column.

Calcinated quick lime is cooled in the cooling
zone, and discharged at low temperature.
Cooling air, which is heated by heat
exchange with the hot quick lime, mixes
with the combustion gas. Then it flows
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Fig. 4 Inside view of the upper calcination zone.
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upwards in the inner space of the center
column, and is sent to the combustion
chamber secondary to burn fuel gas.

7) The temperature of the cooling air rises
from cooling the center column. It is sent to
the 6 burners in the combustion chamber
as the primary air to burn fuel gas. The
burners are arranged on the kiln lid.

8 ) Refractory bridges are positioned between
the center column and the kiln body at two
levels.

Fig. 2 shows the temperature distribution of
solid and gas flows inside. In each zone, namely
the preheater, the combustion chamber, the
lower calcination and the cooling zones, heat
transfer is carried out corresponding to each
configuration. The temperature distributions,
shown in Fig. 2, are abridged from prediction
on the basis of theoretical equations.

4. Outline of Structural Elements

4. 1 Pushers

Half calcinated limestone in the upper cal-
cination zone is pushed by horizontal pushers,
which are arranged around the kiln at two
levels, as seen in Fig. 3. Solids fall down in a
free trajectory. All surfaces area of the stone
are calcinated uniformly, resulting in a soft-burn
product.

16 units of sub-pushers are positioned on the
upper level, and 16 units of main pushers are
positioned horizontally, to compose the two
level structure.

4. 2 Outline of inside structure

Fig. 4 shows inside structure of bricks in
the upper calcination zone. On the left bricks
attached to the lower part of the ceiling of the
kiln can be seen. On the right bricks attached
to the outer surface of center column can be
seen. On the upper right portion, there is an
opening to set a burner.
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Fig. b Setting of gas burner in the ceiling.
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Fig. 6 Arch structure to support the center
column.

A gas burner is set into the opening shown in
Fig. 4, as seen in Fig. 5. For a capacity of 500t/d
the number of the burners is 6.

This kiln has a broad combustion chamber
and a number of burners, giving stable and
complete combustion with little excess air.
Therefore, incomplete combustion and emission
of soot can be prevented, and combustion is car-
ried out at a low level of NOx.

The center column, shown on the right in
Fig. 4, is composed of a number of boiler steel
tubes both sides of the tubes have refractories,
positioned as illustrated in Fig. 2. The tempera-
ture of the cooling air in the tubes rises to higher
than 300C by heat exchange. It is directly
sent to the gas burners, and to the combustion
chamber around them as the primary air.

Between the center column and the kiln body,
8 bridges made of arch bricks are positioned at
the upper and lower levels, to support the col-
umn. The configuration of the bricks is shown
in Fig. 6. Underneath the bridges, pockets of
lime bed are formed, and contribute to uniform
gas flow there.

4. 3 Outline of outside structure
(1) Adjustment pushers to discharge quick
lime
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Fig. 7 Discharge adjustment pusher and rotary
scraper.

Fig. 8 Hot circulation blower.
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The discharge rate of the produced quick lime
is adjusted by the 8 units of pushers. Quick lime
is discharged at a steady rate. A photograph is
shown in Fig. 7.

(2) Blowers to circulate hot gas

As shown in Fig. 2, two blowers are situated
on the top of the kiln, and induce a part of the
hot gas generated in the combustion chamber.
They induce the gas flow downward through
the lower calcination zone, and calcinate the
unburnt limestone sufficiently. The induced
combustion gas mixes with the air, which is
heated by cooling the hot quick lime. The mixed
gas, which is nearly 700C, flows in the center
column by the action of the blowers, and is sent
into the combustion chamber around burners,
positioned on the kiln ceiling, and performs
complete combustion. Fig. 8 gives an outside
view of the blower.

Since the temperature of the cooling air in
the center column, rises to higher than 300C, it
is used as the primary air. The role of the above
circulated gas is surely the secondary air.

5. Examples of Performance Data

The flow rates and temperatures in each
zone of the kiln during official operation have
not been published yet, but are almost the same
as the preceding data given in Table 1.

During May 20 ~ 26th, 2010 operation, the
targeted rate of production as well as fuel
heat consumption values were cleared, but
the required value for R-CO, was not attained,
namely less than 2%. However, R-CO; 1.58%
was attained by successive operation adjust-
ments during official operation on June 23rd.

6. Comparison of Theoretical Predicted
Performance with Practical Performance

6. 1 System model
This kiln was designed by the Chisaki
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Table 1 CHISAKI VERTICAL KILN, examples of performance data, operation adjustment
Date May 20th, 2010 May 26th, 2010
Capacity [t/d] 534 513
Fuel (COG) [(Nm®/kg.pr] 0.192 0.199
(MJ/Nm?*] 17.52 16.95
Primary air (Nm®/kg.pr] 0.333 0.345
Cooling air [(Nm®/kg.pr] 0.573 0.599
Air ratio [ — 1 1.03 1.05
0. 1 1
0,
Exhaust gas [%] co, 31 30
Combustion chamber 1335 1381
° Exhaust gas 192 182
Temperature [C] Lower calcination zone 720 723
Discharge 110 133
Fuel heat onsumption [MJ/kg.pr] 3.36 3.41
R-CO: [%] 2.25 2.50
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Corp. on the basis of engineering know-how,
accumulated in the course of development and
construction of the Top-Shaped Lime Kiln.

The large scaled-up kiln is described as fol-

lows:
Kiln Capacity t/d | Upper hearth ﬁ(i)rtcggastion of
[;ﬁf;ii?ed ~100 rotating injector
Vorieo! Kiln | o7 than 800/ fixed Dontrs "

Since the scale-up was not straight forward,
design procedures were carried out as theoreti-
cally as possible at the early stages of the proj-
ect. Namely, the performance of the kiln was
predicted on the basis of theoretical equations
to satisfy the demands, and then the kiln was
designed.

Fig. 9 is a system model of the CHISAKI
VERTICAL KILN. For the total system as well
as each sub-system, fundamental equations of
mass balance, thermal energy balance, radiant
heat transfer and convectional heat transfer rate
were established and solved numerically. As a
result, the temperature of the solids and also
gas and fuel heat consumption under a steady
state of operation were predicted. Basis of the
above fundamental equations is found in a book
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Fig. 9 System model of CHISAKI VERTICAL KILN.
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6. 2 Calculation to predict thermal
performance of the kiln

In the system model of Fig. 9, two equations of

for contour 1 (total sys-

tem) and for contour 6 (upper part of the upper

calcination zone) were solved simultaneously to
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Fig. 10 Operation characteristics of the kiln,
determined by heat loss L.[MJ/kg.pr]
and excess air n [—]
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give Fig. 10. Namely, if the total heat loss from
the kiln Li{M]J/kg.pr] and ratio of excess air
n[—] are calculated, amount of fuel i.e. fuel heat
consumption [M]/kg.pr] as well as temperature
of exhaust gas Te[C] can be predicted theo-
retically.

6. 3 Operation variables, determined by the

flow rate of circulating gas

In each Contour of Fig. 9, equations of mass
balance, thermal energy balance and heat trans-
fer were established and solved simultaneously.
As a result, the temperature and conversion
extent of limestone X[—] could accurately be
found to give Fig. 11.

When the amount of fuel is calculated, the
following dependent operation variables can
be determined by an independent operation
variable, namely rate of the circulation gas,
Q[Nm®/kg.prl.

Dependent Variables

Average temperature of combustion cham-
ber Te[C], inlet temperature of gas to the
blower Tg7[C], inlet gas temperature to
the center column Tem[CJ, the conversion
extent of limestone in the upper calcina-
tion zone Xs[—J]and the conversion extent
of limestone in the lower calcination zone
AX:[-].

The above data can be found in Fig. 11.

6. 4 Comparison of observed temperatures
with predicted values

Table 2 gives a comparison of the observed
temperature with predicted values. Considering
that purely theoretical calculations were carried
out beforehand, the results of Table 2 confirm
the adequacy of the theoretical prediction.

6. 5 Design based on theoretical prediction
and further scale up

Table 2 concerns only temperature. But
the observed effect of the hot circulating gas
Q[Nm*/kgpr] on other dependent operation
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Performance characteristics of the CHISAKI VERTICAL KILN in case of L.=0.21MJ/kg.pr

variables confirmed that the theoretical predic-
tion was able to accurately represent the real
state of operation. In the operation of this kiln,
the following wvariables should be taken into
account.
- Independent variables
Production capacity
Primary and secondary air [Nm®/kg.pr]
Excess air
Hot circulating gas, flowing downwards
through the lower calcination zone Q[Nm?/
kg.pr]
- Dependent variables in steady state
Temperature in each zone
COG[Nm®/kg.pr],

namely fuel heat
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Table 2 Comparison of observed temperatures with predicted values

May 26th, 2010 June 10th, 2010
Temperature - -
Observed Predicted Observed Predicted
Combustion chamber [°C] 1370 1340 1350 1330
Exhaust gas [°C] 190 170 210 220
Inside column gas [°C] 720 740 700 660
Excess air [%] 10 20
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consumption [M]/kg.pr]

Conversion extent of limestone in the upper
calcination zone [—]

Conversion extent of limestone in the lower
calcination zone [—]

Because of the inter-relation among the above
variables, it is possible to adjust the independent
variables to attain the required performance.

Namely, in the present kiln, comparison of
the predicted and observed performance has
been already established for the scale of 500t/d.
Their results suggest that a rational design can
be realized in any case of scaling up and/or
scaling down requirements.

At present, a lime kiln of large size, which can
produce the quick lime of 1000t/d, is demanded
in the calcination technology. It is predicted
that the technology of this kiln is not limited
to 500t/d, but can be applied to design and to
construct any size up to 1000t/d.

7. On the Refractory

Basic refractories are used in the calcination
zone and/or other positions in the lime Kkiln,
where severe thermal conditions are encoun-
tered. The reason why the main composition
of the basic refractories is magnesia (MgO),
which belongs to the same category of chemi-
cal substance as quick lime (CaO), i.e. oxides of
alkaline-earth metal.

Because of the above similarity, the basic
refractory is chemically stable.

The main examples of damage to the
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refractory in lime kilns are as follows:
(DAbrasion because of contact with lime-
stone
(2Melting by burning fuel
(®To become brittle and thermal spalling,
according to change of temperature
@Structural spalling

The characteristics of each material are
shown in Table 3.

Among basic refractories, magnesia-chrome
refractories have been mainly utilized so far
in lime kilns. But recently, magnesia-spinel
bricks have been found to be superior to the
conventional ones, because of their anti-spalling
and anti-abrasion characteristics. Nevertheless,
magnesia-spinel brick has a disadvantage,
namely it is easily damaged by water (slaking),
so careful treatment is needed, depending on
operating conditions.

If conditions are appropriately estimated, high
alumina brick can be utilized in some positions,
indicating satisfactory results. It is superior to
the others with the anti-spalling and anti-abra-
sion characteristics. Moreover it is not damaged
by water, which is its advantage. Nevertheless, it
reacts with raw material (lime) at temperatures

higher than 1300C. Careful design is required.
8. Conclusion

Development of the kiln was not a straight
forward scale up of the Top-shaped Lime Kiln,

Table 3 Properties of representative bricks

Mg-Cr Magnesia Spinel Alumina
Corrosion resistance O © O X
Thermal expansion @) A @) ©
pwmsewe |4 | o | o | o
Abrasion resistance A A O ©
Hydration reaction O A A ©

* good ©>O>A> X poor
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which has been the main product of the Chisaki
Corp. Based upon its fundamental concepts, a
different system was adopted and the 5 times
scale up project was carried out.

Within 3 years after starting the project, a
novel shaft kiln was developed satisfactorily.
The kiln has already cleared required perfor-
mance target. This is because of enormous
efforts given by a number of people.

The authors of this paper would like to
express their appreciation to the people, who in
various ways helped him with the project.

1) D.Kunii and T. Chisaki, “Rotary Reactor Engineering” , Elsevier, Amsterdam, pg.93 (2007)



