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The COURSE50 project aims at developing technologies to reduce CO2 emissions from steel works by
approximately 30% in Japan. In order to supply the energy required to separate CO2, a technology for recov-
ering sensible heat from steelmaking slag is being developed as one theme of COURSE50. A twin roll type
continuous slag solidification process to obtain a shape suitable for sensible heat recovery was investigated.

Sheet-like slag was shaped to a thickness of about 7 mm in a twin roll pilot-scale experiment. The slag
thickness depended on the adhesion of the molten slag rather than the thickness of the solidified slag on
the roll. The slag condition suitable for the twin roll method was identified as a liquid phase ratio of 60%
or more. Based on a laboratory-scale experiment and heat transfer calculations, a combination process
using the twin roll method and a countercurrent flow packed bed is expected to achieve a heat recovery
ratio of 30% or more from sheet-like slag.
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1. Introduction

To address the issue of global warming, Japan’s steelmak-
ers are engaged in a National Project called “Environmentally
Harmonized Steelmaking Process Technology Development
(COURSE50)” (COURSE50: CO2 Ultimate Reduction in
Steelmaking Process by Innovative Technology for Cool
Earth 50)” to develop a technology that dramatically reduces
CO2,1,2) with the aim of reducing CO2 emissions from steel
works by approximately 30%. Two technologies for reduc-
tion of CO2 emissions are under development: 1) Use of
hydrogen to reduce iron ore in the blast furnace,3) and 2)
Separation and recovery of generated CO2.4,5)

Two approaches to separation and recovery of CO2 are
under study, namely, chemical absorption and physical
adsorption. With the chemical absorption technology, ther-
mal energy is required to regenerate CO2-laden chemical
absorbents by separating CO2 from the absorbents.6) In
COURSE50, a technology that effectively uses unused sen-

sible heat and waste heat in the steel works as sources of this
thermal energy is being developed. One of the themes in this
project is development of a process for recovering sensible
heat from steelmaking slag, which has the highest tempera-
ture and represents the largest amount of unused waste heat
in the steel works.

The worldwide energy potential of slag has been estimated
at 370×103 TJ/y.7) Various processes have been developed for
recovery of sensible heat from slag. In sensible heat recovery
from blast furnace slag, the air granulation method,8,9) rotating
drum granulation method,10) and stirring granulation
method11) were examined with practical scale equipment.
Recently, the rotary cup atomizer method12,14) and fluidized
bed direct charging method15) have also been examined.

The only example of practical application of an air gran-
ulation system for converter slag was at NKK Corp.’s
Fukuyama Works (now JFE Steel West Japan Works
(Fukuyama District)), which was used in sensible heat
recovery of steelmaking slag.15,16) However, because the
product air-granulated slag consists of small, spherical par-
ticles, its uses were limited. The air granulation system was
later abolished, as various other types of low cost exhaust
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heat recovery equipment such as CDQ (coke dry quenching)
were constructed subsequently.

In this study, we propose combining a twin roll method
for slag solidification and a packed bed method for heat
exchange from slag to air in order to realize efficient recov-
ery of the sensible heat of slag, which has low thermal con-
ductivity. The twin roll method is a process in which two
rolls are placed in contact and rotated upward. Molten slag
is supplied between the rolls, where it is cooled and solidi-
fied in sheet-like shape on the roll surfaces. Although prac-
tical application of the twin roll slag solidification process
has not been achieved with blast furnace slag,17,18) the pro-
cess has been used practically as a cooling solidification
technology for the molten slag residue of municipal waste
incineration.19,20) Although this twin roll method has a
record of use with low basicity slags such as the blast fur-
nace slag and municipal waste molten slag, it has not been
applied to high basicity steelmaking slag.

In this study, the conditions for slag forming with water-
cooled rolls were investigated in order to develop a contin-
uous steelmaking slag solidification process suitable for
sensible heat recovery.

2. Experimental Method

2.1. Experimental Method for Forming Sheet-like Slag
with Single Roll Apparatus

To confirm whether steelmaking slag can be formed to a
sheet shape with a roll, an experimental apparatus employ-
ing a single roll method was produced. A schematic diagram
of the experimental apparatus is shown in Fig. 1, and its
specification is shown in Table 1. This apparatus consists of
a cooling roll, shape control roll, conveyor, and sensible
heat recovery equipment mounted on a platform truck. The
cooling roll and shape control roll were equipped internal
water cooling. The water flow rate was 80 L/min. Figure
2(a) shows the method of controlling the slag solidification
thickness. The solidification thickness is adjusted by the
rotational speed of the cooling roll. The shape control roll
was provided to expand the slag to the width of the roll. The
gap between the shape control roll and the cooling roll was
set to be 5 mm. In the following, the experiment with this
apparatus will be called the single roll laboratory experiment.

The experimental method was as follows. First, 30–40 kg
of steelmaking slag was melted at 1 873 K in a plasma melt-
ing furnace. The molten slag temperature was measured

with expendable thermocouples. Next, the truck was moved
to the position where it touched the plasma furnace, and the
roll and conveyor were rotated. The molten slag was then
supplied to the cooling roll from the plasma furnace via a
chute. The molten slag flow was controlled to constant rate
by controlling the tilting inclination of the plasma furnace.
The slag was solidified on the surface of the rotating roll.
The solidified sheet-like slag fell on the conveyor after a
half-turn on the roll, and was carried by the conveyer and
dropped from the end of conveyor into the sensible heat
recovery equipment shown in Fig. 2(b). The temperatures of
the slag on the chute and the roll surface and at the end of
the conveyor were measured by two infrared thermography
devices.

Two kinds of slag were used in this experiment. Slag A
was a high basicity decarburization slag generated by the
converter. Slag B was a low basicity chromium ore smelting
reduction slag. The chemical compositions of the slag are
shown in Table 2.

The lid of the heat recovery equipment was closed after
filling the vessel with solidified slag. Air for heat exchange
was passed through the heat recovery at 200 L/min from the

Fig. 1. Schematic diagram of single roll type slag solidification
and heat recovery apparatus.

Table 1. Specification of single roll type slag solidification and
heat recovery apparatus.

Equipment Specifications

Cooling roll

Dimensions Φ0.35 m×W0.5 m

Material SS400

Rotation speed 3.4–20.5 rpm

Cooling water flow rate 80 L/min

Shape control roll

Dimensions Φ0.16 m×W0.5 m

Material SS400

Rotation speed 7.7–46.9 rpm

Conveyer

Dimensions W0.37 m×L2.0 m

Material SUS304

Speed 5.2–31.4 m/min

Heat recovery
apparatus

Dimensions (inner) Φ0.3 m×D0.65 m

Air flow rate 20–200 L/min

Plasma furnace

Heating method Nontransfer type plasma

Torch electric power 100 kW×2

Plasma gas Ar

Gas flow rate 100–160 L/min×2

Furnace dimensions (inner) Φ0.4 m×D0.35 m

Fig. 2. (a) slag thickness control method and (b) heat recovery
equipment.
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equipment bottom. The air temperatures at the inlet and exit
of the equipment and the temperature of the shell were mea-
sured at intervals of 1 s with K type sheathed thermocou-
ples.

2.2. Experimental Method for Forming Sheet-like Slag
with Twin Roll Apparatus

With the single roll laboratory apparatus, leakage of mol-
ten slag from the space between the roll and chute was a
problem. Therefore, a twin roll method was adopted in a
pilot experimental plant of practical scale. A method in
which two rolls are rotated in the inward direction to form
sheet-like slag was also developed in recent years.21,22) How-
ever, in order to secure a longer slag solidification time, the
same method as that of the equipment developed and com-
mercialized by Akashi20) was adopted. In this particular
method, the two rolls are placed in contact and are each
rotated in an outward direction. Therefore, the slag is drawn
upward with the rolls. A schematic diagram of the pilot
plant is shown in Fig. 3. The equipment specification is
shown in Table 3. The plant comprises two cooling rolls
which continuously solidify the slag, a slag ladle tilting
machine for supplying molten slag to the rolls at a constant
flow rate, and a conveyer for transporting the slag which has
been formed by the rolls. In order to enhance cooling of the
slag, the cooling rolls are made of copper material and are
equipped with internal water cooling. Assuming a supply
rate of 1 t/min for the molten slag and a thickness of about
5 mm for the slag when solidified, we designed large-scale
rolls with an outer diameter of 1.6 m and roll width of 1.5 m.
The ladle tilting device can accommodate the slag ladles
which are used to transport molten slag in the steelmaking
shop, and can tilt a ladle at a constant speed by means of a
hydraulic cylinder. The conveyor transporting the high tem-
perature solidified slag after roll-forming is made of stain-
less steel, and its back side is equipped with spray nozzles
for cooling. The slag used in this experiment was the slag
obtained from the above-mentioned chromium ore smelting
reduction furnace. In the following, the experiment with this
plant will be called the twin roll pilot experiment.

An experiment was performed with the twin roll type
steelmaking slag solidification pilot plant by the following
procedure. The tilting device was pushed up at a constant
speed by the hydraulic cylinder, and molten slag was fed
from the slag ladle into the gap between the two rolls via a
chute. The two rolls were rotated in an outward direction,
and the slag which was cooled and solidified on the roll sur-
face adhered to the rolls and was drawn upward as the rolls
rotated. After rotating approximately 180°, the slag dropped
onto the conveyor. The solidified slag was transported by
the conveyor and dropped from the end of the conveyor into
a pit. In the pit, the slag was either cooled by water-
sprinkling or allowed to cool by natural radiation, and was
then removed with a shovel. The temperature of the molten

slag discharged from the ladle was measured with a radia-
tion thermometer. The temperatures of the slag on the rolls
and on the conveyor were measured by infrared thermogra-
phy. In both cases, emissivity was assumed to be 0.92.

2.3. Thermal Conductivity, Specific Heat, and Viscosity
Measurement Methods

Thermal conductivity, specific heat, and viscosity, which
are important values for heat recovery and roll solidification
of slag, were measured.

The thermal conductivity of the slag was measured by the
hot wire method.23) First, about 200 g of slag was placed in
a zirconia crucible with an inner diameter of 43 mm, and
was melted at 1 773 K. The thermal conductivity of the slag
was then measured each at intervals of 50 K until the tem-
perature reached 573 K.

The specific heat of the slag was measured with a fall
type calorimeter. Here, 12 g of slag was placed in a platinum
crucible, and the temperature was increased to 962–1 825 K
and maintained for 1 hour. After holding at this temperature,
the crucible was unloaded into the fall type calorimeter

Table 2. Chemical composition of steelmaking slag.

Slag CaO SiO2 Al2O3 MgO MnO P2O5 T.Fe M.Fe FeO S F.CaO CaO/SiO2

A 42.4 11.1 1.8 6.1 3.5 2.2 22.5 2.1 13.2 0.03 6.1 3.8

B 34.2 15.7 17.1 15.6 0.3 0.03 4.1 1.1 3.3 0.55 0.9 2.2

Fig. 3. Schematic diagram of twin roll type continuous slag solidi-
fication pilot plant.

Table 3. Specification of twin roll type continuous slag solidifica-
tion pilot plant.

Equipment Specifications

Cooling roll

Dimensions Φ1.6 m×W1.5 m

Number of rolls 2

Material Cu

Rotation speed Max.20 rpm

Cooling water flow rate 125–130 m3/h/roll

Ladle tilt machine
Tilt speed Max.6.5°/min

Load Max.140 t

Conveyer

Dimensions W1.3 m×L14.5 m

Lifting height 5.5 m

Speed Max.25 m/min

Material SUS304
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under the furnace, the rise in water temperature was mea-
sured, and the specific heat was calculated.

The viscosity of the slag was measured with a high tem-
perature rotary viscometer. A graphite crucible with an inner
diameter of 40 mm and a graphite rotor with an outer diam-
eter of 30 mm were used for the molten slag.

230 g of slag was heated to 1 823 K in a crucible with
argon. The viscosity of the slag was measured by rotating
the rotor into the molten slag, and was then measured each
at intervals of 50 K until 1 673 K.

3. Experimental Results

3.1. Results of Single Roll Laboratory Experiment
In the single roll laboratory experiment, the molten slag

extended to 1/2 or more of the width on the roll surface, and
was formed to the desired sheet-like shape. Not only solid-
ified slag but also slag in a semi-molten state was observed
on the roll. When the solidified slag fell from the end of
conveyor, it broke up into pieces about 20–80 mm in size.
Figure 4 shows the typical appearances of the solidified
sheet-like slag A and slag B after break-up at the end of the
conveyor. The sheet-like slag had a rough surface, and also
included pieces with curved shapes.

Figure 5 shows the relationship between the slag thick-
ness and cooling roll rotation speed for slag A. The frequen-
cy of each thickness of the sheet-like slag at rotation speeds
of 5, 7, and 10 rpm is shown in Fig. 5(b). The slag solidifi-
cation thickness and scattering of the thickness values
decrease with increasing roll rotation speed. The predomi-
nant thickness of slag A is 1–2 mm at all rotational speeds.
Thicknesses over 5 mm, which is the same as the gap
between the cooling roll and the shape control roll, were
observed at 5 rpm. Regarding the slag with a thickness of
5 mm or more, this slag failed to solidify continuously on
the roll and broke off once. After a certain time, it was
picked up again by the roll, and then lifted the shape control

roll while passing between the rolls.
Figure 6 shows relationship between the slag thickness

and cooling roll rotation speed for slag B. In comparison
with slag A, in the case of slag B, the fluidity of the molten
slag tended to be low, the solidified thickness was thick, and
the pieces were large.

Figure 7 shows effect of the molten slag supply position
on the slag thickness of slag B. When the trough position
was 60°, the molten slag passed over the roll while still in
the molten state. However, when the chute position was
lowered to 35°, the molten slag adhered on the roll and
solidified. The thickness also became smaller, and the thick-
ness of 2–3 mm accounted for the largest percentage, as
shown in Fig. 7(b).

Figure 8 shows the slag surface temperature at the end of
the conveyor. In this figure, the x-axis indicates time from
the point where supply of molten slag to the rolls began. As
there was no difference in the temperature at the rotation
speeds of 5 rpm and 10 rpm, it can be understood that a tem-
perature of approximately 1 300 K or more was secured
before heat recovery.      

Fig. 4. Appearance of sheet-like slag obtained in laboratory scale
experiment. (Online version in color.)

Fig. 5. Relationship between cooling roll rotation speed and thick-
ness of slag A ((a) thickness, (b) frequency).

Fig. 6. Relationship between cooling roll rotation speed and thick-
ness of slag B ((a) thickness, (b) frequency).

Fig. 7. Effect of molten slag supply position on thickness of slag B
((a) thickness, (b) frequency).

Fig. 8. Slag surface temperature at end of conveyer.
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3.2. Results of Sensible Heat Recovery Experiment
Figure 9 shows an example of the heat recovery experi-

ment results. In this experiment, 6.55 kg of slag was charged
to the heat recovery equipment, and the average bed thick-
ness was 69 mm. Because the slag was sheet-shaped, the
filling fraction was only 0.41. Figure 9 shows the air tem-
peratures at the inlet and the outlet, together with the heat
recovery ratio. The maximum temperature of the air at the
outlet was 860 K. The heat recovery ratio was calculated
from the difference between the outlet air temperature and
413 K, assuming the thermal capacity of slag at 1 823 K is
100%. Considering application to CO2 separation and recov-
ery, the air temperature range of 413 K or more is effective
for CO2 separation from the chemical absorption liquid. The
heat recovery ratio was 31.2% in this case.

3.3. Results of Twin Roll Pilot Experiment
Figure 10 shows a typical view of the twin roll pilot

experiment. When the molten slag had sufficient fluidity, it
spread across the full width of the rolls and was continuous-
ly solidified by the rolls. In the initial period of the pilot
experiments, because the fluidity of the molten slag was
low, it did not flow from the ladle, or it solidified between
the rolls. After the fluidity of the molten slag was improved
by increasing the Al2O3 content, it was possible to form the
slag continuously to a sheet-shape with the twin roll appa-
ratus. Figure 11 shows the effects of the Al2O3 content and
slag temperature on the formability of the slag in the pilot
experiments. In this figure, the symbol ○ indicates that con-
tinuous forming on the whole width of the rolls was possi-

ble, △ indicates continuous forming over 1/2–1/3 of the roll
width, and × indicates that forming was not possible. A
combination of a high Al2O3 content and high temperature
was necessary for continuous forming of the sheet-shape
slag on the whole width of the rolls.

Figure 11 shows the lines of the liquid phase ratios 40%,
60%, and 80%, which were calculated by the thermodynam-
ic calculation program FactSage 6.3. The database used was
FT oxid. Because the FeO content was low, the calculation
was made for four elements (CaO, SiO2, Al2O3, and MgO),
and it was assumed that CaO/SiO2=2.2 and the MgO content
is constant at 20%. A liquid phase ratio of 60% or more is
necessary in order to ensure that the molten slag extends
over the whole width of the rolls.

The solidified slag after cooling is shown in Fig. 12. The
slag broke up into smaller pieces as it dropped from the end
of the conveyor and into the pit, where it was crushed. From
observation of the recovered slag, it was noted that the sur-
face of the slag that had been in contact with the roll was
flat and hard, and its free surface was porous and rough.

The influence of the cooling roll rotation speed on slag
thickness is shown in Fig. 13. The cooling roll rotation
speed for obtaining the thickness of 5 mm was estimated
from the single roll laboratory experiment. However, the
average solidification thickness was approximately 10 mm
at 5 rpm in the twin roll pilot experiment. In other words,
the thickness of the slag formed in the twin roll pilot exper-
iment was about twice that in the single roll laboratory
experiment.

To reduce the solidification thickness of the slag, the roll

Fig. 9. Heat recovery result in laboratory scale experiment.

Fig. 10. View of pilot experiment by twin roll type continuous slag
solidification process. (Online version in color.)

Fig. 11. Effect of Al2O3 content and slag temperature on formabil-
ity of slag in pilot experiment.

Fig. 12. Appearance of solidified slag after twin roll process.
(Online version in color.)
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rotation speed was increased to 10 rpm. In the rotation speed
range of 8–10 rpm, the average thickness decreased to 7–
8 mm. Figure 14 shows an example of the results of slag
surface temperature measurements by infrared thermogra-
phy. The slag surface temperature decreases by 200–250 K
when the slag solidifies on the rolls. The temperature drop
on the conveyor was slight, and the slag temperatures at the
conveyor end were about 1 373 K.

Slag B, which contains neither phosphorus nor boron, dis-
integrates after treatment by slow cooling.24) In contrast,
after the roll forming, slag B retains the sheet shape. Powder
X-ray diffraction was performed to investigate the change in
mineral phases. Figure 15 shows the X-ray diffraction pat-
terns of slowly-cooled slag (a) and sheet-shaped slag after
roll forming (b). The mineral phases were dicalcium silicate
(2CaO·SiO2), gehlenite (2CaO·Al2O3·SiO2), akermanite
(2CaO·MgO·2SiO2), periclase (MgO), and spinel
(MgO·Al2O3). γ-2CaO·SiO2 exists in the slowly-cooled slag
but does not exist in the sheet-shaped slag after roll forming.
In phase transformation of the γ type in the cooling process,
the density of dicalcium silicate changes, causing this phase
to disintegrate. Because slag (b) was quenched from molten
slag by the water-cooled rolls, the dicalcium silicate was a
β type without transforming to the γ type. Therefore, it did
not disintegrate and maintained the sheet shape.

3.4. Results of Measurement Slag Thermal Conductiv-
ity, Enthalpy, and Viscosity

The thermal conductivity of slag B, which was the chro-

mium ore smelting reduction furnace slag, could not be
measured because it contained carbon, which reacted with
the platinum wire. It was possible to measure the thermal
conductivity of the decarburization slag. The results of mea-
surement of the thermal conductivity of decarburization slag
with basicity CaO/SiO2=3.3 are shown in Fig. 16. Thermal
conductivity showed its maximum value at 1 500 K, and
decreased at both higher and lower temperatures. However,
in most temperature ranges, thermal conductivity showed a
small value of 0.5 W/(m·K) or less.

The relation between the enthalpy of slag B and temper-
ature is shown in Fig. 17. Enthalpy is based at 293 K and
increases linearly from 969 K to 1 574 K and from 1 723 K
to 1 825 K. The slopes of these straight lines were the aver-
age enthalpy Cp in these temperature ranges. The results
were Cp=1.01 J/(g·K) from 969 K to 1 574 K, 1 825 K
Cp=0.503 J/(g·K) from 1 723 to 1 825 K.

The effect of temperature on the viscosity of slag B is
shown in Fig. 18. Viscosity was 1.61 Pa·s at 1 673 K.
Because viscosity was too high at 1 650 K or less, measure-
ment was not possible with the high temperature rotational
viscometer.

Fig. 13. Relationship between cooling roll rotation speed and slag
thickness in pilot experiment.

Fig. 14. Change of slag surface temperature in twin roll process
with different transfer rates.

Fig. 15. X-ray diffraction pattern of solidified slag. (a) Slow
cooled slag, (b) Sheet-like slag made by twin roll process.

Fig. 16. Effect of temperature on thermal conductivity of steel-
making slag.
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4. Discussion

4.1. Evaluation of Influence of Slag Thickness on Sensi-
ble Heat Recovery by Heat Transfer Analysis

To achieve a high heat recovery ratio in this development,
a slag sensible heat recovery process for heat exchange from
slag to air by the countercurrent flow packed bed method
was assumed. A heat transfer calculation was performed
with a 1-dimensional countercurrent flow packed bed heat
transfer analysis model, and the appropriate slag thickness
for slag sensible heat recovery was examined.

The outline of the heat transfer analysis model is shown
in Fig. 19. The calculation conditions are shown in Table 4.
The production rate is 60 t/h, the diameter of the heat recov-
ery tank is 3 m, the height of the slag bed is 3 m, and the
filling fraction is 0.41. The shape of the slag was assumed
to be a flat plate with dimensions of 50 mm×20 mm, and
calculations were made at thicknesses of 3–20 mm. The
thermal conductivity is based on Fig. 16. The average spe-
cific heat capacity of Cp=1.01 J/(g·K) from 969 K to 1 574 K
in Fig. 17 is used.

The slag thickness is assumed to be 2x, and the tempera-
ture distribution in the slag is calculated by Eq. (1).

........................ (1)

Where, ρ is density [kg/m3], Cp is specific heat [J/(kg·K)],
λ is thermal conductivity [W/(m·K)], T is temperature [K]
in the slag, and t is time [s].

The heat transfer coefficient is calculated by Jhonson-
Rubesin’s equation25) for the turbulent heat transfer of a flat
plate.

........................ (2)

Figure 20 shows the slag and gas temperature distribu-
tion in the heat recovery chamber by heat transfer calcula-
tion. When the thickness is 7 mm, the difference between
the surface temperature and average temperature of the slag
is small, and the air temperature at the top of the packed bed
is 1 090 K. However, when the thickness is 15 mm, the dif-
ference between the surface temperature and average tem-
perature of the slag is large, and the air temperature at the
top of the packed bed decreases to 934 K. Because the ther-
mal conductivity of slag is low, the temperature gradient
between the surface and center increases as the slag thick-
ness increases. This means that thicker slag is disadvanta-
geous for heat recovery.

Figure 21 shows the effect of the slag thickness on the
heat recovery ratio and recovery gas temperature by heat
transfer calculation. The heat recovery ratio and recovery
gas temperature increase as the slag thickness decreases. As
the slag thickness increases, unrecovered sensible heat
increase due to discharge of high temperature slag from the
bottom of the packed bed. The heat recovery ratio is calcu-
lated at 40% at a slag thickness of 7 mm, which was
obtained at a roll rotational speed of 7–10 rpm in the twin

Fig. 17. Relationship between enthalpy of slag B and temperature.

Fig. 18. Effect of temperature on viscosity of slag B.
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Fig. 19. Calculation method of heat transfer for heat exchange
between slag and air.

Table 4. Conditions of heat transfer calculation for heat recovery
plant.

Heat transfer system Countercurrent flow

Size of heat recovery chamber Φ3 m×H3 m

Heat loss from chamber wall 10 kW/m2

Feed rate of hot slag 60 t/h

Residence time 20 min

Filling fraction 0.41

Temperature of input slag 1 373 K

Shape of slag W50 mm×L20 mm

Thickness of slag 3, 4, 5, 7, 10, 15, 20 mm

Air flow rate for heat exchange 50 000 m3/h

Temperature of input air 298 K

Nu = 0 037 4 5 1 3. Re Pr
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roll pilot experiment. 45% of sensible heat is lost in the
cooling period on the rolls and conveyor. Reducing the slag
thickness is effective for efficient recovery of the remaining
55%.

4.3. Thickness of Sheet-shaped Slag
The thickness of the sheet-shaped slag formed by rolls,

and the difference between the twin roll pilot experiment
and the single roll laboratory experiment are discussed in
the following. In the result of the twin roll pilot experiment
in Fig. 13, the solidification thickness was 7–8 mm at the
roll rotational speed of 10 rpm. The solidification thickness
in the twin roll pilot experiment was about twice that in the
single roll laboratory experiment. From observation of the
two experiments, slag seemed to adhere on the rotating rolls
in the semi-molten state. In this case, the situation of roll
forming is estimated to be as shown schematically in Fig.
22. Namely, the roll contact face is cooled and solidified.
High viscosity molten slag adheres on the solidified slag,
and is rolled up with the rotating rolls. It is assumed that the
slag is cooled from the roll contact face and the surface after
being rolled up.

First, the solidification thickness on the roll contact face
will be discussed. The influence of the rotational speed on
the slag solidification thickness in the twin roll pilot exper-
iment was calculated by 1-dimensional unsteady heat trans-
fer analysis. The slag is cooled while in contact with the roll

surface for one half-turn of the roll. The depth of the slag
bath between the rolls is assumed to be from the contact
point of the two rolls to rotation by 30°. The thickness of
the slag on the roll is assumed to be 7 mm. It is assumed
that only cooling from the roll occurs in the slag bath, and
additional cooling from the slag surface by thermal transport
and radiation occur outside the slag bath. It is assumed that
the initial temperature of the slag bath is 1 673 K and the
slag solidifies at 1 400 K or less. The thermal conductivity
used here is the value in Fig. 16. The specific heat is the val-
ue in Fig. 17, i.e., Cp=4.42 J/(g·K) between 1 574 K and
1 723 K.

Figure 23 shows the results of calculation of the slag
solidification thickness on the roll contact face. In this fig-
ure, 30° means in the slag bath between the rolls and 180°
means a half-turn of the roll. The solidification thickness
decreases with increasing rotational speed. However, the
calculated result is smaller than the observed thickness. The
calculated thickness at 10 rpm is estimated to be about
0.5 mm at 30° and about 1 mm at 180°. This calculation
indicates that only the vicinity of the roll contact face is
quenched.

Figure 24 shows an image analysis of the slag cross sec-
tion by EPMA. Here, the upper line shows the measured
results for the surface (vicinity of atmosphere), the middle
line shows the results for the center, and the lower line
shows the vicinity of the roll contact face. Because the slag
supplied to the roll is not a 100% liquid phase, a primary
crystal MgO phase can be seen at all positions. Ca, Si, and

Fig. 20. Slag and gas temperature distribution in heat recovery chamber by heat transfer calculation.

Fig. 21. Effect of slag thickness on heat recovery ratio and recov-
ery gas temperature by heat transfer calculation.

Fig. 22. Schematic diagram of slag shaping on cooling rolls.
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Al are distributed almost uniformly at the roll contact face,
excluding the area of precipitation of the crystals of
2CaO·SiO2 approximately 10 μm in size.

On the other hand, the 2CaO·SiO2 phase and
2CaO·Al2O3·SiO2 phase divide clearly in the order of sur-
face (atmosphere) and center. Cross-sectional observation
confirmed that the cooling rate of the slag increases from the
center to the surface and the roll contact face in that order.
In particular, the small crystal grains indicate that the roll
contact face was quenched.

In molten zinc plating, it is well known that the adhesion
thickness increases as the speed of the sheet or the roll
increases.26) Moreover, Ueda et al., who studied a technique
for recovery of oil from the sea surface by a rotating plate,
derived the thickness of a liquid adhering to a vertically-
rising plate from Navie-Stokes’s equation as follows.27)

Where, δ is liquid thickness [m], μ is viscosity [Pa·s], ρ is
density [kg/m3], g is acceleration of gravity [m/s2], and U is
upward velocity of the plate [m/s].

.............................. (3)

Because the rolls are rotated, the steady point of adhesion
thickness is uncertain. It is assumed that the adhesion thick-
ness steadies at the top of the slag bath. From the roll rota-
tional speed U[m/s] and the top surface angle of the slag
bath θ , the slag adhesion thickness δ is shown by the fol-
lowing Eq. (4).

.......................... (4)

The adhesion thickness is estimated by Eq. (4). Here, the
viscosity of the molten slag is based on Fig. 18, and is deter-
mined at the temperatures of the single roll laboratory
experiment and twin roll pilot experiment. Figure 25 shows
the relationship between the experimental slag thickness and
calculated slag thickness, which is the sum of the adhesion
thickness δ  and solidification thickness dc. The thickness of
sheet-shaped slag is considered to be determined by the
adhesion thickness of the molten slag on the rolls. If the

Fig. 23. Calculation results of slag solidification thickness on
cooling rolls. Fig. 25. Comparison of measured and calculated slag thickness.

δ μ ρ= U g

δ μ ρ θ= U g cos

Fig. 24. Image analysis of slag cross section by EPMA.
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rotational speeds are the same in the single roll laboratory
experiment and twin roll pilot experiment, the contact time
of the roll and the slag are also the same, and there is no dif-
ference in the solidification thicknesses in contact with the
roll face. However, the adhesion thickness in the single roll
laboratory experiment is actually greatly different from that
in the twin roll pilot experiment. Because the roll diameter
of the twin roll pilot plant is Φ1.6 m and that of the single
roll laboratory equipment is Φ0.35 m, the circumferential
velocity of the former is 4.6 times that of the latter. Further-
more, the slag temperatures were 1 673–1 773 K in the twin
roll pilot experiment and 1 873–1 973 K in the single roll
laboratory experiment. Therefore, the viscosity of the for-
mer slag is about three times that of the latter. Thus, the dif-
ferences in the circumferential velocity of the rolls and the
viscosity of the slag in the single roll laboratory experiment
and twin roll pilot experiment appear in the difference in the
slag adherence thickness in the two experiments. In Fig. 25,
there are cases where the difference between the calculated
and observed thicknesses is large. This is considered to be
caused by changes in viscosity resulting from temperature
changes associated with the residence time between rolls
and the slag flow rate, together with fluctuations in the sur-
face level of the slag bath between the rolls.

5. Conclusions

For efficient recovery of the sensible heat of steelmaking
slag, which is characterized by low thermal conductivity, a
continuous solidification process in which slag is formed to
a thin sheet shape by a twin roll method was developed. The
following conclusions were derived from the results and dis-
cussion.

(1) Steelmaking slag with basicity 2 or more can be
solidified continuously by the twin roll method. With a large
roll diameter of 1.6 m, the slag adheres to the roll and solid-
ifies in the desired sheet shape.

(2) After cooling by water-cooled copper rolls, the
sheet-shaped slag had a high temperature of approximately
1 373 K.

(3) When using a countercurrent flow packed bed for
heat exchange from slag to air, a heat transfer analysis
showed that the heat recovery ratio and recovery gas tem-
perature increase as the slag thickness decreases.

(4) The fluidity of the slag is important; a liquid phase
ratio of 60% or more is suitable for continuously forming
sheet-shaped slag by the twin roll method.

(5) The adhesion thickness of molten slag picked up on
the rolls is larger than the solidification thickness of the slag

after cooling by contact with the rolls. The adhesion thick-
ness is greatly influenced by the circumferential velocity of
the rolls and the viscosity of the slag.
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