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Steel desulfurization on 
RH degasser: physical and 
mathematical modeling
Abstract

Due to the high-quality steel demand, especially for ultra-low Sulfur steel, RH 
desulfurization has been practiced. Based on this, mathematical and physical modeling 
have been applied to study steel desulfurization by reagent addition in the RH degasser 
vacuum chamber. The main result of cold modeling, using water and oil emulating 
steel and slag, respectively, was to assess the influence of density difference between the 
continuous and disperse phases on oil droplet behavior. It is shown that its flow tends 
to be more restricted near the down snorkel when the density difference increases. 
Moreover, these results provide the basis for CFD modeling validation, which enabled 
the determination of slag drop residence time inside steel on RH and the average value 
of the rate of dissipation of turbulent kinetic energy inside the RH ladle. These two pa-
rameters were used to develop a kinetic model, which reaches a good agreement with 
industrial trial results available in literature. The optimum desulfurization degree of 
31.44% was achieved for a gas flow rate of 90 Nm3/h, according to the kinetic model. 
This value can be useful in some steel grade production, where the required S content is 
less than 10 ppm. Even in common steel grade production, if some punctual chemical 
adjustment is necessary, this technique is also useful. The main kinetic parameter for 
steel desulfurization is the steel circulation rate. For best results, it should be reduced 
in the desulfurization stage, and after that, the normal operation can be resumed, so 
that the production cycle is not affected.

Keywords: RH degasser; steel desulfurization, modeling of steelmaking.
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Metallurgy and materials
Metalurgia e materiais

Sulfur has a deleterious effect on 
steel properties, demanding high desulfur-
ization efficiency in the iron and steelmak-

ing process. Although expressive amounts 
of sulfur are already removed in the blast 
furnace and hot metal pretreatment, for 

some steel grades (S <10 ppm), such as 
ocean, aeronautic, pipeline, plate and 
bearing steel, additional desulfurization 

1. Introduction



28 REM, Int. Eng. J., Ouro Preto, 75(1), 27-35, jan. mar. | 2022

Steel desulfurization on RH degasser: physical and mathematical modeling

Experimental work was conducted 
in a physical model (1:7.5) built in 
acrylic and using oil/water to simulate 
steel melt/slag in the RH degassing 
industrial unit. Geometric and opera-
tional parameters regarding model and 

industrial reactor (prototype) are given 
in literature (Seshadri and Costa, 1986; 
Peixoto, 2019).

Prototype and model similar-
ity was assured by the proper choice 
of three dimensionless numbers:  

(1) - Froude number (Fr), (2) - flow 
number (Nva) and (3) - modified Froude 
number (Frm). Details regarding simi-
larity in RH modeling are given in Ses-
hadri and Costa (1986), Peixoto (2019), 
Silva et al. (2021).

Thymol (C10H14O) was used as a 
tracer element to simulate sulfur transfer 
from slag to steel, as suggested by Kim and 
Fruehan (1987) and Abreu et al. (2020). 
These authors reported a water/vegetable 
oil thymol partition coefficient value 
close to the steel-slag system, 3-4x102 in 
magnitude. Preliminary experiments, here 
called bench tests, in which different oils 
(24 mL) and a thymol aqueous solution 
(1.0 L, ~100 ppm thymol) were vigorously 
mixed in a beaker, have been performed 
in order to assess the partition coefficient. 
The methodology is fully described in 
Abreu et al. (2020) and Peixoto (2019). 

The partition coefficient, here defined as 
Lt = [thymol]oil / [thymol] water), as well 
as other properties of the fluids, are listed 
in Table 1.

For each experimental condition, 
thymol concentration ([thymol]) in water 
was measured from samples collected 
during the RH model operation. An UV 
spectrophotometer (Model S100) with 
MetaSpec Pro analysis software has been 
used, see Abreu et al. (2020) and Peixoto 
(2019) for more details.

For the mass transfer tests in the 
physical model, the ladle was filled with 
89 L of aqueous solution (thymol con-

centration ~ 100 ppm). This solution 
was circulated for two minutes before oil 
addition. This is important to guarantee 
homogenization and flow field develop-
ment. Furthermore, the RH typical and 
regular flow patterns are obtained.

Oil addition was made with a 
discharge tube positioned in the center 
of the vacuum chamber at 10 cm from 
the surface of the liquid (~ 16.5 cm from 
chamber bottom). The oil volume was 
determined according to the average 
consumption of desulfurizing material 
(10 kg/t of steel), 2 L of oil in this case.

Aqueous solution samples (~ 15 mL) 

Here V stands for liquid velocity, 
D for snorkel diameter, G for gas flow 

rate, ∅ is the gas injection nozzle di-
ameter, g is the gravity acceleration, ρ

l
 

and ρg are the liquid and gas densities, 
respectively.

2. Materials and methods

2.1 Thymol mass transfer in an oil-aqueous solution system

(de-S) is required (Ghosh, 2001; Peixoto 
et al., 2018).

After hot metal pretreatment, it is 
possible to desulphurize in the secondary 
refining. In the case of primary refining, 
oxidizing refining, de-S is not efficient (Ri-
boud and Vasse, 1985; Torres, 2017). RH 
degasser is one of the reactors frequently 
used during secondary metallurgy and 
can perform desulphurization, since high 
basicity slags and low oxygen potential, 
required for steel desulphurization, can 
be achieved (Silva et al., 2021). In this 
reactor, a vigorous agitation, especially in 
the vacuum chamber, is present, resulting 
in a good steel desulfurization opportu-
nity. Moreover, de-S at RH prevents N 
and H pick-up, which is not possible in 
Ca-bearing reagent injection during ladle 
metallurgy (Szekely et al., 1989; Wei et 
al., 2000).

Some steel desulfurization models, 
which take into consideration addition 
of CaO-Al2O3-(CaF2) based materials in 
the vacuum chamber do forecast good 
de-S results (Van Der Knoop et al., 1996; 

Zulhan et al., 2013; Yang et al., 2014). 
However, some of them assume that the 
added slag remains in the chamber during 
the degassing treatment which, accord-
ing to Peixoto et al. (2018) and Dai et 
al. (2020), using physical and numerical 
modeling, should not occur.

Although the thermodynamic condi-
tion at RH is favorable to Sulfur removal, 
it is not so from a kinetic point of view.  In 
a few minutes after the material addition 
on the vacuum chamber, the desulfurizer  
agent is dragged to the ladle due to high 
turbulence, being quickly floated and 
absorbed by the top slag layer, which is 
essentially stagnant and not active for 
desulphurization (Dai et al., 2020; Yang 
et al., 2014).

For efficient desulfurization, desul-
furizer material must be dispersed into 
the steel for enough time (high residence 
time). During RH degassing, by a reduc-
tion of the circulation rate, it is possible to 
increase the desulfurizer reagent residence 
time, improving desulfurization. How-
ever, this could decrease productivity, de-

gassing capacity and increase heat losses, 
as cited in Yang et al., (2014).

There are many studies involving 
liquid/liquid mass transfer inside agi-
tated gas reactors, but few for RH. Fur-
thermore, there are still issues regarding 
de-S at RH, like the conditions that 
lead to slag entrainment and the flow 
of droplets dragged from the vacuum 
vessel to the lower vessel through the 
down leg. The aim of this study is to 
evaluate the best conditions to increase 
slag droplet residence time inside steel, 
without compromising the reactor pro-
ductivity. The slag-metal behavior was 
investigated by physical modeling with 
different types of oil and aqueous solu-
tions and numerical modeling (CFX-
ANSYS), too. In addition, mass transfer 
tests were conducted in a cold physical 
model, using water, oil and thymol as 
steel, slag and tracer (S), respectively. 
The combination of all these tests and 
simulations allowed the development 
of a kinetic model for desulfurization 
prediction in RH.

Fr = V 2 

gD
Nva = G 

VD2
Frm = 

ρ
l 
gD3

ρ
g
G G

φ2(      )(1) (2) (3)
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To ensure that the mesh size used is 
adequate, a mesh independence study was 
performed by comparing the circulation 
rate obtained with meshes of various sizes.

With the flow pattern determined 
in a previous study (Peixoto, 2019), the 
oil particle trajectory inside the physical 
model and slag in the prototype were 
simulated in a steady state, using particle 
injection into a vacuum chamber. The 
Euler-Lagrange approach is implemented 
in CFX as a particle transport model. This 
model is suitable for describing multiphase 
behavior, in particularly discrete phase 
behavior, by tracking one or a group of 
particles through the continuous fluid 
flow using the Lagrangian description of 
the particle motion. The integration of the 
particle path through the discrete domain 

gives the particle trajectory (CFX-Solver 
Theory Guide, 2018).

Considerations for the liquid-particle 
interaction model: the Schiller Naumann 
model was chosen for drag force on the 
particle; the virtual mass force coefficient 
was equal to 0.25; particle dispersion 
model for turbulent dispersion force. The 
pressure gradient force was neglected. A 
fixed surface (without air layer) within 
the vacuum chamber has been considered. 
Drop injection was performed using a 30° 
cone inside a vacuum chamber, above and 
at centerline of the down leg. The software 
was set to calculate 100 trajectories, cor-
responding to 100 injection position. The 
drop mass flow rate at the injection point 
was about 10% of the average drag rate 
of 2L of N-pentane when the gas flow 

rate was 110L/min (0.1x 2Lx 0.626 kg/L 
÷ 38.6 s = ~ 0.003 kg/s) in the physical 
model. Drop speed was set as zero slip 
velocity, so, the injected droplets have 
the same velocity of the local continuous 
phase. The droplet’s diameter was kept 
constant, and no particle coalescence or 
break-up were considered.

The droplet size distribution was 
set considering the normal in diameter 
by mass, whereby 5 mm, 12 mm, 8 mm 
and 2 mm are the minimum, the mean, 
the maximum and the standard devia-
tion, respectively.

Three oils were considered for 
modeling with a 110 L/min gas flow rate: 
10W30 engine oil, N-pentane and soy-
bean oil. Material properties are shown 
in Table 1.

Material X Density (kg/m³) Viscosity Interfacial tension σ (mN/m) (c) Thymol partition coefficient(c)

cSt (a) mPa.s X/air X/water

Water 1000 1 1 72.0 - -

Engine oil - 10 W30 855 (c) 158.2 (c) 135.3 20.8 12.9 35.3

Soybean oil 914.3(c) 54.9(c) 52.2(c) 28.64 35.6 439.2

N-pentane 626 0.4 0.23(b) 18.4 5.7 -

Table 1 – Physical properties set on RH numerical model.

Figure 1 – Domain of numerical simulation of RH degasser.

Numerical modeling was performed 
with CFX - ANSYS. In order to reduce 
computational costs, only half of the 

reactor was taken into account. That is 
possible, since there is a symmetry plane at 
RH degasser, see Figure 1. The numerical 

model was validated using the results from 
physical modeling (Peixoto, 2019).

(a) 1cSt = 1centistokes = 0.01cm²/s = 0.000001m²/s;  (b) Yamashita and Iguchi (2003); (c) measured values.

2.2 Numerical modeling

were taken at: 0; 0.5; 1; 1.5; 2; 3; 4; 5; 6; 
and 10 minutes, from a small tube posi-
tioned below the up-leg at 20 cm from the 
ladle bottom. From these measurements, 

the kinetic curve was fitted for three gas 
flow rates values: 70, 90 and 110 NL / min.

It is worthy to mention that the 
sample taken was filtered to retain pos-

sible oil droplets that reached the sampling 
tube. Every sample was placed in an Erlen-
meyer, which was then capped to restrain 
evaporation losses.
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2.3 Desulfurization kinetic model
From the results obtained in physi-

cal and numerical modeling, a kinetic 
model has been developed to predict 
sulfur removal by desulfurizer reagent 
addition into the vacuum chamber. This 
model consists of a numerical solution 
for the adapted Deo and Boom (1993) 
desulfurization model (Peixoto, 2019), 
as schematized in Figure 2.

In the model, the following con-
siderations were taken into account: 

• The holding time (tH) of slag in 
the vacuum chamber was determined 

for two gas flow rates based on physi-
cal modeling using N-pentane to emu-
late slag, see (Peixoto, 2019);

• The residence time (tRP), for 
each droplet group (fraction) size, has 
been defined using Particle Transport 
Model, implemented in ANSYS-CFX; 

• The mass transfer coefficient 
(El-Kaddah and Szekely (1981) model) 
was calculated taking into consider-
ation all diameters set in ANSYS-CFX 
and ε (average value in the ladle) from 
this software, for both gas flow rates, 

90 and 140 Nm3/h;
• The W parameter, related to 

the number of droplets drawn to the 
ladle, was calculated according to the 
slag mass fraction for each size fraction 
and given holding time.

The de-S kinetic model was 
solved for all particle size groups, 
and their corresponding parameters. 
The sum of individual desulfurization 
contribution, related to each particle 
size fraction, gives the total S remo-
val degree.

Figure 2 - Schematics of numerical calculation of de-S at RH degasser.

(a) Kang et al. (2003); (b) Nakashima and Mori (1992)

steel argon slag

Density (kg m-3) 7000 1.623 3500(a)

Temperature (ºC) 1600 25 1600

Dynamic viscosity (mPa.s) 5.7 0.04848 100(a)

Interfacial tension (N m-1) 
steel/argon steel/slag

=> 1.54  => 1.5(b)

Table 2 – Physical properties set on RH numerical model.

Slag, steel and argon properties 
set to model are listed in Table 2. The 

standard operational prototype gas flow 
rate was considered (140 Nm³/h).
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In regard to the analysis of drop-
let size influence on its motion inside 
RH degasser, three particle sizes were 
considered: 10, 7 and 5 mm. As in the 
case with N-Pentane, it is observed 
(Figure 4) that the slag droplet flow is 
restricted to regions below and around 

the down leg, mainly due to buoyancy 
effects, especially for coarse drop size 
(10 mm).  

Another important parameter in 
regard to dispersed phase behavior is 
the residence time, herein taken as the 
time required for slag droplets to reach 

the top ladle layer (free board in the 
numerical modeling). From the physical 
model, the average residence times were 
43 s, 70 s and 100 s, approximately, 
for the particle sizes of: 10 mm, 8 mm 
and 7 mm, respectively (lower half of 
time scale).

The Sulfur partition coefficient was 
calculated from the following relation-

ships, Equations (4) and (5), available in 
literature (Slag Atlas).

The circulation rate estimated by the 
herein described numerical procedure is 
in accordance with the Kuwabara equa-
tion, see previous article by Peixoto et 
al. (2018), which is a good indicator for 
a similar flow pattern in the prototype 
and models. Moreover, the oil added in 
the vacuum chamber is dragged to the 
ladle and virtually all oil is floated to the 

top layer.
Figure 3 depicts a sequence of images 

illustrating how oil density influences the 
droplet dispersion. High density soybean 
oil, close to water density, presents large 
droplet dispersion and it recirculates 
between the vacuum chamber and ladle. 
In the case of N-Pentane, the density 
difference is larger, so the droplet flow is 

restricted to the region near the down-leg 
jet, without recirculation. In the case of 
10W30 engine oil, of intermediary density, 
it presents intermediary behavior too. 
Moreover, it is possible to see gas flow 
rate influence on reagent dispersion in 
the lower vessel. These observations are 
valid for physical and numerical modeling, 
providing similarity is kept.

Figure 3 - Oil droplets behavior assessed by numerical and physical 
modeling for different phases density ratio: soybean oil (a) 70 l/min and (b) 110 l/min; (c) 10W30 engine oil and (d) N-pentane oil.

3. Results and discussion

3.1 Droplets dispersion inside RH - numerical and physical models

Here: λ0 is the slag optical basicity; T 
is the temperature (K); hi is the activity of the 

specie i; (%O) is the oxygen steel content and 
aAl2O3 is alumina activity in the slag phase. 

logL
s
 = 

21920 - 54640λ0

T
+ 43.6λ0 - 23.9 - log (%0)

log 
h

Al 
h

0

2 3

a
Al  O2 3

= - 64000
T

+ 20.57

(4)

(5)

(a) (b)

(c) (d)
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Figure 5 presents the case in which 
10W30 engine oil was used: low refining 
efficiency, around 4%, is obtained at the 

RH model. This is explained by the lower 
thymol partition coefficient for this oil. As 
can be seen, the thymol extraction was 

more expressive in the bench experiments, 
where oil dispersion is sustained by stirring, 
which is not the case for the RH cold model.

With soybean oil, which has high 
Lt (~400), thymol extraction ranges 
from 15% to 25%, for different oil 
injection times and gas flow rates, as 
can be seen in Figure 6. It is observed 
that shorter oil addition times result 
in oscillation of thymol concentration 
values (Figure 6-(a) and (b)), probably 
due to the mixing time in the ladle, 
since there is a certain periodicity in 

peak concentration. This behavior 
has been observed for the two dupli-
cate tests. This oscillation was not 
observed for oil injection time equal 
to 85 s, see Figure 6-(c). In all cases, 
the concentration of thymol strongly 
decreases during the first four minutes, 
approximately. Thymol removal after 
four minutes occurs for all injection 
times due to small droplet recircula-

tion, caused by the low water - oil 
density difference.

With circulation rates increasing, 
caused by an increase of the gas flow 
rate, the residence time for dispersed 
oil droplets is larger, which is beneficial 
to impurity removal in the cold model. 
A high circulation rate reduces the 
buoyancy effect on oil droplets, since 
the recirculatory flow is more intense.

Physical modeling experiments us-
ing N-pentane/water combination almost 
faithfully describe slag-steel behavior in 
RH obtained from CFX, confirming that 
difference in phases density is the most im-

portant parameter that influences droplet 
trajectories and residence time inside steel.

Numerical (ANSYS-CFX) model has 
been validated, by physical model experi-
ments, to simulate continuous phase flow 

pattern and second phase behavior (drop-
lets trajectory and residence time), even for 
a large density difference. Therefore, the 
numerical model here developed is useful 
to predict slag droplet-steel behavior.

3.2 Mass transfer analysis

Figure 4 - Influence of slag drop size in its residence time dispersed into molten steel.

Figure 5 - Mass transfer experiments with 10W30 engine oil. (a) –beaker experiments, 
(b) –RH physical model experiments. [thymol] stands for thymol aqueous solution concentration.

Figure 6 - Relative changes of thymol aqueous solution concentration ([thymol]) as a function of time, injection time and gas flow rate.

(a) (b)

(a) (b) (c)
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3.3 Steel desulfurization
Results from the kinetic model for 

steel desulfurization, considering gas flow 
rates of 90 Nm3/h and 140 Nm3/h, are 
presented in Figure 8. It can be observed 
that after 135 and 235 s, for the gas flow 
rate of 140 and 90 Nm3/h, respectively, 
no further desulfurization occurs, as the 
desulfurizer agent is incorporated into 
the ladle stagnant slag, which is inactive 
for desulfurization (Silva et al., 2021).  At 
the final stage on RH (tf) the de-S degree 
ranges from 19.50 to 31.44%, which is in 
agreement with the results from industrial 
trials provided by Zhan et al. (2006), 
Silva et al. (2015), Yang et al. (2014) and 

He et al. (2012). The overall operational 
conditions mentioned by these authors are 
comparable to the ones taken in account 
for the kinetic model developed in this 
study. That is, basic slag (CaO-Al2O3-
CaF2-MgO-SiO2) added in the range from 
5 to 10 kg/ton. Moreover, they are applied 
to a steel with low oxygen content, which 
is very common to RH treatment.

Even though the de-S rate (d%S/dt; 
removal rate) is a bit larger for 140 
Nm3/h, the final sulfur content in steel 
is lower when the lower gas flow rate is 
set. The key parameter concerning RH 
desulfurization by reagent addition into 

vacuum chamber is the slag droplet resi-
dence time into steel, and residence time 
increases as the gas flow rate (circulation 
rate) is reduced.

The de-S refining step is short 
when compared with the total degas-
sing time. Then, for desulfurization 
purposes, it is worth reducing the gas 
flow rate before desulfurizer reagent 
addition, resuming standard gas flow 
rate afterwards. Therefore, with this gas 
flow rate management, a satisfactory S 
removal can be achieved without reduc-
tion in productivity or even increase of 
heat losses.

The industrial RH desulfurization 
trials performed by Silva et al. (2015) 
have been done under conditions very 
close to those taken into account to de-

velop this kinetic model, as slag amount 
(10 kg/ton). As can be seen in Figure 9, 
there is a good agreement between final 
S content provided (measured) by Silva 

et al. (2015) and values calculated by the 
present model (taking into account the 
initial steel sulfur content reported by 
these authors in their tests).

Figure 7 - Influence of gas flow rate in oil droplet dispersion and recirculation.

Oil droplet recirculation between 
the vacuum chamber and ladle can be 
observed in Figure 7. As can be seen, 
small oil drops remain dispersed inside 
the continuous phase 5 minutes after 
the injection ends. After 60 s, a thicker 
oil layer has been formed as a ladle top 

layer; however it is difficult to make an 
estimation of the small oil fraction in re-
circulation. Even though the amount of 
this oil in recirculation is small, its effect 
on thymol extraction is significant, since 
it has a high interfacial area. However, 
droplet recirculation is not expected in 

the prototype due to the high density 
difference between slag and steel, as 
shown before. Thus, desulphuriza-
tion increases due to the increasing 
circulation rate are not expected in the 
prototype, as will be demonstrated in 
the next topic.

(a)

(b)

Figure 8 - Degree of desulfurization as a function of time for two gas flow rates.
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Figure 9 – Final sulfur content: kinetic model prediction versus industrial data.

RH is typically the last opportunity 
for sulfur removal. Therefore, for com-
mon steels grades, this desulfurization 
technique is useful too, since moder-

ate corrections in heat that eventually 
leaves the sulfur content higher than the 
required one, can be done. This implies 
that reprocessing or even additional 

processing, which could lead to a loss of 
sequence in the steelmaking route, will 
not be necessary, since the de-S on RH is 
a quick reaction.

The main parameter regarding oil 
droplet behavior in a RH cold model is 
density difference. As it increases, the 
restriction on droplet flow increases 
too. From the mass transfer experi-
ments on a cold model, it was observed 
that the refining efficiency is high for 
high injection time and high gas flow 
rate, since oil droplet recirculation is 
significant in this case, due to the low-

density difference between the continu-
ous and dispersed phases. As far as the 
prototype is concerned, as the slag-steel 
density difference is larger, the simu-
lation showed a different behavior, in 
which de-S is reduced as the circulation 
rate increases. The desulfurization 
model in the RH degasser suggests a 
good performance for this operation, 
as steel composition adjustments can 

be done without compromising steel 
productivity. Moreover, for ultra-low 
sulfur steel production, it is an interest-
ing technique. For desulfurization pur-
poses, it is worth reducing the gas flow 
rate before the desulfurizer reagent 
addition, resuming standard gas flow 
rate afterwards, since the dispersed 
phase residence time seems to control 
the total of Sulphur removed.
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