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A computation fluid dynamics-population balance model-simultaneous reaction model
(CFD-PBM-SRM) coupled model has been proposed to study the multiphase flow behavior
and refining reaction kinetics in a ladle with bottom powder injection, and some new and
important phenomena and mechanisms are presented. For the multiphase flow behavior, the
effects of bubbly plume flow, powder particle motion, particle-particle collision and growth,
particle-bubble collision and adhesion, and powder particle removal into top slag are
considered. For the reaction kinetics, the mechanisms of multicomponent simultaneous
reactions, including Al, S, Si, Mn, Fe, and O, at the multi-interface, including top slag-liquid
steel interface, air-liquid steel interface, powder droplet-liquid steel interface, and bubble-liquid
steel interface, are presented, and the effect of sulfur solubility in the powder droplet on the
desulfurization is also taken into account. Model validation is carried out using hot tests in a 2-t
induction furnace with bottom powder injection. The result shows that the powder particles
gradually disperse in the entire furnace; in the vicinity of the bottom slot plugs, the
desulfurization product CaS is liquid phase, while in the upper region of the furnace, the
desulfurization product CaS is solid phase. The predicted sulfur contents by the present model
agree well with the measured data in the 2-t furnace with bottom powder injection.
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I. INTRODUCTION

WITH the increase of demands for low-sulfur and
ultralow-sulfur steel, high efficiency of desulfurization
has become one of the main objectives in the clean steel
production process since sulfur in most steel products is
detrimental. To produce low-sulfur and ultralow-sulfur
steel, a combined flowsheet process, including hot metal
pretreatment-basic oxygen furnace (BOF) steelmak-
ing-ladle refining, has been commonly practiced as an
effective method in many iron and steel enterprises.
However, it is nearly inevitable that this flowsheet is too
long, and the metallurgical efficiency is low. The main
drawbacks are as follows

(1) In the hot metal pretreatment process, multiple
times skimming slag are needed before and after
desulfurization, which would produce larger iron
loss and lower metal yield. Furthermore, the molten

iron cleanliness is threatened by stirring blades or
top lance refractory.

(2) In the BOF process, the sulfur content of liquid steel
will again increase by 0.004 to 0.012 pct due to the
resulfurization from oxidizing slag and steel scrap,
which obviously weaken the role of hot metal pre-
treatment. Therefore, the ladle second desulfuriza-
tion is necessary to produce low-sulfur and
ultralow-sulfur steel.

(3) In the ladle second desulfurization process, the top
slag desulfurization in the ladle furnace (LF) ladle
and top powder injection desulfurization in Ruhr-
stahl Heraeus (RH) or ladle have been well imple-
mented to reduce the final sulfur content of liquid
steel. However, in the LF ladle, the desulfurization
efficiency is low due to smaller reaction specific
surface area and slower mass-transfer rate at the top
slag-liquid steel interface, and the entire desulfur-
ization process needs more than 40 minutes. For the
powder injection desulfurization with top lance, the
desulfurization rate is fast and the processing cycle
become short. However, the liquid steel cleanliness is
threatened by top lance refractory, the splash and
secondary pollution of liquid steel are serious, and
the stability and flexibility of the process are also
relatively poor.
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Recently, Zhu and his co-workers developed a new
technology of bottom powder injection for ladle refin-
ing,[1–4] and the fine desulfurization powders are injected
into liquid steel through bottom slot plugs in the ladle,
as shown in Figure 1. Compared with the traditional
desulfurization process, the new technology has many
advantages, such as better kinetic conditions, less
serious splashing, and higher powder use and desulfu-
rization rate. In addition, there is also no steel cleanli-
ness risk caused by lance refractory. Therefore, this
technology has broad application prospects and attracts
more and more attention, and it is necessary to reveal
clearly the multiphase transport and reaction kinetics in
the process of bottom powder injection in the ladle to
improve metallurgical efficiency and effectiveness.

As shown in Figure 2, in the process of bottom
powder injection, the multiphase flow transport and
chemical reactions in the ladle are complex and mainly
involve bubbly plume flow, powder flow, particle-par-
ticle and particle-bubble collision, adhesion and
removal, powder-liquid steel interfacial reaction, top
slag-liquid steel interfacial reaction, etc. These phenom-
ena will occur simultaneously and interact with each
other, which directly determines desulfurization effi-
ciency and effectiveness. So far, the related research is
still in the blank stage, but from the perspective of the
powder transfer and reaction, the top lance powder
injection process has many similar phenomena, and
many researchers have proposed mathematical mod-
els[5–10] to describe the desulfurization kinetics. Further-
more, Jonsson et al.[12] and Andersson et al.[11,13]

proposed mathematical models incorporating the ther-
modynamic reactions into the computational fluid
dynamics (CFD) model to predict the top slag-liquid
steel desulfurization behavior in the gas-stirred ladle.
This literature provides an important reference to the
study on the bottom power injection process. Even so, it
should be noted that these studies mainly focused on the
powder particle-liquid steel interfacial reaction and top
slag-liquid steel interfacial reaction, and there are still
many important transport and reaction mechanisms
that have not been considered yet. Their details are as
follows

(a) Powder particles adhered on bubbles. As shown in
Figure 2, when the desulfurization powder particles
are injected into the ladle accompanying gas blow-
ing, part of them may be adhered on the bubble
surface due to particle-bubble collisions in the
bubbly plume zone, and then float following with
the bubble, which in turn lowers the powder use and
desulfurization rate. According to our recent publi-
cation,[14,15] the particle-bubble adhesion rate due to
turbulence random collision, turbulent shear colli-
sion, and buoyancy collision is intense in the bubbly
plume zone and plays an important role in the
particle transport in the liquid steel. Therefore, the
effect of powder particles adhered on bubbles on the
desulfurization behavior should be taken into ac-
count in the bottom powder injection process.

(b) Powder particle growth due to collisions. The size of
the powder particle has an important effect on the
powder transport and desulfurization kinetic
parameters, such as powder floating velocity, pow-
der-bubble adhesion rate, powder-liquid steel con-
tact area and reaction rate, etc. In the turbulent flow
systems, the powder particles will gradually grow
due to particle-particle turbulent shear collisions
and stokes buoyancy collisions, which are mainly
affected by the turbulent flow and particle concen-
tration.[14] In the bottom powder injection process, a
large number of powder particles are injected into
liquid steel and mainly disperse in the bubbly plume
zone with intense turbulent flow. Therefore, the ef-
fect of powder particle collision and growth on the
desulfurization behavior should be taken into ac-
count.

(c) Powder particles removed into top slag. Theoreti-
cally, the longer the residence time of powder in
liquid steel, the more convenient to improve the
powder use and desulfurization efficiency. In the
ladle, the fine particles can be removed into top slag
due to their own floating motion or bubble-carrying
motion, which, in turn, affect the powder residence
time and desulfurization efficiency. Furthermore, the
reaction product of powder desulfurization is also a
kind of inclusion and may have a detrimental effect
on the quality of steel, especially when coagulated
large-size powder particles remain in steel products.
Therefore, the effect of powder particle removal on
the desulfurization efficiency and liquid steel clean-
liness cannot be ignored.

(d) Multicomponent simultaneous reaction behavior. In
the actual refining process, the mixtures of various
powders or premelted slags, which include multiple
oxide components, such as CaO, Al2O3, and SiO2,
are always added into hot metal or liquid steel for
desulfurization due to their low melting point and
high mass-transfer rate compared with the
pure calcium oxide.[16–19] Therefore, the multiple
reactions involving (CaO)-(Al2O3)-(SiO2)-(FeO)-
(MnO)-[S]-[O] would occur simultaneously at the
powder-liquid steel interface, which determines the
interfacial oxygen activity and affects significantly
the desulfurization behavior. However, until now,
most of the literature[5–10] only focused on the sulfur

Fig. 1—Schematic diagram of the new technology of the ladle
bottom powder injection.
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element reaction and ignored the effect of other
elements. In our recent publications,[20,21] the
mechanism of multicomponent simultaneous reac-
tion was described in detail and validated for the top
slag-liquid steel desulfurization behavior. These
studies[20,21] showed that there was a dynamic bal-
ance between the multiple interfacial reactions
involving dealumination, desilication, demangani-
zation, and desulfurization, and the desulfurization
efficiency was obviously influenced by other element
reactions. Therefore, in the bottom powder injection
process, the effect of multicomponent simultaneous
reaction behavior on the desulfurization efficiency
must be taken into account.

(e) Reaction between bubble and liquid steel. In the
bubbly plume flow zone, a large amount of powder
particles will be adhered to the bubble surface and
become an integral part of the bubble. With the
bubbles floating, these adsorbed particles will also
contact and react with the molten steel, as shown in
Figure 2, and their dynamic conditions are quite
different from those of dispersion powders in liquid
steel. Because the contact surface and time of bubble
and liquid steel will obviously decrease more than
that of dispersion particles and liquid steel. Addi-
tionally, in the bubbly plume zone, the adsorbed
powder particles also appear to have random tur-
bulent motion followed with bubbles, where the
interphase mass-transfer rate will be different from
that of dispersion powders in the liquid steel.
Therefore, the reaction kinetics between bubble and
liquid steel need to be considered separately.

(f) Effect of sulfur solubility in powder droplets. Many
researchers have studied the physic-chemical behavior
of sulfur in CaO-Al2O3 slag and pointed out that the
solubility of CaS in the CaO-Al2O3 slag is about 4
mol pct and decreases with decreasing CaO con-
tent.[22–25] In the ladle, as the refining powder is in-
jected into the liquid steel, the chemical reactions

would strongly take place between the fine powder
droplets and liquid steel, and the CaS concentration
in droplets will rapidly increase, while CaO concen-
tration will decrease. Once the sulfur reaches satura-
tion, the solid phase of CaS will be produced, and the
related thermodynamics and kinetics of desulfuriza-
tion vary, which, in turn, affect the desulfurization
efficiency. Therefore, the effect of sulfur solubility in
powder droplets should be taken into account.

The objectives of this study are to present a mathe-
matical model to describe the multiphase flow behavior
and refining reaction kinetics in the ladle with bottom
powder injection and try to predict the bubbly plume
flow, powder particles flow and transport behavior,
multicomponent reaction, and desulfurization efficiency
more reasonably by considering the aforementioned
important phenomena and mechanisms.
The present work is organized as follows. In Section II,

a computation fluid dynamic-population balance
model-simultaneous reaction model (CFD-PBM-SRM)
couple model is constructed and described in detail. The
CFD module is adopted to describe the multiphase
turbulent flow behavior. The PBM module is adopted to
describe the powder particle transport, size distribution,
collision, and removal behavior. The SRM module is
adopted to describe the refining reaction behavior involv-
ing (CaO)-(Al2O3)-(SiO2)-(FeO)-(MnO)-[S]-[O] multi-
component simultaneous reaction at different phase
interfaces, namely, powder-liquid steel interface, bub-
ble-liquid steel interface, top slag-liquid steel interface,
and air-liquid steel interface. In Section III, the hot
experiment of the bottom powder injection in the 2-t
induction furnace is carried out, and the sulfur concen-
trations in liquid steel are detected with time. In Sec-
tion IV, the mathematical model is verified and the
comparisons between calculated and measured results
are carried out to illustrate the practical performance of
the present model, which will provide a theoretical basis
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Fig. 2— Schematic diagram of the multiphase flow transport and reaction kinetics in the ladle bottom powder injection.
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for further research investigating the desulfurization
behavior under different kinetic conditions in the indus-
trial ladle with bottom powder injection.

II. GOVERNING EQUATIONS FOR THE
CFD-PBM-SRM COUPLED MODEL

A. Assumptions

The mathematical model for multiphase flow trans-
port and reaction kinetics in the ladle is based on the
following assumptions

(a) The liquid steel in the ladle is incompressible New-
tonian fluid, and the turbulent flow is isotropic.

(b) The bubbles and powder particles are assumed to be
spherical, and the diameter of bubbles is regarded as
a constant during bubbles rising in the ladle.

(c) The refining powder particles in liquid steel are
treated as droplets, because they include multiple
oxide components and have low melting point.[16–19]

(d) Powder particle collision occurring between two
spherical particles forms a larger spherical particle.
Cluster formation due to collision between several
particles is not considered.

(e) The particle reaching the top surface excluding slag
eye is considered ideal absorption by the slag layer
and not to revert back into the ladle at a later time.

(f) In the powder injection process, only when the initial
momentum of particles is large enough can these
participles completely penetrate the gas-liquid
interface into the liquid metal; otherwise, they would
remain in the bubble interior due to the impediment
of bubble surface tension. Currently, some mathe-
matical expressions have been developed to describe
the particle penetration behavior at the gas-liquid
interface.[27–31] According to Langberg et al.,[30] the
particle penetration ratio is given by the following:

gp ¼ 1� p
Wej

; ½1�

where Wej is the Weber number of particle injection,
which can be calculated by

Wej ¼
mpup
rD0

; ½2�

where mp is the mass flow rate of powder injection, up
is the particle velocity, r is the gas-liquid surface ten-
sion, and D0 is the characteristic diameter of powder
tuyere. For the bottom powder injection in the indus-
trial ladle, the minimum gas and powder flow rate are
50 NL/min and 1.5 kg/min, respectively, and the
equivalent diameter of tuyere is 14.36 mm. Therefore,
based on Eqs. [1] and [2], the present particle penetra-
tion gp is greater than 0.9. In order to simplify the
model, the gp is initially set to 1 in the present model.

B. CFD Model

Based on the Euler-Euler approach, the mass and
momentum balance equations are solved for each phase

separately. The interaction forces among different
phases in the present system are considered as momen-
tum exchange source terms in the momentum equations.
Mass conservation:

@

@t
akqkukð Þ þ r � akqkukð Þ ¼ Sk; ½3�

where qk, ak, uk, and Sk are the density, volume frac-
tion, averaged velocity vector, and mass source term
of liquid steel phase (k = l), gas phase (k = g), and
powder particles (k = p), respectively. In Eq. [3], Sl

(k = l) is zero for liquid phase, and Sg (k = g) and Sp

(k = p) will be calculated by the PBM and SRM mod-
els, which will be described in detail in the subsequent
section. Since the entire space domain is shared by
these phases, the constraint condition al+ ag+ ap = 1
needs to be satisfied to enclose the model.
Momentum conservation:

@

@t
akqkukð Þ þ r � akqkukukð Þ

¼ �akrpþr � akleff ruk þ rukð ÞT
� �� �

þ akqkgþMk;

½4�

leff ¼ ll þ lt; ½5�

lt ¼ Cuql
k2

e
; ½6�

where g is the gravity acceleration; ll, lt, and leff are
the molecular viscosity, turbulent viscosity, and effec-
tive viscosity of liquid phase, respectively; p is the
pressure, which is shared by all the phase; and Mk is
the interaction force among the three phases, which
can be expressed as

Mg ¼ Fg�l
D þ Fg�l

TD ; ½7�

Mp ¼ Fp�l
D þFp�l

TD ; ½8�

Ml ¼ � Mg þMp

� �
½9�

where FD and FTD are drag and turbulent dispersion
force, respectively, which have an important effect on
the transport phenomena in gas-stirred systems, and
the expressions are summarized in our recent
publication.[14,32]

For the turbulence model, the bubble-induced turbu-
lence produced during bubble floating has an important
effect on the multiphase flow and is considered in
present k � e turbulence equations. The importance and
expression of the amended k � e turbulence model have
been described in our recent publication[32] and will not
be reproduced here.
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C. Population Balance Model of Powder Particles

Population balancemodel of powder particles (PBM) is
a complex and useful model to describe the size distribu-
tion of particles, including solid particles, bubbles, or
droplets. The different phenomena, such as nucleation,
growth, aggregation, and breakage, can be coupled into
PBM to achieve more accurate prediction. Recently, the
CFD-PBM coupled model has been adopted to describe
the bubble flotation,[33,34] inclusion removal,[14,15] and
slag foaming[35,36] in the relevant metallurgical field.

For the bottom powder injection process, the powder
particle growth and removal behavior have a significant
impact on the multiphase flow transport and desulfur-
ization kinetics, and they are described by PBM:

@ qpai
� �

@t
þr � qpupai

� �

¼ qpVi

 XN

k¼1

XN
j¼1

1� 1

2
dkj

� �
bkj Vk;Vj

� �
nknjnkj

�
XN
j¼i

bij Vi;Vj

� �
ninj

!
þ qpViS

tot
i i; j ¼ 0; 1; . . . ;N� 1

½10�

nkj ¼
V�Vi�1

Vi�Vi�1
for Vi�1<Vag<Vi

Viþ1�Vag

Viþ1�Vi
for Vi<Vag<Viþ1

0 otherwise

8<
: ; ½11�

where qp and up are the density and velocity of the
particle phase, respectively; dkj is assigned to 0 (k „ j)
or 1 (k = j); Vag is the volume resulting from the
aggregation of two particles; ai is the volume fraction
of particle size i; b(Vi, Vj) represents the total coales-
cence rate between particles due to a variety of colli-
sion mechanisms; and Si

tot represents the total removal
rate from liquid steel due to a variety of removal
mechanisms. These parameters can be written as

bij ¼ bTRij þ bTSij þ bSij; ½12�

Stot
i ¼ SWall

i þ SIF
i þ SBIB

i þ SBIR
i þ SBIR

i þ SWake
i ; ½13�

where bij
TR, bij

TS, and bij
S represent the particle coales-

cence rate due to turbulent random collision, shear
collision in turbulent eddies, and Stokes buoyancy col-
lision, respectively, and SWall

i ;SIF
i ;SBIB

i ;SBIR
i ;SBIS

i

andSWake
i represent the mass source terms of particle

removal due to wall adhesion, particle own floating
near the slag-metal interface, bubble-particle buoyancy
collision, bubble-particle turbulence random collision,
bubble-particle turbulent shear collision, and bubble
wake capture, respectively. The SWall

i is ignored in the
present work because of its small influence on particle
removal in the ladle.[14,15] The detailed expressions for
particle coalescence and removal rate due to these
mechanisms were studied and are described in our lat-
est publication;[14] they will not be reproduced here.

D. Species Mass Transport Equation

1. Species mass transport in liquid steel
As shown in Figure 2, the species in liquid steel, such

as aluminum, silicon, manganese, and sulfur, can be
transferred simultaneously by molecular diffusion, liq-
uid flow, and turbulent fluctuations and can also be
removed from or produced into liquid steel due to
chemical reactions. In the present model, these processes
can be represented in the following form:

@

@t
alq

pct Yi½ �
100

� �
þr � alqul

pct Yi½ �
100

� �

¼ r � al
lt
Sct

r pct Yi½ �
100

� �� �
þ Sl�top

i þ Sl�p
i þ Sl�b

i ;

½14�

where i is the species element in liquid steel, namely, S,
Al, Si, Mn, and Fe; [Pct Yi] is the local mass fraction
of species i in liquid steel; Sct is the turbulent Schmidt
number; Si

l-top is the source term due to chemical reac-
tions on liquid steel top surface, which mainly include
top slag-liquid steel interfacial reaction Si

l-slag and
air-liquid steel interfacial reaction Si

l-air in top slag
eyes; and Si

l-p and Si
l-brepresent mass source terms due

to chemical reactions at the powder droplet-liquid steel
interface and bubble-liquid steel interface. The reaction
rates, Si

l-top, Si
l-p, and Si

l-b in Eq. [14] can be calculated
by the SRM model, which will be described in detail
in a later section.

2. Species mass transport in the powder droplet
In the present system, the mass transport of the

species in the powder droplet can be represented in the
following form:

@

@t
apqp

pct Yið Þp
100

� �
þr � apqpup

pct Yið Þp
100

� �

¼ r � ap
lt
Sct

r
pct Yið Þp
100

� �� �
þ Sp�b

i þ Sp�slag
i þ S

p-l
i ;

½15�

where i is the species element in the powder droplet,
namely, CaO, Al2O3, SiO2, MnO, FeO, and CaS.
(pctYi)p is the local mass fraction of species i in pow-
der droplets. Si

p-b and Si
p-slag are the mass physical

migration rate of species i from the powder droplet to
the bubble and top slag due to their transport behav-
ior, which can be given by

Sp�b
i ¼ Splume

p�b;i þ Seye
p�b;i; ½16�

Splume
p�b;i ¼ � SBIB

k þ SBIR
k þ SBIS

k

� �
qpVp pct Yið Þp ½17�

Seye
p�b;i ¼ qgag pct Yið Þg; ½18�

where Sp-b,i
plume is the mass physical migration rate of

species i from the powder to bubble due to the
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powder-bubble collision and adhesion behavior in the
bubbly plume zone. Sp-b,i

eye is the mass return rate from
the bubble to powder droplet due to the rupture of the
bubbles in the slag eye zone. Sk

BIB, Sk
BIR, and Sk

BIS rep-
resent powder particle adhesion rates due to bub-
ble-particle buoyancy collision, turbulence random
collision, and turbulent shear collision in the bubbly
plume zone, respectively.

Sp�slag
i ¼ � SWake

k þ SIF
k

� �
qgVg pct Yið Þp; ½19�

Sp�l
i ¼ �Sl�p

i ; ½20�

where Sk
IF and Sk

Wake represent the mass physical
migration rate of species i from the powder droplet to
top slag due to particle own floating and bubble wake
capture near the slag-metal interface, which have also
been described in our latest publication[14] and will not
be reproduced here.

In Eq. [15], Si
p-l represents the mass chemical migra-

tion rate of species i from the powder to liquid steel due
to the chemical reaction at the discrete droplet-liquid
steel interface, which is the opposition relation with the
term Si

l-p in Eq. [14].

3. Species mass transport in the bubble
In the bubbly plume zone, some dispersion powder

particles will be adhered on the bubble surface due to
particle-bubble collisions and become an integral part of
the bubble, which, in turn, increase the weight of the
bubble and affect the bubble floating behavior. Addi-
tionally, in the process of bubble floating, these particles
adhered on the bubble will also contact and react with
the liquid steel, which has an important effect on the
desulfurization behavior. In the present work, the mass
transport of the species in the bubble is complex and the
related species conservation equation can be represented
in the following form:

@

@t
agqg

pct Yið Þg
100

� �
þr � agqgug

pct Yið Þg
100

� �

¼ r � ag
lt
Sct

r
pct Yið Þg
100

� �� �
þ Sb�p

i þ Sb�slag
i þ Sb�l

i ;

½21�

where i is the species element in the bubble, namely,
Ar, CaO, Al2O3, SiO2, MnO, FeO, and CaS. pct Yið Þg
is the local mass fraction of species i in the bubble.
Si
b-p is the mass physical migration rate of species i

from the bubble to powder droplet due to the interac-
tion between the powder and bubble in the bubbly
plume zone and slag eye zone, which is an opposition
relation with the term Si

p-b in Eqs. [15] and [16].

Sb�p
i ¼� Sp�b

i ; ½22�

where Si
b-slag represents the mass physical migration

rate of element i from the bubble to top slag, because
the droplets adhered on the bubble are removed into
top slag with bubble rupture in the slag layer. The

Si
b-slag can be expressed as follows:

Sb�slag
i ¼ �agqg pct Yið Þg: ½23�

In Eq. [19], Si
b-l is the mass chemical migration rate of

species i from the bubble to liquid steel due to the
bubble-liquid steel reaction in the ladle, which is an
opposition relation with the term Si

l-b in Eq. [14] and will
be described in detail in the following SRM model.

Sb�l
i ¼ � Sl�b

i : ½24�

E. Multi-interface and Multicomponent SRM

In the bottom powder injection process, there are four
main chemical reaction places in the ladle, namely, top
slag-liquid steel interface, air-liquid steel interface in slag
eyes, dispersion powder droplet-liquid steel interface,
and bubble-liquid steel interface, and the multicompo-
nent reactions including Al, S, Si, Mn, Fe, and O are
simultaneously involved in each interface.

1. Top slag-liquid steel interface reactions
In the bottom powder injection process in the ladle,

the top slag-liquid steel reaction is one of the main
chemical reaction places and has an important contri-
bution on the desulfurization efficiency. At the top
slag-liquid steel interface, the multiple reactions involv-
ing [Al], [Si], [Mn], [Fe], [O], and [S] are considered to
occur simultaneously and the reaction rate of species i
can be written as

Sl�slag
i ¼ �alqlkeff;i

Acell

100Vcell
pct Yi½ � � pct Yið Þ

Li

� 	
; ½25�

where i is the species element in the liquid steel,
namely, S, Al, Si, Mn, and Fe. Keff,i characterizes the
overall mass-transfer coefficient of species i from steel
to slag. Acell and Vcell are the local interface area and
volume of cell on the liquid steel surface, respectively.
Li is the interfacial distribution ratio of element i at
equilibrium, which represents the thermodynamics
capacity of the slag-metal reaction and is a function of
oxygen activity a�O. In order to close the equation, the
oxygen kinetic balance equation of slag-metal reac-
tions must be solved with a numerical iteration tech-
nique.

1:5
Sl�slag
Al

MAl
þ 2

Sl�slag
Si

MSi
þ Sl�slag

Mn

MMn
¼Sl�slag

FeO

MFeO
þ Sl�slag

S

MS
þ Sl�slag

O

MO
;

½26�

where Mi is the molecular weight of species i in liquid
steel and slag. The detailed description of thermody-
namic and kinetic parameters mentioned in Eqs. [25]
and [26] have been clarified in our previous work.[20,21]

2. Air-liquid steel interface reactions
When liquid steel contacts with air at higher temper-

ature, the oxygen will be absorbed from the atmosphere
into steel and some elements in liquid steel will be
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oxidized by dissolved oxygen. The oxidation reactions
rate of species i in slag eyes can be written as

Sl�air
i ¼ �km;ialql

Acell

100Vcell
pct Yi½ � � pct Yi½ ��f g; ½27�

where i is Al, Si, Mn, Fe, and C in liquid steel. km,i is
the mass-transfer coefficient of species i in liquid steel,
and [pct Yi]* is the equilibrium concentration of spe-
cies i at the air-liquid steel interface. In order to close
the equation, the oxygen mass balance and carbon
mass balance equations must be solved with a numeri-
cal iteration technique. The detailed description of
these parameters was clarified in our previous work.[20]

3. Powder droplet-liquid steel interface reaction
In the ladle, similar to the top slag-liquid steel

reaction, the multicomponent reactions involving Al,
S, Si, Mn, Fe, and O will also occur simultaneously at
the powder droplet-liquid steel interface. However,
compared with the top slag-liquid steel reaction, the
reaction rates of these fine powder droplets are more
rapid due to the superior dynamic conditions and the
sulfur concentration in these droplets will quickly
increase to the saturation state. Then the solid phase
of CaS will be produced, and the related thermodynam-
ics and kinetics of desulfurization will vary, which, in
turn, affect the desulfurization rate of powder. Based on
the literature measured to date,[25,26] the solubility of
CaS in the liquid slag can be approximated as

NCaS;sat ¼ 3:33 pct
NCaOð Þ
NAl2O3
ð Þ � 0:216 pct, ½28�

where NCaS,sat is the molar saturation concentration of
CaS in droplet. NCaO and NAl2O3

represent the molar
concentrations of CaO and Al2O3 in the powder dro-
plet, respectively.

Depending on whether the molar concentration of
CaS in the powder droplet reaches saturation, the
powder droplet-liquid steel interface reactions can be
divided into the following two categories.

(1) Unsaturated state, i.e., NCaS � NCaS;sat

Before the molar concentration of CaO reaches the
saturation state, the reaction rate of species i at the
powder droplet-liquid steel interface can be written as

Sl�p
i ¼ �alqlk

l�p
eff;i

6ap
100dp

pct Yi½ � �
pct Yið Þp
Ll�p
i

( )
; ½29�

where i is the species element involved reactions,
namely, Al, Si, Mn, S, and Fe. [pct Yi] and (pct Yi)p
are the local mass fraction of species i in the liquid
steel and powder droplet, respectively. dp is the diame-
ter of the powder droplet, and keff,i characterizes the
overall mass-transfer coefficient of species i from the
steel to powder droplet, which is determined by the
following expression:

kl�p
eff;i ¼

kl�p
m kpLiqp

kpLiqp þ qlk
l�p
m

; ½30�

where km
l-p and kp are the mass-transfer coefficient of

species i in the liquid steel and droplet, respectively. In
a turbulent system, Kolmogorov microscale is a mea-
surement of the smallest existing turbulence eddies,
where the viscous forces begin to have a noticeable
effect on the motion of the fluid. In our recent litera-
ture,[11] the Kolmogorov microscale has been predicted
in the gas-stirred ladle, and it is usually greater than
30 lm at the gas flow rate from 50 to 200 NL/min.
Therefore, in the bottom powder injection process, the
fine powder particle is comparable to or smaller than
the Kolmogorov microscale. Compared with the top
slag-liquid steel interface, where mass transport behav-
ior is mainly affected by turbulence motion and the
influence of the molecular diffusion can be almost
ignored, the mass transport behavior at the powder
particle-liquid steel interface is mainly attributed to the
joint effort of the turbulent diffusion and molecular
viscous diffusion. Some studies[37–42] have reported the
mass transport efficiency between liquid and fine parti-
cles, and according to Piero and Donald,[42] the
mass-transfer efficiency km

l-p from liquid to microparti-
cles can be calculated by the following:

Sh ¼ kl�p
m dp
D

¼ 2þ 0:52Re0:52T Sc1=3; ½31�

where ReT, Sc, and Sh are the turbulent Reynolds
number, Schmidt number, and Sherwood number.

ReT ¼
ed4p
m3

 !1=3

; ½32�

Sc ¼ m
D
: ½33�

According to Eqs. [31] through [33], the mass-transfer
efficiency km

l-p from the liquid to droplet can be expressed
as follows:

kl�p
m ¼ 2D

dp
þ 0:52

Re0:52T Sc1=3D

dp
: ½34�

In Eq. [30], kp is the mass-transfer coefficient in the
droplet interior, which can be given as follows:

kp ¼ 2Dp

dp
; ½35�

where Dp is the diffusion coefficient of species i in the
powder droplet.
In Eq. [29], Li

l-p is the interfacial distribution ratio of
each element i between the droplet and liquid steel,
which represents the thermodynamics capacity of the
powder droplet-liquid steel reaction and can be
expressed as a function of the interfacial oxygen activity
a�O;l�p at the powder droplet-liquid steel interface.

Similar to the previous parameter a�O;l�p must also be

obtained by solving the oxygen kinetic balance Eq. [36]
of powder droplet-liquid steel reactions with a numerical
iteration technique.
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1:5
Sl�p
Al

MAl
þ 2

Sl�p
Si

MSi
þ Sl�p

Mn

MMn
¼ Sl�p

FeO

MFeO
þ Sl�p

S

MS
þ Sl�p

O

MO
: ½36�

(2) Saturated state, i.e., NCaS>NCaS,sat

In the process of bottom powder injection, once the
CaS concentration in the powder droplet reaches satu-
ration, the solid phase of CaS will be produced, and the
desulfurization reaction can be expressed by the follow-
ing reaction:

½S] + CaOð Þ¼ CaSð Þsþ½O� ½37�

logKS ¼ log
a�O;l�p

aSaCaO
¼ � 5629

T
þ 1:654; ½38�

where KS is the equilibrium constants, which are the
activity ratios of the reactants and products at the
powder droplet-liquid steel interface. aCaO and aS are
the activities of CaO in the powder droplet and S in
the liquid steel, respectively. In the present work, the
related desulfurization rate after sulfur saturated in the
droplet can be written as

Sl�p
S ¼ �alqlk

l�p
m

6as
100ds

pct YS½ � � pct YS½ ��l�p

n o
; ½39�

where [pctYS]l-p
* is the interface equilibrium concentra-

tion of element i at the liquid surface, which can be
expressed as a function of a�O; l�p. According to

Eq. [38], the related expressions are as follows:

pct YS½ ��l�p¼
a�O;l�p

KSfSaCaO
: ½40�

Therefore, using Eqs. [29] and [36] through [39], the
oxygen activity at the droplet-liquid steel interface can
be obtained for the saturated state of CaS in the droplet,
which, in turn, can give the reaction rate of each element
Si
l-p.

4. Bubble-liquid steel interface reaction
In the bubbly plume flow zone, a large amount of

powder particles will be adhered to the bubble surface
and become an integral part of the bubble, as shown in
Figure 2. With the bubbles floating, these powder
droplets will also contact and react with the liquid steel
at the bubble-liquid steel interface. Similar to the
powder droplet-liquid steel interface reaction, the bub-
ble-liquid steel interface reaction can also be divided
into two categories depending on whether the molar
concentration of CaO reaches saturation in the powder
droplet adhered on bubble.

(1) Unsaturated state, i.e., (NCaS)g £ (NCaS,sat)g

In the present system, the powder droplets adhered to
the bubbles are treated as a part of the bubble to
simplify the model, but in fact, they are still physically
separated from each other, i.e., the Ar gas exists only
inside the bubble, and the droplet component including

(CaO), (Al2O3), (SiO2), etc., mainly exists on the bubble
surface, as shown in Figure 3. Therefore, the real
concentrations of component i involved in the bub-
ble-liquid steel interfacial reaction pct YArð Þg; real can be

express as follows:

pct Yið Þg;real¼
pct Yið Þg

1� pct YArð Þg
½41�

where i is the species element involved reactions,
namely, CaO, Al2O3, SiO2, CaS, MnO, etc., and
(pctYi)g and (pctYAr)g are the local mass fractions of
species i and argon in the bubble, respectively. The
reaction rate of species i at the bubble-liquid steel
interface can be written as

Sl�b
i ¼ �alqlk

l�b
eff;i

6fagqg 1�
pct YArð Þ

g

100

� �

100qpdp

� pctYi½ � �
pctYið Þg;real

Ll�b
i

� 	
;

½42�

where f represents the ratio of the effective contact
area between the adhered droplet and liquid steel. As
shown in Figure 3, part of the droplet volume will be
exposed to the outside of the bubble and the other
part will be embedded inside the bubble. In this article,
in order to simplify the model, f was uniformly set to
0.5. qg is the density of the bubble after adhering pow-
der particles and can be calculated using the following
expression:

qg ¼ 1� pct YArð Þg
� �

qp þ pct YArð ÞgqAr: ½43�

In Eq. [42], keff,i
l-b represents the mass-transfer coeffi-

cient at the bubble-steel liquid interface, which can be
given as follows:

kl�b
eff;i ¼

kl�b
m kpLiqp

kpLiqp þ qlkl�b
m

: ½44�

In the bubbly plume zone, the bubbles will appear in
random motion due to the influence of turbulent eddies,
which will affect the mass transport behavior between
bubble-liquid steel; therefore, the mass-transfer coeffi-
cient keff,i

l-b can be calculated through the Komogorov
theory of isotropic turbulence as follows:

kl�b
m ¼ cD0:5

m;i

el
v

� �0:25
; ½45�

where c is 0.4 for this work based on Lamont and
Scott.[43] The Dm,i values are diffusion coefficients of
species i in liquid steel. kp is the mass-transfer coeffi-
cient of species i in the powder droplet adhered on the
bubble, which can be obtained by Eq. [33].
In Eq. [42], Li

l-b is the interfacial distribution ratio
of each element i between the bubble and liquid steel
and can be expressed as a function of the interfacial
oxygen activity aO,l-b

* , which must be obtained by
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solving the following oxygen kinetic balance of bub-
ble-metal reactions with a numerical iteration
technique.

1:5
Sl�b
Al

MAl
þ 2

Sl�b
Si

MSi
þ Sl�b

Mn

MMn
¼ Sl�b

FeO

MFeO
þ Sl�b

S

MS
þ Sl�b

O

MO
: ½46�

(2) Saturated state, i.e., (NCaS)g> (NCaS,sat)g

In the bubble-liquid steel reaction process, once the
product CaS concentration in the powder droplet, which
is adhered on the bubble, reaches saturation, the solid
phase of CaS will be produced, and the desulfurization
rate can be expressed by the following expression:

Sl�b
S ¼ alqlkm;i

6fagqg 1�
pct YArð Þ

g

100

� �

100qpdp
pctYS½ � � pctYS½ ��l�b


 �
;

½47�

where [pctYS]l-b
* is the equilibrium concentration of sul-

fur at the bubble-liquid interface, which can be
expressed as a function of aO,l-b

* :

pctYS½ ��l�b¼
a�O

KSfSaCaO;g
: ½48�

Therefore, using Eqs. [42] and [46] through [48], the
oxygen activity at the bubble-liquid steel interface can
be obtained for the saturated state of CaS, which, in
turn, can give the reaction rate of each element Si

l-b.

III. EXPERIMENTAL AND NUMERICAL
SCHEME

A. Experimental Scheme

To validate and correct the model, three runs of hot
tests were carried out in the 2-t induction furnace with
bottom powder injection. In the refining process, a fixed
number of alloys and specially designed synthetic top
slagswas introduced into the liquid steel for deoxidization
and composition adjustment of the liquid steel. The
chemical compositions of the top slag and powder are
shown inTable I. Twominutes later, the samples of liquid
steel were taken to analyze their chemical compositions as
the initial conditions before the start of the bottom

powder injection, as shown in Table II. Then the
600-mesh powder made by grinding the slag was injected
into liquid steel through homemade powder injection
equipment and bottom slot plugs located in the middle of
the 2-t furnace bottom, and the size distribution of the
600-mesh powder is shown in Figure 4, which was
measured by means of the electric sensing zone method
(Coulter counter, Omec Co., Ltd, Zhuhai, China). The
homemade experimental apparatus is shown in Figure 5.
The powder injection rate was 0.75 kg/min, and the total
powder injection time was 6 minutes. Another two
samples of liquid steel were taken out at an interval of
3 minutes to analyze the composition; the related detailed
parameters are given inTables III and IV. Figure 6 shows
the experimental photos of the bottom powder injection
process in the 2-t medium frequency induction furnace.

B. Numerical Scheme

In the present work, the CFD-PBM-SRM coupled
model was solved using the commercial CFD software
fluent 12.0 combined with a user-defined function, to
describe the multiphase transport behavior and reaction
kinetics of the bottom powder injection process in the 2-t
induction furnace. The dimensions of the 2-t induction
furnace and other parameters are listed in Table V.
Figure 7 shows the mesh and boundary conditions of the
water model ladle, and due to the symmetry of the flow,
only half of the geometric model was built as a compu-
tational domain. The bottom and side walls were set as
no-slip solid walls, and the standard wall function was
used to model the turbulence characteristics in the near
wall region. The velocity inlet was used for gas blowing
and powder injection at the bottom tuyeres, and the
velocity of the powder particle was assumed to be the
same as the gas velocity at the bottom slot according to
our previous group research.[44] The initial diameter
distribution of the powder particle at the velocity inlet
was set based on Figure 4. A flat surface was assumed at
the top surface. Two different grids of the model were
generated with the increasing number of control cell
volume (214,425 and 160,743). Simulationwas performed
on both grids using the gas flow rate of 50 NL/min and
powder injection rate of 0.75 kg/min. The convergence of
the solution in both cases was verified, and there were no
significant differences in the predicted results. Therefore,
for all the subsequent simulations, the mesh consisting of
160,743 control volumes was used.
The slag eyes are formed on the liquid surface due to

the action of inert gas bubbling. The shape of slag eyes is
circular, and the circle center of the slag eye is
determined on the position of maximum gas volume
fraction of each bubbly plume in the liquid surface. The
circle radius re of the slag eye could be calculated by the
following expression[45,46]:

re ¼ 0:56H �0:76
Qg

g0:5H2:5

� �0:4
 

þ7:15 1� qs
ql

� ��0:5
Qg

g0:5H2:5

� �0:73
h

H

� ��0:5
!
;

½49�

Fig. 3—Schematic diagram of powder particle-bubble collision and
adhesion.
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where Qg is the gas flow rate (m3/s) and h and H are
the heights of liquid steel and slag layer, respectively.

Figure 8 shows schematically overall the solution in
the framework of the CFD-PBM-SRM coupled model.
In the CFD model, the local flow field, volume fraction,
and turbulent energy dissipation rate were obtained by
solving the mass, momentum, and k � e turbulent
equations, respectively, and the species mass transport
model was solved to obtain the local content distribu-
tion and overall removal ratio of each species in the
ladle. Then the related parameters were transferred into
PBM and SRM. In the PBM model, the particle-particle
collision rate, particle-bubble adhesion rate, particle
removal rate, and particle size distribution could be
obtained and then transferred into CFD and SRM to
update the source terms of each equation for the next
time-step. In the SRM model, the chemical reaction
rates Si at the top slag-liquid steel interface, air-liquid
steel interface, powder droplet-liquid steel interface, and
bubble-liquid steel interface were calculated and trans-
ferred into CFD to update the source terms of the
species transport equation for the next time-step. In the
present model, the stable convergence needed to be
guaranteed in each time-step in order to obtain more
accurate predicted results, and the time-step of 0.25 was
selected. The iteration residual was set to fall below

1 9 10�3 at each time-step. The simulations were
carried out on the server computer (10 cores,
2.55 GHz, and 16 GB memory) and lasted about 35
hours for each case.

IV. MODEL VALIDATION

In the bottom powder injection process, the multi-
phase flow transport and chemical reactions behavior
affect significantly desulfurization efficiency and effec-
tiveness and need to be accurately described and
predicted. In our previous work,[17,18,29] by the CFD
model, the predicted bubbly plume flow, including the
gas volume fraction, liquid velocity, and turbulent
kinetic energy, was validated against experimental
data,[29] and by the CFD-SRM coupled model, the
predicted multicomponent simultaneous reaction at the
top slag-liquid steel interface in the ladle agreed well
with the measured data.[17,18] In the present work, the
CFD-PBM-SRM coupled model to predict the desulfu-
rization reaction behavior in the bottom powder injec-
tion process was verified with a hot experiment in the 2-t
induction furnace. The hot experimental scheme and
experimental results were described in detail in
Section III.

A. Multiphase Flow

Figure 9 shows the predicted gas and powder volume
fraction and the flow pattern of liquid steel in the 2-t
furnace. The gas flow rate was 50 NL/min, and the
powder injection rate was 0.75 kg/min. ag and ap are the
volume fractions of the gas phase and powder particle
phase, respectively. It should be noted that the legends
in the figures consist of level number and real value. As
shown in Figure 9(a), the left side of the legend indicates
the level number from 1 to 10, and correspondingly, the
right side of the legend represents the true value for each
level. It can be observed from this figure that during
bubble and powder particle floating, the bubble-powder
flow in the center of the induction furnace produces
dispersion along the radial direction. The upwelling steel
flow forming in the bubbly plume zone turns horizon-
tally toward the sidewall in the vicinity of the surface

Table I. Chemical Composition of Top Slag and Powder Used in 2-t Medium Frequency Induction Furnace

(Al2O3) (SiO2) (CaO) (S) (CaF) (FeO) (MnO)

21.32 pct 6.12 pct 57.62 pct 0.08 pct 13.07 pct 1.23 pct 0.12 pct

Table II. Chemical Composition of Liquid Steel at the Initial Time in 2-t Furnace

Composition in Steel (Pct)

Temperature [K (�C)][Al] [Si] [Mn] [C] [S]

Run 1 0.048 0.258 0.673 0.372 0.0323 1836 K (1563 �C)
Run 2 0.063 0.226 0.627 0.305 0.0267 1830 K (1557 �C)
Run 3 0.052 0.252 0.608 0.354 0.0238 1828 K (1555 �C)
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Fig. 4—Size distribution of the 600-mesh powder particle.
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and descends further along the wall. As a result, the
circulations form in the entire furnace. Furthermore,
unlike the bubble motion, most of the powder particles

could not directly escape into air at the liquid surface,
and they will gradually disperse in the whole furnace
following the liquid steel flow, as shown in Figure 9(b).

Fig. 5—Experimental apparatus of bottom powder injection for the 2-t medium frequency induction furnace.

Table III. Chemical Composition of Liquid Steel in 3 min After the Start of Bottom Powder Injection in 2-t Furnace

Composition in Steel (Pct)

Temperature [K (�C)][Al] [Si] [Mn] [C] [S]

Run 1 0.028 0.256 0.671 0.332 0.0161 1834 K (1561 �C)
Run 2 0.039 0.226 0.628 0.280 0.0108 1827 K (1554 �C)
Run 3 0.032 0.250 0.060 0.312 0.0105 1827 K (1554 �C)

Table IV. Chemical Composition of Liquid Steel in 6 min After the Start of Bottom Powder Injection in 2-t Furnace

Composition in Steel (Pct)

Temperature [K (�C)][Al] [Si] [Mn] [C] [S]

Run 1 0.015 0.252 0.673 0.308 0.0117 1833 K (1560 �C)
Run 2 0.025 0.212 0.626 0.245 0.0084 1826 K (1553 �C)
Run 3 0.024 0.247 0.610 0.289 0.0057 1824 K (1551 �C)

Fig. 6—Experimental photos of the bottom powder injection process in the 2-t medium frequency induction furnace.
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B. Desulfurization Reaction Kinetics

In the bottom powder injection process, there are four
main chemical reaction places in the ladle, namely, top

slag-liquid steel interface, air-liquid steel interface in the
slag eye, dispersion particle-liquid steel interface, and
bubble-liquid steel interface.

1. Powder particle-liquid steel interface reaction
Figure 10 illustrates the predicted desulfurization

reaction molar rate at the powder droplet-liquid steel
interface in the 2-t furnace. In this figure, the gas flow
rate was 50 NL/min and the powder injection rate was
0.75 kg/min. The component concentrations of the
liquid steel, top slag, and powder particle are given in
Tables I and II. nS,melt

l-p and nS,solid
l-p represent the desul-

furization molar rates when the desulfurization products
of CaS are liquid phase and solid phase, which can be
calculated by Eqs. [29] through [40].

Table V. Dimensions of 2-t Induction Furnace and Other

Parameters

Diameter of furnace 690 mm
Height of furnace 750 mm
Argon gas flow rate 50 NL/min
Density of liquid steel 7100 kg/m3

Surface tension between molten steel and argon gas1.4 N/m
Density of gas 0.865 kg/m3

Molecular viscosity of molten steel 0.0055 Pa s

Fig. 7—Mesh and boundary conditions of the 2-t induction furnace.
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Fig. 8—Overall solution schematic of the CFD-PBM-SRM coupled model.
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From Figure 10, it can be seen that in the vicinity of
the bottom slot plugs, the desulfurization product CaS
was liquid phase, while in the upper region of the
furnace, the desulfurization product CaS was solid
phase. This is mainly because, as the refining powder
was injected into liquid steel, the chemical reactions

strongly took place between the fine powder droplet and
liquid steel, and the liquid phase product CaS and Al2O3

concentrations rapidly increased while the CaO concen-
tration in the droplet decreased, as shown in Figure 11.
In this figure, NCaO and NAl2O3

represent the molar
fractions of CaO and Al2O3 in the powder droplet,

(a)                            (b)

gα (–) pα (–)

Fig. 9—Predicted (a) gas volume fraction and (b) powder volume fraction in the bottom powder injection process in the 2-t induction furnace.

(a)                                   (b)

S,
l p
meltn −

(mol/(m3 s))

S,
l p
solidn −

(mol/(m3 s))

Fig. 10—Predicted contour map of the sulfur reaction molar rate at the powder droplet-liquid steel interface: (a) nl�p
S;melt and (b) nl�p

S;solid.

(a) (b) (c)

CaS,satN (%) 
CaON (%) 2 3Al ON (%) 

Fig. 11—Predicted contour map of (a) CaO molar concentration, (b) Al2O3 molar concentration, and (c) CaS saturation molar concentration in
the powder droplet.
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respectively. NCaS,sat is the molar saturation fraction of
CaS in the droplet, which can be calculated by NCaO and
NAl2O3

according to Eq. [28]. As seen in Figure 11(c), the

solubility of CaS in the slag droplet would decrease
rapidly with the droplets floating. Once the sulfur
saturated, i.e., NCaS>NCaS,sat, the solid phase of CaS
would be produced and the related thermodynamics and
kinetics of desulfurization would vary, which, in turn,
would reduce the desulfurization rate of powder.

2. Bubble-liquid steel interface reaction
In the bubbly plume zone, a large amount of powder

particles would adhere to the bubble surface and become
an integral part of the bubbles. With the bubbles
floating, these powder droplets adhered on bubbles
would also contact and react with the liquid steel.
Figure 12 shows the predicted desulfurization reac-

tion molar rate at the bubble-liquid steel interface in the
2-t furnace. nS,melt

l-b and nS,solid
l-b represent the desulfuriza-

tion molar rate when the desulfurization product CaS is
liquid phase and solid phase, which can be calculated by
Eqs. [41] through [48]. It can be found from this
figure that similar to the powder droplet-liquid steel
interface reaction, in the lower region of the bubbly
plume zone, the desulfurization product CaS is liquid

(a)           (b)

S,
l b
meltn −

(mol/(m3 s))
S,
l b
solidn −

(mol/(m3 s))

Fig. 12—Predicted contour map of the sulfur reaction molar rate at the bubble-liquid steel interface: (a) nl�b
S;melt and (b) nl�b

S;solid.

S
l topn −

(mol/(m3 s))

Fig. 13—Predicted sulfur reaction molar rate at the top slag-liquid
steel interface in the 2-t furnace with bottom powder injection.
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Fig. 14—Predicted and measured sulfur contents with time in the 2-t
furnace with different parameters.
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Fig. 15—Predicted and measured sulfur contents with time in the 2-t
furnace for different initial components of liquid steel.
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phase, while in the upper region of the bubbly plume
zone, the desulfurization product CaS is solid phase.
Furthermore, compared with the powder-liquid steel
interface reactions, the bubble-liquid steel interface
reaction rate is obviously smaller, because the contact
specific surface and time between the bubble and liquid
steel are far lower than those between the dispersion
particles and liquid steel.

3. Top slag-liquid steel interface reactions
Figure 13 shows the predicted desulfurization reac-

tion molar rate nS
l-top at the top slag-metal interface in

the 2-t furnace with bottom powder injection. In this
figure, the gas flow rate is 50 NL/min, the powder
injection rate is 0.75 kg/min, the height ratio of the top
slag layer and liquid steel is 0.04, and the component
concentrations are given in Tables I and II. From this
figure, it can be found that the slag eye is formed as a
large region where the top slag is pushed to the
periphery of the furnace by the action of inert gas
bubbling, and outside the slag eye zone, the sulfur will
be removed from liquid steel into slag. The reaction
molar rate gradually decreases along the radial direction
from the slag eyes to the side wall. Furthermore, the
molar rate of the desulfurization reaction at the top
slag-liquid steel interface is significantly lower than that
at the powder-liquid steel interface and gradually
decreases along the radial direction.

C. Model Validation

In the powder injection process, there are always some
powder particles that cannot penetrate the gas-liquid
interface into the liquid metal and remain in the bubble
interior due to the impediment of bubble surface tension.
Therefore, the parameter w is proposed to represent the
effective penetration of powder particles. Figure 14 shows
the effect of different values of w on the sulfur removal rate
and the comparison between the predicted results and
measured data in the 2-t furnace. In this figure, the total gas
flow rate is 50 NL/min, the powder injection rate is 0.75 kg/
min, and the height ratio of top slag layer and liquid steel is
0.04. The initial compositions of slag and liquid steel are
shown inTables IandII.Fromthisfigure, it canbeobserved
thatwith the decrease of coefficientw, the predicted removal
rate of sulfur becomes slow, and as thew is 0.8, the predicted
sulfur content agrees well with the measured data.

Figure 15 compares the predicted removal rate of
sulfur with the measured data under different initial
components of liquid steel, namely, runs 1, 2, and 3 in
Tables II, III, and IV, respectively, and the coefficient w
is chosen to be 0.8. It can be seen from this figure that
the predicted sulfur contents agree well with the
measured data under different initial conditions, and it
implies that the present CFD-PBM-SRM coupled
model could reasonably predict the desulfurization
kinetics behavior in the bottom powder injection pro-
cess, which provides a theoretical basis for further
research to investigate desulfurization efficiency and
effectiveness under different kinetic conditions in the
industrial ladle.

V. CONCLUSIONS

A CFD-PBM-SRM coupled model has been pro-
posed to describe the multiphase flow behavior and
reaction kinetics in the bottom powder injection process,
and some new and important phenomena and mecha-
nisms were presented. Model validation was carried out
using hot tests in the 2-t medium frequency induction
furnace with bottom powder injection.

1. The bubble-powder flow produces dispersion along
the radial direction in the 2-t furnace, and a circula-
tion pattern of liquid steel forms in the entire furnace.
The powder particles will be gradually dispersed in
the entire furnace.

2. In the vicinity of bottom slot plugs, the desulfuriza-
tion product CaS is liquid phase, while in the upper
region of the furnace, the desulfurization product
CaS is solid phase. The desulfurization rate of the
powder-liquid steel interface reaction is greater than
that of the bubble-liquid steel interface and top
slag-liquid steel interface reactions in the 2-t furnace.

3. The sulfur contents predicted by the present model
agree well with the measured data in the 2-t furnace
with bottom powder injection, and the current model
could reasonably predict the desulfurization kinetics
in the bottom powder injection process.
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NOMENCLATURE

D0 Characteristic diameter
of powder tuyere (m)

Dp Diffusion coefficient of
powder droplet (m2/s)

dp Diameter of powder
particle (m)

FD Drag force per unit
volume (N/m3)

FTD Turbulent dispersion
force per unit volume
(N/m3)

g Acceleration due to
gravity (m2/s)

kl Liquid turbulent kinetic
energy (m2/s2)

kl�p
m ; kp Mass-transfer coefficient

in liquid steel and
droplet (m/s)

Li;L
l�p
i Distribution ratio of

element i at liquid
steel-slag interface and
liquid steel-powder
particle interface
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Mk Interphase momentum
exchange term (N/m3)

mp Mass flow rate of
particle injection (kg/
min)

NCaS,sat Molar saturation
fraction of CaS in
powder droplet

NCaO, NAl2O3
Molar fraction of CaO
and Al2O3 in powder
droplet

ReT Particle turbulent
Reynolds number

Sp Total removal rate of
powder particle due to a
variety of removal
mechanisms (kg/(m3 s))

SWall
i ; SFi ; S

BF
i ; SBTi ; SBSi ; SWake

i Powder particle removal
rate due to wall adhesion
and inclusions own
floating, bubble-particle
floating collision,
bubble-particle
turbulence random
collision, bubble-powder
turbulent shear collision,
and bubble wake capture
(kg/(m3s))

Sl�slag
i ; Sl�air

i ; Sl�p
i ; Sl�b

i Reaction rate of species i
at the liquid steel-top
slag interface, liquid
steel-air interface, liquid
steel-powder particle
interface, and liquid
steel-bubble interface
(kg/(m3 s))

Sp�b
i ; Sp�slag

i ; Sb�slag
i Physical migration rate

of species i at
particle-bubble interface,
particle-top slag
interface, and
bubble-top slag interface
(kg/(m3 s))

Sc Schmidt number
Sh Sherwood number
ul, ug, up Liquid, gas, and powder

particle velocities (m/s)
Vcell Grid cell volume (m3)
[pct Yi], (pct Yi)p, (pct Yi)g Local mass fraction of

species i in liquid steel,
powder droplets, and
bubble

ag, ap Volume fraction of gas
and powder particle

b Total coalescence rate
between particles due to
a variety of collision
mechanisms (m3/s)

bij
TR, bij

TS, bij
S Particle coalescence rate

due to turbulent random
collision, shear collision
in turbulent eddies, and
Stokes collision (m3/s)

ql, qg, qp Liquid, gas, and powder
particle density (kg/m3)

ll, lt, leff Liquid molecular
viscosity, turbulent
viscosity, and effective
viscosity (kg/(m s))

e Turbulent dissipation
rate (m2/s3)

SUBSCRIPT

g Gas phase
l Liquid phase
p Powder particle phase
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