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Abstract:
The effect of flux addition method on hot metal desul-

furization in a mechanical stirring process was investi-
gated in a 1/12-scale water model and a 70 kg-scale hot 
model experiments. Powder blasting, in which the desul-
furization flux is blasted with a carrier gas onto the mol-
ten hot metal surface, was the most effective method for 
improving desulfurization efficiency. The effect of the 
powder blasting method was quantitatively estimated by 
a flux aggregation model based on granulation theory. 
Flux dispersion was also enhanced by generating an 
inclined vortex by using a hot metal transfer ladle with 
bottom inclination. As desulfurization slag consists of 
aggregated flux particles, the reaction efficiency of the 
desulfurization flux was further improved by adopting 
hot slag recycling through a process of thermal destruc-
tion, resulting in the creation of new interfaces includ-
ing unreacted CaO in the slag. In comparison with the 
conventional process, application of these techniques 
improved desulfurization flux efficiency by 2.1 times and 
reduced desulfurization slag generation by approxi-
mately 30%.

1.	 Introduction

Requirements for low sulfur content in steel materi-
als have increased in recent years in response to stricter 
quality requirements for steel products, represented by 
steel plates and linepipe materials. The amount of hot 
metal desulfurization in the steelmaking process is 
increasing, as this is the most rational stage for perform-

ing desulfurization. Improvement of the reaction effi-
ciency of the desulfurization flux is necessary and indis-
pensable for satisfying both increased hot metal 
desulfurization amount and reduced desulfurization slag 
generation. However, CaO-based flux has poor wettabil-
ity with hot metal, and when it is entrained in hot metal, 
it aggregates while also picking up hot metal. As a 
result, increased generation of desulfurization slag 
reduces the iron yield of hot metal. Against this back-
drop, development of a technology which makes it pos-
sible to reduce both consumption of desulfurization flux 
and generation of hot metal desulfurization slag by fun-
damentally improving the reaction efficiency of the 
desulfurization flux had been strongly desired.

In the hot metal desulfurization process, JFE Steel 
had adopted a process utilizing mechanical stirring, 
which is characterized by large stirring force and enables 
treatment to the lower sulfur content region in a short 
period of time. Because the flux aggregates during 
entrainment in hot metal, the fact that unreacted desul-
furization flux remains inside the aggregated slag was 
an issue in this mechanical stirring desulfurization pro-
cess1). In this work, a rational hot metal desulfurization 
process which greatly improves desulfurization effi-
ciency and enables effective utilization of the sensible 
heat and iron component in the desulfurization slag was 
established by development of a desulfurization flux 
powder blasting method, bottom inclination ladle tech-
nique, and hot slag recycling method. This desulfuriza-
tion process has been applied in practical operation.
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2.	 Technique	for	Enhancing	Dispersion		
of	Desulfurization	Flux

2.1	 Reduction	of	Reaction	Efficiency	
by	Aggregation	of	Desulfurization	Flux

Hot metal desulfurization with mechanical stirring is 
a process which accelerates the reaction between hot 
metal and desulfurization flux by immersing or inserting 
an impeller made of refractory material in hot metal and 
stirring the bath by rotating the impeller, causing 
entrainment of the added desulfurization flux in hot 
metal. In the conventional powder addition method, the 
flux was added to the bath surface by natural dropping 
while the bath was stirred. At that time, the powdery 
flux with a diameter of 1 mm or less aggregated as a 
result of the process of stirring and addition, and finally 
achieved a size of several mm to several 10 mm. Fig.	1 
shows the results of observation of aggregated desulfur-
ization flux2). Because sulfur is distributed on the sur-
rounding edge of the aggregated desulfurization flux, it 
can be understood that the flux in the interior of the 
aggregate has not contributed to the reaction. This 
aggregation phenomenon is a factor in low reaction effi-
ciency of desulfurization flux.

2.2	 Desulfurization	Flux	Powder	Blasting	
Technique

Focusing on the desulfurization flux addition method 
as a method for suppressing flux aggregation during 
desulfurization flux addition and thereby improving 
desulfurization efficiency, JFE Steel conducted a study3) 
of three addition methods in a water model experiment 
and 70 kg-scale hot metal desulfurization experiment to 
investigate the effect of the desulfurization flux addition 
method on desulfurization behavior. The three methods 
examined in that study were batch addition (conven-
tional method), continuous addition and powder blasting 
using a carrier gas.

Photo	1 shows the results of the particle dispersion 
behavior in the water model experiment after addition of 
a simulated flux (plastic particles). With batch addition, 
the diameter of the aggregated particles was large, and a 
phenomenon in which large aggregated particles rotated 

in the water was observed. On the other hand, with pow-
der blasting, the diameter of the dispersed particles was 
small, and the bath had a cloudy white appearance. From 
these observational results, flux aggregation was thought 
to occur as the flux was entrained from the water surface 
into water bath, and because the particles were pene-
trated directly in the water under the blasting conditions 
in this water model, aggregation during entrainment of 
the blasted particles was small in comparison with the 
batch addition method, and as a result, the diameter of 
the particles dispersed in the bath was small.

Next, a study3) of the same three methods was carried 
out by a hot desulfurization experiment using a 70 kg-
scale high frequency induction furnace in order to inves-
tigate the effect of the desulfurization flux addition 
method on desulfurization behavior.

Figure	2 shows the desulfurization behavior obtained 
in the 70 kg-scale hot metal desulfurization test. In the 
case of powder blasting, the desulfurization rate 
increased during flux addition. The desulfurization rates 
measured in 10 min shown by Eq. (1) were C: 0.130  

Fig. 1  Scanning Electron Microscopy (SEM) image and sulfur 
mappings in desulfurization slag after treatment. Photo 1  Particle dispersion behaviors after flux addition in 

water model experiment:  
a) batch addition and b) powder blasting.

Fig. 2  Comparison between observed and calculated 
desulfurization behaviors
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(1/min) by powder blasting, B: 0.074 by continuous 
addition, and A: 0.057 by batch addition. That is, the 
desulfurization rate obtained with the powder blasting 
method was approximately 1.8 times larger than with 
continuous addition and approximately 2.3 times larger 
than with batch addition.

−     = KS · [S] ············································· (1) 

where, KS: apparent desulfurization rate constant (1/
min), [S]: sulfur content in hot metal (mass%) and t: 
time (min).

The calculated results shown in Fig. 2 were calcu-
lated from a model1,3) in which solid particles aggregates 
in a bath, and the desulfurization reaction proceeds at 
the surface of the aggregated particles, as explained in 
the following.

The particle diameter of the desulfurization flux that 
contributes to the reaction interfacial area in the desul-
furization reaction is determined by the dispersion and 
aggregation behavior of the added flux in hot metal. The 
dispersion and aggregation phenomena of a powder in a 
liquid are expressed by the function of the potential 
energy and distance between powder particles, and the 
changes in monodispersed particles due to aggregation 
are assumed to be expressed by a bimolecular reaction 
equation4). That is, if the number of particles in a unit 
volume after time tis γ, and the aggregation rate constant 
is ka, the change in the monodispersed particles due to 
aggregation is expressed by a bimolecular equation, as 
shown in Eq. (2).

   = ka · (γ−γe)2 ··············································· (2) 

where, γ: number of particles in unit volume of liquid 
(−), γe: number of particles in equilibrium state (−), ka: 
aggregation rate constant (m3/s) and t: time (s).

From the granulation rate of spherical particles in a 
wet condition, the number of particles can be expressed 
by Eq. (3).

γ =
nÂ

π / 6( ) ⋅ D3ρf (1 − ε )nÂ
×Wf ×

1
Vm

 ············· (3) 

where, n: number of particles whose diameter is D (−), 
Wf: total weight of granulates (flux) (kg), Vm: volume of 
particle dispersed in liquid (hot metal) (m3), ε: void ratio 
in aggregated particles (−) and ρf: particle (flux) density 
(kg/m3).

In the case of continuous addition of the desulfuriza-
tion flux, it can be thought that the previously-added 
desulfurization flux and the newly-added desulfurization 
flux contribute to the reaction. Furthermore, as the 

d [S]
dt

dγ
dt

aggregated particle diameter in the equilibrium state De 
is determined by the balance of cohesive forces (granu-
lation strength of granulate) and destructive forces (cen-
trifugal force of stirring), Eq. (4) is materialized5,6). 
Finally, the diameter D (t) of the aggregate at time t is 
expressed by Eq. (5).
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  ················································································ (5) 

where, Df: initial added-particle diameter (flux diameter) 
(m), De: aggregated particle diameter in equilibrium 
state (m), K: constant depending on condition of granu-
lation (−), Wf (t): weight of desulfurization granulates 
(flux) added up to time t (kg), τ: interfacial tension 
between particle and hot metal (N/m), r: radius of impel-
ler (m), ω: angular velocity of impeller rotation (rad/s), 
γfnew (t): number of granulate (flux) particles newly added 
at time t (−), γf (t): initial number of granulate (flux) par-
ticles at time t (−) and γe: number of particles in equilib-
rium state (−).

Figure	3 shows the results of a calculation of the 
change over time in the average particle diameter during 
the experiment by these equations, together with the 
actual measured results of the average particle diameter 

Fig. 3 Changes of average particle diameter of slag
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of the slag. The average particle diameter of the desul-
furization slag after the experiment was 0.76 mm with 
batch addition, but in contrast, the average diameter 
decreased to 0.39 mm with continuous addition and 
0.38 mm with powder blasting. In the case of batch 
addition, the particle diameter increases with time, 
whereas with continuous addition and powder blasting, 
the degree of increase in the particle diameter during 
and after addition of the desulfurization flux is different, 
and inflection points occur. Based on this, with the con-
tinuous addition and blasting processes, it is thought that 
the diameter increase during desulfurization flux addi-
tion is small, the particle diameter increases as a result 
of aggregation which proceeds after addition. Moreover, 
when the desulfurization flux addition time was short-
ened, the treatment time after desulfurization flux addi-
tion was long, and from this, it can be estimated that the 
aggregate diameter increased after treatment.

Under the assumption that mass transfer in hot metal 
is rate-controlling for the desulfurization reaction, an 
evaluation was performed by the desulfurization reac-
tion rate equation shown in Eq. (6). The reaction interfa-
cial area A is expressed by Eq. (7), and the behavior of 
the S content in hot metal can be estimated by substitut-
ing the particle diameter D (t) (Eq. (5)) calculated by the 
aggregation model into this equation3).

−     = KS · [S] =     · [S] ··················· (6) 

A = 3×Wf ·        ·································· (7) 

where, A: reaction interfacial area (m2), km: mass trans-
fer rate (m/s), Wm: weight of hot metal (=70 kg) and ρm: 
density of hot metal (=7 000 kg/m3).

From Figs. 2 and 3, in the case of batch addition, the 
added flux aggregates with time and forms large slag 
particles. As a result, the reaction interfacial area 
decreases and the desulfurization rate slows down with 
time. On the other hand, with continuous addition and 
powder blasting, the slower addition rate suppresses 
aggregation, and the reaction rate increases. Moreover, 
because the results calculated with the model for powder 
blasting with the initial desulfurization flux diameter of 
30 μm were in good agreement with the observed desul-
furization behavior, in addition to suppression of aggre-
gation by the slower addition rate, it is thought that the 
fine desulfurization flux also contributes directly to the 
desulfurization reaction.

Figure	4 shows a schematic diagram of the desulfur-
ization flux dispersion and aggregation behavior depend-
ing on the differences in the flux addition method as 
obtained in the experiments, and the slag after the exper-
iment, together with the results of electron probe X-ray 
microanalysis (EPMA) observation (S mapping image) 

d[S]
dt

Akm · ρm

Wm

1
ρf · (D(t)/2)

of the slag after the experiment3). In powder blasting of 
desulfurization flux, a comparatively large number of 
fine S-rich areas (areas with high S contents) exist in the 
slag, suggesting that the flux contributes to the reaction 
while retaining its small size. Thus, the mechanism by 
which powder blasting contributes to improved desul-
furization reaction efficiency is estimated to be a combi-
nation of suppression of aggregation by reduction of the 
flux addition rate, and direct promotion of the reaction 
by the fine desulfurization flux.

2.3	 Bottom	Inclination	Technique

Previous research revealed that installation of a baf-
fle plate in the treatment vessel or use of an eccentric 
impeller causes an inclined vortex to form during rota-
tional stirring, and this enhances dispersion of the desul-
furization flux in the hot metal7,8). However, due to 
equipment restrictions and the problem of equipment 
durability, full industrialization of these techniques was 
not achieved. With the bottom inclination technique 
described here, it was possible to form an inclined vor-
tex and strengthen entrainment and dispersion of the 
desulfurization flux by giving an inclined slope to the 
bottom of the treatment vessel.

Initially, a water model experiment was carried out 
with a vessel with an inclined bottom, and a condition in 
which an inclined vortex formed and the number of par-
ticles entrained in the water bath was observed. 
Although this is similar to the behavior when a baffle 
plate is installed, it was found that the torque load is 
smaller with the inclined bottom than with the baffle 
plate9).

Next, this effect was verified by a hot metal desulfur-

Fig. 4  Schematic diagrams of dispersion and aggregation 
mechanisms and Sulfur maps of desulfurization 
slag after treatment
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depth of 5.15 m. The maximum height difference of the 
inclined part of the ladle bottom is 0.16 m.

The relationship between the S concentration in hot 
metal before treatment and CaO-based flux utilization 
efficiency is shown in Fig.	6 9). CaO efficiency was 
defined by the equation shown in the figure. CaO effi-
ciency was increased by 1.25 times by using the bottom 
inclination vessel, confirming that bottom inclination 
also increases desulfurization efficiency in actual hot 
metal desulfurization equipment.

3.	 Desulfurization	Hot	Slag	Recycling

Although desulfurization efficiency is improved by 
accelerating desulfurization flux dispersion, unreacted 
CaO exists within the desulfurization slag, which forms 
aggregates with a size of several mm to several 10 mm. 
A study of various recycling conditions (i.e., cooling and 
crushing, etc.) was carried out in advance, and it was 
found that the desulfurization slag, which consist of the 
aggregated desulfurization flux, destructs into small 
sizes at high temperature, and this creates the new unre-
acted interfaces.

The effect of the SiO2 in the recycled desulfurization 
slag which is carried over from the preceding process 
such as blast furnace slag was investigated in the 70 kg-
scale hot metal experiments10). Figure	7 shows the rela-
tionship between the (SiO2) content in the desulfuriza-
tion slag after treatment and the desulfurization rate 
constant K. The desulfurization rate decreases as the 
(SiO2) content increases. This is consistent with the 
quantity calculated under the assumption that the effec-
tive CaO fraction for desulfurization decreases due to 
the fact that CaO forms the compounds shown in the 

ization experiment using the above-mentioned high fre-
quency induction furnace. As a result, under the bottom 
inclination condition, the desulfurization rate from 
immediately after desulfurization flux addition until 120 
seconds increased by 3 times in comparison with that 
with the normal (flat-bottomed) vessel. Moreover, in 
comparison with the normal vessel, the average particle 
diameter of the slag after treatment was also smaller 
with the bottom inclination vessel. From EPMA obser-
vation of the slag after treatment, in comparison with the 
normal vessel, the S-rich region was deeper in the inte-
rior of the slag aggregates under the bottom inclination 
condition. Based on these results, it was suggested that 
bottom inclination has the effect of promoting entrain-
ment and dispersion of the desulfurization flux in hot 
metal9).

Figure	5 shows the calculated results obtained by a 
numerical analysis of the vertical downward flow veloc-
ity at the hot metal-air interface with the inclined bottom 
in the 70 kg-scale induction furnace experiment. It can 
be understood that the rotating vortex which forms 
around the impeller is eccentric and inclined as a result 
of the inclined bottom, and a region with a strong down-
ward flow velocity exists in the vicinity of this inclined 
vortex. Since the calculated downward flow velocity is 
sufficiently high in comparison with the desulfurization 
flux entrainment velocity, it was estimated that the 
increase in desulfurization efficiency due to bottom 
inclination is the result of the contribution of the bottom 
inclination to an increase in the desulfurization flux 
entrainment capacity in hot metal9).

Based on these study results, an experiment was con-
ducted using the inclined bottom vessel in actual opera-
tion (350 ton-scale transfer ladle at West Japan Works 
(Fukuyama)). The transfer ladle used in desulfurization 
treatment has a bath inner diameter of 3.5 m and a bath 

Fig. 5  Calculation results of vertical velocity at hot metal-air 
interface (liquid fraction = 0.5)

Fig. 6  Comparison of utilization of CaO based flux for 
desulfurization between normal and bottom 
inclination vessels in the 350 t scale plant tests
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pretreatment in industrial operation, making it possible 
to supply high quality products. As application of these 
techniques also reduces heat loss and slag generation in 
the steelmaking process, a global environment-friendly 
hot metal desulfurization process was established. In the 
future, we will continue our efforts to develop even 
higher efficiency hot metal desulfurization methods, and 
to contribute to the establishment of a steel manufactur-
ing process with the world’s most advanced energy effi-
ciency, resource recycling and environmental protection 
technologies.
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figure with SiO2. Peaks of the CaO · SiO2 compounds 
shown in the figure were also confirmed from the results 
of XRD measurement of the desulfurization slag after 
treatment.

Based on the experimental results, the effect of SiO2 
was quantified and reflected in the operational standard 
for the actual equipment, enabling recycling use of hot 
desulfurization slag multiple times10). This has made it 
possible to reduce desulfurization flux consumption and 
slag generation, and at the same time, has also contrib-
uted to recovery of the iron content and sensible heat of 
the desulfurization slag.

4.	 Conclusion

This report has introduced the desulfurization flux 
powder blasting technique, bottom inclination technique 
and hot slag recycling technique in hot metal desulfur-
ization treatment by the mechanical stirring process, and 
has shown the effectiveness of these techniques in 
improving the reaction efficiency of the desulfurization 
flux by application to actual equipment.

Figure	8 shows the desulfurization flux reaction effi-
ciency and the amount of slag generation. In comparison 
with the conventional technique of top addition of the 
desulfurization flux on the bath surface, application of 
these techniques increased the reaction efficiency of the 
desulfurization flux by 2.1 times and reduced slag gen-
eration by approximately 30%.

As a result, low-S has been achieved in hot metal 

Fig. 7  Effect of (SiO2) content in slag on desulfurization rate 
constant K.

Fig. 8  Effects of powder blasting, bottom inclination and slag 
hot recycle on slag generation and CaO efficiency for 
desulfurization


