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Abstract
In order to increase the permeability of the sintering bed for sinter ore productivity, the 

RF-MEBIOS (Return Fine - Mosaic Embedding Iron Ore Sintering) process, in which re-
turn fine as dry particle is added to granulated raw materials and then charged into the 
sintering machine, is proposed. This productivity increase is caused by increasing the pseu-
do-particle size at granulation and by decreasing the bulk density of the sinter packed bed 
after charging. The former is achieved by a higher moisture content in the raw materials at 
granulation. The latter is achieved by higher friction in the sintering bed composed of a dry 
and wet particle compound, which has a role of decreasing bulk density. Based on the sin-
tering pot test, by increasing the bypass return fine ratio and size, the sintering speed and 
sinter productivity increased. In addition, the effect of pseudo-particle size and bulk density 
on flame front speed were evaluated as 55% and 41%, respectively.

1. Introduction
Sinter productivity strongly depends on the sinter permeability 

of a sinter packed bed. This is because the faster the progress of re-
action sintering, the higher the flow rate of the gas passing the sinter 
packed bed and the gas flow rate is controlled by the sinter permea-
bility. Furthermore, high sinter permeability is achieved by larger 
pseudo-particles, which are sinter raw materials after granulation, 
and a higher void ratio of sinter packed beds represented as the Ergun 
Formula.

In fact, charging mini-pellets, 1, 2) which are large particles as 
pseudo-particles in the sinter process, has a role of increasing per-
meability. To increase the pseudo-particle size, a separate granula-
tion process is effective. 3) The separate granulation process has two 
or more granulation routes. This process has been applied in many 
sinter plants in Japan 4–6) based on fundamental study as duplex mini-
pellets. 7) When introducing the process, granulation devices gener-
ally called “mixers” have also been examined to determine essential 
mechanical parameters, such as the angle size and rotation speed. 8)

On the other hand, a high void ratio of sinter packed beds that is 

the other capital parameter for high permeability has been mainly 
achieved by a charging apparatus for loose packing. In addition to 
the high void ratio at charging, maintaining the high void ratio dur-
ing sintering is necessary. An effective solution is decreasing the 
moisture content in granulated sinter raw materials while maintain-
ing the pseudo-particle size 9) to reduce the quantity of condensed 
water in the sintering process 10) as a method to maintain the void ra-
tio from the perspective of water behavior in sinter packed beds, in 
addition to enhancement of the pseudo-particle strength by blending 
more quick lime. 11) This is because water that functions as a binder 
in granulation hinders the ventilation during sintering.

Recently, as a technology for improving the permeability of sin-
tered packed beds focusing on the pseudo-particle size and the void 
ratio, Mosaic Embedding Iron Ore Sintering (MEBIOS) 12–15) has 
been proposed. Figure 1 12, 15) illustrates the sintering bed structure 
of the MEBIOS process. The MEBIOS process can be used to ob-
tain a high density, high permeability packed bed by setting denser 
parts with a low density in the same packed bed. For example, high-
density large green balls with a diameter of 5 to 15 mm are placed 
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in a packed bed to create lower density parts (voids) around the balls 
by a wall effect, so that the permeability of the entire packed bed in-
creases. It has been confirmed that MEBIOS also has a role of main-
taining a high void ratio during sintering because during the sinter-
ing, large dense particles can maintain their shape and partially ag-
gregate with the surrounding loose packed parts in the sinter packed 
bed. 16, 17)

In recent years, technologies to apply MEBIOS with a low capi-
tal investment have been studied. It has been confirmed that even 
small dry particles charged into a sinter packed bed have a similar 
effect to that of high-density large green balls on controlling the bed 
structure with the friction between dry particles and granulated wet 
pseudo-particles. In charging a sinter mixture into a sinter plant, the 
friction acting between the dry and wet particles can suppress them 
from being densely packed, which can maintain the high void ratio. 
In addition, the moisture content can be individually controlled in 
granulation and charging into the sintering bed. Specifically, the 
high moisture content in the granulation stage can accelerate the 
granulation, and then add dry particles to form a sintering packed 
bed with a low moisture content in charging. For a practical sinter 
plant, return fines are used as dry particles by bypassing the mixing 
and granulating routes. This process is called Return Fine - Mosaic 
Embedding Iron Ore Sintering (RF-MEBIOS). The return fines can 
be used as the dry particles by eliminating the drying process be-
cause the return fines are utilized as raw materials soon after they 
are discharged from sinter plants.

In this report, from the viewpoint of the bulk density in sinter 
packed beds and the pseudo-particle size after mixing and granula-
tion, permeability improvement techniques based on RF-MEBIOS 
were studied by a pot test. Thereafter, the process was applied to 
sinter plants to improve the productivity in each sinter plant. RF-
MEBIOS can be used for not only improving the sinter productivity, 
but also countermeasures against the recent increase in the amount 
of fine ore. 3)

2. Sinter Pot Examination
2.1 Experimental procedures

The effect of the RF-MEBIOS process on the sinter productivity 
was evaluated in a pot test. Figure 2 shows the experimental flow of 
the pot test. At first, 85 mass% of the total raw materials, which 
were several types of fine ore, serpentine, and limestone, and 15 
mass% of the return fines were prepared. Detailed blending condi-
tions are shown in Table 1. Some of the return fines (x%) were added 
into the granulated sinter raw materials and the remaining return 
fines (15 − x%) were used for the granulation. The former are called 
bypass return fines and the latter are granulation return fines.

Then, the raw materials except the bypass return fines were 
mixed in a drum-type mixer (diameter: 600 mm, length: 800 mm) 
for 4 min, and a designated amount of water was sprayed and mixed 
again for 4 min. The mixing after the water spraying causes granula-
tion. Then, the bypass return fines were mixed into the granulated 
raw material for 15 s. This was used as the blending material. The 
moisture content to be added was adjusted such that the moisture 
content after the bypass return fines were added (hereinafter referred 
to as a “moisture content at charging”) was 7.0% equally in all cases. 
Therefore, the higher the percentage of the bypass return fines, the 
higher the moisture content in the granulation (hereinafter referred 
to as a “moisture content after granulation”). In this paper, the mois-
ture content (mass%) before the bypass return fines are added is re-
ferred to as the “moisture content after granulation” and the mois-
ture content (mass%) after the bypass return fines are added is re-
ferred to as the “moisture content at charging”. The former parame-
ter affects granulation and the latter affects sintering. Regarding 
charging into a pot, 2.0 kg of sinter ore with 10 to 15 mm was 
placed in a sinter pot (300 mm in diameter × 500 mm in height) as 
the hearth material. The sinter raw material was dropped from a 
height of 680 mm from the hearth material.

Figure 3 shows the influence of the bypass return fine ratio on 
the moisture contents after the granulation and at charging. The 
curved line that indicates the designed values matches the marks 
that indicate the measured values, which means that the expected 
test results were obtained. The pseudo-particle size was measured 
both after the granulation and at charging. As the measuring method, 
a mechanical sieving process using several sizes of mesh was used 
for 15 s without tapping after dry treatment for 2 h at 105 degrees C.

Table 1 shows the blending conditions. Five main types of iron 
ore used in Japan were used. The coke breeze blending ratio was set 
to 4.5% relative to the total sinter mixture. The purpose of Series 1 
and Series 2 is to investigate the effects of the bypass return fine ra-
tio and size, respectively. In Series 2, the blending ratios of return 
fines in +1 mm and −1 mm, which were 7.7% and 7.3% respective-
ly, correspond to the size distribution of the return fines with the −1 
mm ratio of 49% shown in Fig. 4.

Fig. 1 Denser parts and loser ones in the same packed bed of 
MEBIOS 12, 15)

Fig. 2   Experimental flow of pot test (300 mmφ)
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Sintering was performed in a window box at a constant pressure 
of 10.3 kPa, after igniting by an LPG burner for 1 min during suc-
tion at 5.2 kPa. The pressure in the window box was controlled by 
the opening degree of a damper at the main exhaust pipe set be-
tween the wind box and a fan. The exhaust gas temperature was 
measured with a thermocouple installed at the center of the wind 
box. Sintering was terminated 3 min after the BTP, which is the time 
point at which the maximum temperature of exhaust gas is meas-
ured. The combustion time was defined as the time from the ignition 

start to the maximum exhaust gas temperature.
Then sinter cake discharged from the pot was dropped from a 

height of 2.0 m 4 times after weight measurement. After the drop, it 
was sieved by 5 mm and the weight (+5 mm) was measured. The 
weight of the sinter product was determined as the weight of +5-mm 
particles minus 2.0 kg (hearth material) on the assumption that the 
powdered hearth material particles smaller than 5 mm have been re-
moved. Then, the yield was obtained by dividing the weight of the 
sinter product by the weight of the sinter cake minus 2.0 kg. The 
sinter productivity was calculated by dividing the sinter product 
weight by the sintering time and the area of the sinter pot.

The frame front speed (FFS) was calculated by dividing the 
height of the sinter packed bed at charging into the pot by the time 
from the ignition start to when the burning zone reaches the lowest 
area of the sinter raw material. The time at which the burning zone 
reaches the lowest area was set as the rise time of the exhaust gas 
temperature.
2.2 Results

Figures 5–7 show the results for the productivity, the FFS, and 
the yield, respectively. With the increase of the ratio of the bypass 
return fines, the productivity and FFS increased. When the bypass 

Fig. 3   Moisture content in sinter raw materials after granulation and at charging

Table 1   Blending conditions of sinter mixture

Route Raw materials Series 1 Series 2

Ordinary route

Iron ore R 8.5 8.5 8.5 8.5 8.5 8.5
Iron ore Y 19.1 19.1 19.1 19.1 19.1 19.1
Iron ore H 13.2 13.2 13.2 13.2 13.2 13.2
Iron ore C 8.5 8.5 8.5 8.5 8.5 8.5
Iron ore W 21.3 21.3 21.3 21.3 21.3 21.3
Serpentine 2.1 2.1 2.1 2.1 2.1 2.1
Lime stone 12.3 12.3 12.3 12.3 12.3 12.3
Return fine 15 10 5 0 – –
Return fine (+1 mm) – – – – – 7.7
Return fine (−1 mm) – – – – 7.3 –
Sub total 100 95 90 85 92.3 92.7
Coke breeze (−5 mm) [4.5] [4.5] [4.5] [4.5] [4.5] [4.5]

Added after granulation stage

Return fine 0 5 10 15 – –
Return fine (+1 mm) – – – – 7.7 –
Return fine (−1 mm) – – – – – 7.3
Sub total 0 5 10 15 7.7 7.3

Total 100 100 100 100 100 100
Coke breeze (−5 mm) [4.5] [4.5] [4.5] [4.5] [4.5] [4.5]

Fig. 4   Size distribution of return fine
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return fine ratios of 5% and 10% are compared, both have the same 
level of FFS. Although the reason is not clear, the bypass return fine 
size distribution remains invariant and, as the bypass return fine ra-
tio is higher, the moisture content in the granulated material monot-
onously increases. Therefore, it is unlikely that a specific phenome-
non occurs in the bypass return fine ratios from 5 to 10%. Accord-
ingly, it is understood that as the bypass return fine ratio increases 
from 0 to 15%, the FFS monotonously increases.

Bypassing large particles (+1 mm) has better productivity and 
FFS than the bypassing small particles (−1 mm). In the case of the 
bypass return fine ratio of 15% (to the total mixture), the pot yield is 
low, which may be caused by high FFS.

Figure 8 shows the results of the bulk density and the pseudo-
particle size (−0.25 mm) ratio at charging along with the bypass re-
turn fine ratios. When the bypass return fine ratios of 0% and 15% 
are compared, the bulk density and the pseudo-particle size (−0.25 

mm) are clearly low in the case of 15%. The bulk density and the 
pseudo-particle size (−0.25 mm) ratio when the bypass return fine 
ratios are 5 and 10% are located between the values in the cases of 
0% and 15%. Although no differences are seen between the cases of 
5% and 10%, it is unlikely that a specific phenomenon occurs in the 
bypass return fine ratios from 5 to 10%. Accordingly, it is under-
stood that the higher the bypass return fine ratio, the lower the bulk 
density and the pseudo-particle size (−0.25 mm) ratio. With the in-
crease in size of the bypass return fines, the mean bulk density and 
the pseudo-particle size (−0.25 mm) ratio decrease. However, no 
significance is seen considering fluctuations of the data in the cases.

To summarize the results, when the moisture content at charging 
is constant and when dry return fines are added to the granulated 
raw materials, the pseudo-particle size (−0.25 mm) ratio at charging 
decreases due to accelerated granulation because of a higher mois-
ture content in the granulated raw materials compared to the con-
ventional process where all raw materials are granulated at once. In 
addition, the bulk density decreases when the mixture contains dry 
particles. Whether this decrease is caused by the pseudo-particle 
size (−0.25 mm) ratio or increasing the friction between the wet and 
dry particles requires examination in the future.
2.3 Discussion
2.3.1 Factorial analysis of firing rate by adding bypass return fines

Generally, the FFS is at the bottom of a region where carbon is 
burning in a binder and its descending rate depends on the heat 
transfer from the upper zone to the lower zone in the sinter packed 
bed. Two types of heat transfer are considered in the sintering proc-
ess. One is forced-convection heat transfer between the downward 
gas flow and particles. The other is conductive heat transfer directly 
between the particles. The former depends on the permeability of 
the sinter packed bed and the moisture content of the materials in it. 

Fig. 5 Improvement of productivity by return fine addition after granu-
lation stage

Fig. 6 Effect of return fine addition after granulation stage on frame 
front speed Fig. 7   Influence of return fine addition after granulation stage on yield

Fig. 8   Effect of return fine added after granulation stage on bulk density and pseudo-particle size at charging
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The permeability of the packed bed is a function of the void ratio 
and the particle size as expressed by the Ergun Formula.

In fact, from Figs. 6 and 8, high FFS cases with a high bypass 
return fine ratio show a low bulk density and a low pseudo-particle 
size (−0.25 mm) ratio at charging.

The bulk density corresponds to the void ratio (ε) because the 
identical blending conditions are applied to all cases in this experi-
ment, which means that the mean apparent density is equal. The 
void ratio (ε) is calculated by dividing the bulk density by the mean 
apparent density, and then subtracting the divided value from 1. The 
pseudo-particle size (−0.25 mm) ratio is adopted as the particle size 
indicating the permeability in the sintering process, because in the 
previous study, 18) a strong correlation between the pseudo-particle 
size (−0.25 mm) ratio and the FFS has been observed. The FFS is 
represented by Formula (1)

FFS (mm/min) = a ∙ (1− b ∙ (d−0.25(%))/100)
    ∙ (1− c ∙ (wcharging(%)/100))
   × (ε3/(1− ε))0.6 + h   (1)
     d−0.25(%): pseudo-particle size (−0.25 mm) ratio at charging,
     wcharging(%): moisture content at charging, ε(-): void ratio.
In this Formula (1), the former term corresponding to the con-

vection heat transfer between the gas and particles depends on the 
pseudo-particle size (−0.25 mm) ratio at charging, the moisture con-
tent at charging, and the void ratio (ε). The latter term corresponding 
to the conductive heat transfer directly between the particles is con-
stant.

Based on the previous studies 18, 19) of examination of the FFS in-
crease caused by the void ratio (ε), pseudo-particle size (−0.25 mm) 
ratio at charging, and moisture content at charging, the parameters (a 
to c and h) in Formula (1) are determined as shown in Formula (2)

FFS (mm/min) = 86.67 (1− 0.247(d−0.25(%))/100)
         ∙ (1− 3.20(wcharging(%)/100))
         × (ε3/(1− ε))0.6 + 2.33.  (2)
In Formula (2), the pseudo-particle size (−0.25 mm) ratio at 

charging, moisture content at charging, and void ratio (ε) are limited 
as follows. These limitations are defined based on the experimental 
conditions of the previous studies 18, 19)

0.4 < d−0.25(%) < 5.6     5.3 < wcharging(%) < 8.3     0.32 < ε(-) < 0.42.
Figure 9 shows the correlation in this experiment between the 

FFS and the values calculated with Formula (2). The correlation fac-
tor of 0.875 is high, which proves that the formula is valid.

Based on Formula (2), the effects of the void ratio (ε) and the 

pseudo-particle size (−0.25 mm) ratio at charging on the FFS were 
evaluated individually as shown in Fig. 10. The large circles in both 
figures are the basic points, which are determined by substituting the 
data of the pseudo-particle size (−0.25 mm) ratio at charging, mois-
ture content at charging, and void ratio (ε) in the Formula (2) when 
the bypass return fine ratio is 0%. The broken lines passing the basic 
points are determined as the function of the void ratio (ε) (left fig-
ure) and pseudo-particle size (−0.25 mm) ratio at charging (right 
figure) with the FFS while the other parameters are constant, based 
on Formula (2). The solid lines are determined by the experimental 
results and the inclination of the solid line reflects all elements con-
cerned for the FFS. The ratio of the inclination of the broken lines to 
that of the solid lines indicates a relative contribution of the void ra-
tio (ε) (left figure) and the pseudo-particle size (−0.25 mm) ratio at 
charging (right figure) on the FFS. The effects of the void ratio and 
the pseudo-particle size (−0.25 mm) ratio on the FFS were evaluated 
as 41% and 55% relative to the total FFS increase, respectively. The 
added value is 96%. Accordingly, these two parameters are available 
for explanation.

Figure 11 shows the mechanism by which the return fines added 
after the granulation stage improve the productivity. When the mois-
ture content at charging is constant, the bypass return fines can in-
crease the moisture content in the raw materials after granulation. 
As shown in Fig. 4, in spite of the small amount of particles (−0.25 
mm) contained in the bypass return fine, the pseudo-particle size 
(−0.25 mm) ratio at charging in the sinter plant decreases with the 
increase in the bypass return fine ratio. The reason is that a higher 

Fig. 9   Verification of regression equation

Fig. 10   Effect of void ratio and pseudo-particle size at charging on flame front speed at return fine addition after granulation stage
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moisture content in the granulated raw material accelerates the gran-
ulation and this surpasses the increase of the ungranulated return 
fine (−0.25 mm) ratio. In addition, the bulk density decreases by 
adding dry return fines to the granulated wet material.

Both decreases in the pseudo-particle size (−0.25 mm) ratio at 
charging and the bulk density contribute to the increase of the FFS. 
The effects of the decrease in the yield due to the increased FFS and 
the direct decrease of the product sintered ore due to the decreased 
bulk density at charging were minor compared to the FFS increase, 
so the productivity was improved.
2.3.2 The mechanism of decreasing bulk density

Sato et al. 20) have reported the function of the moisture content 
in the sinter raw material pretreatment process in which as the mois-
ture content increases, pseudo-particles grow in granulation. How-
ever, an excess moisture content fills the voids between the pseudo-
particles in the sinter packed bed in the pretreatment process and 
thereby the moisture content hinders the ventilation unlike the case 
of granulation. In addition, Kawaguchi et al. 19) have reported the 
formation of sinter packed beds and that the moisture content value 
with the maximum permeability is low in the case of charging from 
a higher point. These facts indicate that the RF-MEBIOS process 
may function to suppress the decrease in voids in packed beds due 
to high moisture content granulation and charging by drop. Thus, 
adding dry particles after granulation forms a composite bed con-
sisting of granulated wet particles and ungranulated dry particles. 
This composite bed may enhance the resistance to shock from drop 
(charge). To verify this, the shear strength of packed beds was ex-
amined and studied in an all-around shearing test.

Figure 12 outlines the all-round shearing test. For samples, 76.4 
dry-g pisolite ore (4.7% initial moisture content) and 20.0 dry-g re-
turn fines (0% initial moisture content) were prepared. Then, they 
were crushed to −0.25 mm in advance. As the procedures, the 76.4 
dry-g pisolite ore and water were mixed such that the moisture con-
tent after the granulation was approximately 14.0%. Then, 20.0 dry-g 
of return fines were added and lightly mixed such that the moisture 
content in the composite bed at charging was 11.1%. The samples 
were charged to a shearing cell in which the upper section was fixed 
and the lower section was movable, with a diameter of 60 mm. It 
was sheared at a constant rate of approximately 3.0 mm/min while 
designated perpendicular stress was applied. The shear strength was 
measured based on the load in the shear plane direction. The per-
pendicular stress was applied to three points (49, 98, and 147 kPa) 
for each sample. Finally, the internal friction coefficient and adhe-

sion of the materials were calculated by Mohr-coulomb yield criteri-
on 21) Formula (3).

Other samples were prepared by mixing iron ore and return fines 
without adding water (3.7% moisture content at charging) and by 
mixing iron ore, return fines, and water at once (11.1% moisture 
content at charging). Each sample was subjected to a shear test and 
the base and composite bed (RF-MEBIOS process) were compared 
(Table 2).

τ = σ tanφ + C     (3)
     τ: shear stress (kPa), σ: perpendicular stress (kPa)
     φ: internal frictional angle (°)
     tanφ: internal friction coefficient (-), C: adhesion (kPa)
Figure 13 shows the shear test results. The horizontal axis is the 

perpendicular stress and the vertical axis is the measured shear 
strength. In the figure, the tilt of the lines connecting the measured 
values indicates the internal friction coefficient and the y-intercept 
indicates the adhesion, as expressed by Formula (3). Comparing the 
bases of (3.7%) and (11.1%), when the influence of the moisture dif-
ference is compared under the same raw material blending condi-
tion, the lower the moisture content, the higher the internal friction 
coefficient. Then, the base (11.1%) and the RF-MEBIOS (11.1%) 
were compared; the case where all the materials were mixed at a 
time as conventionally performed was compared to the case where 
some raw materials were added in the later process to form a com-
pound consisting of dry particles and wet particles. It is confirmed 
that forming a compound obtains a higher internal friction coeffi-
cient even if the blending and the total moisture content are the 
same (Table 3).

Fig. 11 Effect of RF-MEBIOS (return fine bypassing granulation 
route) on improvement of productivity

Fig. 12   Experimental procedures of shear test

Table 2   Experimental conditions of shear test

Base RF-MEBIOS
Iron ore (dry-g) 76.4 76.4 76.4
Dry particle (dry-g) 20.0 20.0 0.0
Moisture after granulation (%) 3.7 11.1 14.0
Dry particle (add) (dry-g) 0.0 0.0 20.0
Moisture at charging (%) 3.7 11.1 11.1

Fig. 13   Decrease of friction coefficient by RF-MEBIOS
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Terashita et al. 22) performed all-round shear tests of various types 
of powder and granular materials at constant capacity and load to 
examine the influence of the moisture content on the internal fric-
tion coefficient. They have reported that the internal friction coeffi-
cient of the powder and granular materials is the highest when the 
moisture content is 0% and it decreases in the pendular area as the 
moisture content increases. It is almost constant from the funicular 
area to the early stage of the capillary area and it decreases again in 
the following capillary to slurry areas. Therefore, a higher friction of 
RF-MEBIOS is caused by the existence of dry particles, which has 
a high internal friction coefficient, in the raw materials at charging.

In addition, when the shear strength shown in Fig. 13 is regarded 
as the deformation resistance of the powder and granular materials, 
the resistance of the base and RF-MEBIOS process reverses with a 
certain perpendicular stress as the boundary. When the perpendicu-
lar stress is hardly applied, the deformation resistance of the base is 
higher. When the perpendicular stress is applied to some extent, the 
deformation resistance of the RF-MEBIOS process is higher.

In the sinter process, granulated materials taken out by a roll 
feeder are charged into a pallet by dropping from a chute. In this ex-
periment, a packed bed is formed on the raw material charged by 
dropping. At this time, the raw material receives various types of 
force such as force when the inertia movement of each pseudo-par-
ticle collide with each other and force when the weight of the raw 
material flowing down and drop impact spread to the area that al-
ready has a packed bed. The raw material, the side of which is fixed 
to the container outer wall, receives the vertical force. It is consid-
ered that the material receives shear force in a packed state like turn-

ing the sample in Fig. 12 by 90 degrees. The higher void ratio in the 
RF-MEBIOS process is caused by a higher internal friction coeffi-
cient of the packed bed functions as the resistance to the force of 
drop impact and downward load, and consequently, the vacancy be-
comes easy to maintain in RF-MEBIOS as illustrated in Fig. 14. A 
future task is to analyze which force a raw material receives and to 
what extent when a packed bed is formed.

3. Practical Application to a Commercial Plant
3.1 Application to Kashima sinter plant No. 3
3.1.1 Layout of return fine transportation

Figure 15 illustrates the material flow at the practical sinter 
plant. Transportation of return fines diverges into two routes by a di-
vergence damper. One is to the existing return fine bin and the other 

Table 3   Experimental results of shear test

Case (moisture content) tanφ: Friction coefficient C: Adhesion
Base (3.7%) 0.274 0.0
Base (11.1%) 0.124 7.8
RF-MEBIOS (11.1%) 0.159 5.8

Fig. 14   Increasing vacancy of packed bed by RF-MEBIOS

Fig. 15   Layout of return fine transporting route at commercial sinter plant
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to the new bypass return fine bin.
The return fines from the existing return fine bin and the other 

sinter raw materials are mixed and granulated together with water in 
the mixer. The return fines from the bypass return fine bin are added 
after the mixer. The section enclosed in broken lines in Fig. 15 
shows the positional relationship between the damper and belt con-
veyor. The damper position is adjusted to control the ratio of the by-
pass return fines. The damper can separate the return fines between 
the upper layer (bypass return fines) and the lower layer (granulation 
return fines). The belt conveyor discharges course particles as the 
upper layer, so relatively large particles are transported to the bypass 
return fine bin.

This divergence method was adopted because of the results of 
the pot test, in which large particles bypassing the mixer are effec-
tive for the FFS and the productivity as compared with bypassing 
small particles. Figure 16 shows the pseudo-particle size (−0.25 
mm) ratios for the bypass return fines and total return fines at each 
bypass return fine ratio. The ratio for the bypass return fine is lower 
than that of the total return fines. With the increase of the ratio of the 
bypass return fines, the pseudo-particle size (−0.25 mm) ratio of the 
bypass return fines becomes closer to that of the total return fines.

In the practical plant test, the ratios of the bypass return fines to 
the sinter mixture were 20%, 14%, and 8% with the constant mois-
ture content (6.4–6.5%) at charging. As shown in Fig. 15, at the high 
bypass return fine ratio (to the total mixture), the moisture content 
(%) after the granulation is high. It is 7.9%, 7.5%, or 7.1% in each 
case.
3.1.2 Operational results

The operational results are shown in Fig. 17. A high ratio of the 
bypass return fines (20% to the total sinter mixture) increases the 
productivity (> 620 t/h) due to high FFS. The productivity improve-
ment may be caused by the increased pseudo-particle size as is the 
case with the sinter pot test in the previous chapter.

Figure 18 shows the effect of the moisture content after granula-
tion on GI (−0.25 mm), GI (−0.25 mm) is defined by Formula (3). 
The index means the granulating ratio for particles with a diameter 
of 0.25 mm or smaller. A (−0.25 mm) and B (−0.25 mm) correspond 
to real particles and pseudo-particles, respectively. B (−0.25 mm) 
was measured by sieving for 15 s without tapping after drying for 2 
h under 105 degrees C. Thereafter, all the sieved samples were col-
lected and A (−0.25 mm) was measured by sieving for 5 min with 
tapping. These analyses were performed for both raw materials after 
the granulation and at charging to calculate GI (−0.25 mm) for each

GI (−0.25 mm) (mass%) = (1 − 
B (−0.25 mm)
—
A (−0.25 mm)  ) × 100 (4)

     A(−0.25 mm): −0.25 mm ratio of real particle (mass%)
     B(−0.25 mm): −0.25 mm ratio of pseudo-particle (mass%).
Figure 18 confirms that the GI (−0.25 mm) is high at a high 

moisture content after the granulation. The relation between the 
moisture content after the granulation and GI (−0.25 mm) is repre-
sented by the quadratic formula shown in Fig. 18.

Figure 19 shows the effect of the bypass return fine ratio on the 
GI (−0.25 mm) of the raw material after the granulation and at 
charging. The GI (−0.25 mm) after the granulation is high at a high 
ratio of the bypass return fine due to a high moisture content (%) af-
ter the granulation. The GI (−0.25 mm) of the raw materials at 
charging decreases due to the addition of the bypass return fines 
containing small particles as compared to the GI (−0.25 mm) of the 
pseudo-particles after the granulation. However, the GI (−0.25 mm) 
of the pseudo-particles at charging remains higher in the case of the 
high bypass return fine ratio even with the effect of such decrease. It 

Fig. 16   Influence of bypass return fine ratio on particle size

Fig. 17   Operational performances at varying bypass return fine ratio

Fig. 18 Increasing GI (‒0.25 mm) by high moisture content after granu-
lation
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suggests that the granulation with a high moisture content is affected 
more than that of adding small particles contained in the ungranulat-
ed bypass return fines. The results match the pot test results qualita-
tively.

An optimum bypass return fine ratio is a key parameter for sinter 
plant operation. To this end, the relation between the bypass return 
fine ratio and the small particle (−0.25 mm) ratio in pseudo-particles 
at charging was evaluated by the procedures below. The premise 
conditions are as follows.

• −0.25-mm particle ratio in the sinter raw materials except the re-
turn fines: 25%

• Return fine ratio to the total sinter mixture: 20%
• −0.25-mm particle ratio in the return fines: 4.4%
• Moisture content at charging: 7.0%

The quantity of −0.25-mm particles in the sinter raw material at 
charging is considered to be the sum of −0.25-mm particles in the 
bypass return fines and those in the granulated raw materials be-
cause the bypass return fines charged into the sinter plant are not 
granulated. This is represented as follows:

−0.25-mm particle ratio in the sinter mixture at charging (%)
     × Sinter mixture weight at charging (t/h)
= −0.25-mm particle ratio in the granulated raw material (%)
× (Sinter mixture weight (t/h) − Bypass return fine weight (t/h))
+ −0.25-mm particle ratio in the bypass return fine (%)
× Bypass return fine weight (t/h).   (5)
For the calculation of Formula (5), sinter mixture weight at 

charging (t/h) and bypass return fine weight (t/h) are given as opera-
tional parameters. A particle ratio of −0.25 mm in the bypass return 
fines (%) is defined in Fig. 13. The −0.25-mm particle ratio in the 
granulated raw materials is calculated from the GI (−0.25 mm) and 
−0.25-mm particle ratio in the raw materials before the granulation, 
based on Formula (3). The GI (−0.25 mm) is calculated by the re-
gression formula in Fig. 18. The −0.25-mm particle ratio in the raw 
materials before the granulation is calculated from the aforemen-
tioned three parameters: −0.25-mm particle ratio in the sinter raw 
materials except the bypass return fines (25%), −0.25-mm particle 
ratio in the return fines (4.4%), and the granulation return fine ratio.

Figure 20 shows the relation between the bypass return fine ra-
tio (to the total sinter mixture), GI (−0.25 mm), and the moisture 
content after the granulation. Figure 21 shows the influence of the 
bypass return fine ratio (to the total sinter mixture) on the pseudo-
particle size (−0.25 mm) ratios before and after the granulation us-
ing the GI (−0.25 mm) shown in Fig. 17. With the increase of the 
bypass return fine ratio, the pseudo-particle size (−0.25 mm) ratio 
after the granulation decreases, in spite of the increased pseudo-par-

ticle size (−0.25 mm) ratio before the granulation.
Figure 22 shows the influence of the bypass return fine ratio on 

the pseudo-particle size (−0.25 mm) ratio at charging, distinguishing 
between the pseudo-particle size (−0.25 mm) ratio in the sinter mix-
ture at charging and the pseudo-particle size (−0.25 mm) ratio in the 
granulated raw materials. The ratio originated from the granulated 
raw material is the pseudo-particle size (−0.25 mm) ratio in the 
granulated raw material shown in Fig. 21. The results in Fig. 22 

Fig. 19   Effect of bypass return fine ratio on GI (‒0.25 mm)

Fig. 20 GI (‒0.25 mm) and moisture content after granulation corre-
sponding to bypass return fine ratio

Fig. 21 Influence of bypass return fine ratio on particle size (‒0.25 mm) 
ratio before and after granulation

Fig. 22 Influence of bypass return fine ratio on pseudo-particle size 
(‒0.25 mm) ratio at charging
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show that under the conditions assuming the test using sinter plant 
No. 3 of the practical plant, the optimum bypass return fine ratio is 
18% (to the total sinter mixture).
3.2 Productivity improvement at practical plants

RF-MEBIOS, which is a technique of return fine bypassing 
granulation, was applied to three sinter plants at former Sumitomo 
Metal Industries, Ltd. before its consolidation to improve the pro-
ductivity, as shown in Fig. 23. After the consolidation, the RF-ME-
BIOS process was introduced to Kimitsu and Yawata Works and the 
applied plants are under operation.

4. Conclusions
High permeability of sinter packed beds for sinter productivity 

improvement has been achieved by the Return Fine - Mosaic Em-
bedding Iron Ore Sintering (RF-MEBIOS) process, in which dry 
ungranulated return fines are added to granulated wet raw materials.

The permeability is increased by two factors of a low fine pseu-
do-particle size (−0.25 mm) ratio and a low bulk density. The former 
is caused by granulation with a high moisture content due to the ad-
dition of dry return fines after the granulation when the moisture 
content at charging is constant.

This process was applied to four steelworks of Nippon Steel 
Corporation and all plants have produced improved productivity.
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Fig. 23   Universal effect of RF-MEBIOS on productivity
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