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Abstract — Desulfurization in a Kambara Reactor (KR) is one of the technologies of molten iron pretreatment, the characteristics 
of flow fields of molten iron in ladle play an significant role in ultimate effect of desulfurization. A decomposition model was 
proposed to describe the whole flow field in ladle. The decomposition model contains four sub-models called global swirling field, 
central jet field, upper and lower point sink field and local vortex field, which are used to sketch the movement of molten iron in 
different regions respectively. Furthermore, a numerical simulation was carried out, which confirm the rationality of the 
decomposition model.  
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I. INTRODUCTION 

Kambara Reactors (KR) that is also called the 
mechanical stirring method are commonly used to reduce 
sulfur content in steel making due to its efficiency and low 
operation cost, the crucial operation is to insert a vertical 
blades impeller into molten iron and then to stir, while 
desulfurization flux is added on the liquid level [1]. Molten 
iron which is primary phase in the process of KR 
desulfurization is in the state of motion all the time, and its 
flow pattern is critical to ensure the high quality 
desulfurization.  

The ladle for KR desulfurization is a kind of un-baffled 
stirred tank, which is widely used in the industries of food, 
bio-engineering and chemicals although there exist the low 
utilization of power and it can’t give rise to strong mix with 
respect to baffle tanks, and some researches also focus on the 
flow of un-baffled stirred tanks [2, 3]. For example, in the 
processes of biomedical, un-baffled stirred tanks have been 
found to guarantee sufficient oxygen intake for cells growth, 
even in the absence of gas dispersion in the liquid phase, 
hence promoting the growth of cells, meanwhile, un-baffled 
stirred tanks can avoid cell damage due to the baffle collision 
[4-6]. The main feature of un-baffled stirred tanks is the 
strongly swirling liquid motion, The ladle for KR 
desulfurization is a kind of un-baffled stirred tank, which is 
widely used in the industries of food, bio-engineering and 
chemicals although there exist the low utilization of power 
and it can’t give rise to strong mix with respect to baffle 
tanks, and some researches also focus on the flow of un-
baffled stirred tanks [2, 3]. For example, in the processes of 
biomedical, un-baffled stirred tanks have been found to 
guarantee sufficient oxygen intake for cells growth, even in 
the absence of gas dispersion in the liquid phase, hence 
promoting the growth of cells, meanwhile, unbaffled stirred 
tanks can avoid cell damage due to the baffle collision [4-6]. 
The main feature of unbaffled stirred tanks is the strongly 
swirling liquid motion, which due to centrifugal effects leads 
to the formation of a whirlpool in the tank, and its shape 

mainly depends on the whole flow field as a result of 
centrifugal forces acting on the rotating liquid, Smit et al. 
pointed out that liquid tangential velocity mainly depends on 
the distance from the shaft and axial variation is small except 
on the bottom of tank [7]. On the basis, a flow model is 
proposed for vortex geometry description [7-9]. The 
characteristics of flow in un-baffle stirred tank such as the 
shape of free-surface, the intensity of agitated vortex have 
great influence on the mixing effect, so many studies have 
been conducted in this field by experimental or simulation. 
Lamarque et al. dealt with the large-eddy simulation (LES) 
of a complex turbulent free-surface flow in an un-baffled 
mixing tank reactor, they pointed out that coherent structures 
may have a strong impact on mixing in the reactor [10]. 
Busciglio et al. investigated the shape of the free-surface that 
forms in uncovered unbaffled stirred tanks with different 
stirrer geometries by digital image analysis coupled with a 
suitable shadow-graphy based technique, they developed a 
model to fully describe free-surface profile at all agitation 
speeds and for all investigated geometries [11]. Galletti et al. 
who used the technologies of laser Doppler anemometry, 
flow visualization and decolourisation gained insight into the 
main turbulent flow features of an un-baffled vessel stirred 
by an eccentrically positioned Rushton turbine, they found 
that the characteristic frequency of flow instabilities increase 
with reducing eccentricity or impeller blade thickness [12].  

The impeller used in KR desulfurization has several 
vertical and flat blades, and that is capable of yielding 
powerful radial flow. The flow field in ladle is generally 
difficult to be researched directly due to the high temperature 
of molten iron, instead, downscaled model and water model 
are adopt to simulate the real flow. Meanwhile, with the 
development of numerical computation recently, 
computational fluid dynamics has been used in the current 
research. LIU yan et al. studied the effect on bubble 
dispersion and disintegration with different type of impellers 
through bubble image analysis, gas-liquid mass transfer, and 
power consumption levels of different impeller structures, 
their results showed that the sloped swept-back blade 
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impeller produces optimal bubble's dispersion and 
disintegration [13]. Kruger et al. researched the flow at 
Kambara Reactor by numerical simulation analysis [14]. 
Ouyang Degang et al. surveyed the law of effects of different 
factors such as the structure of the hot metal ladle, the 
immersion depth of the desulphurizer by hydraulic 
simulation experiments, their experimental results showed 
that the structure of ladle has great influence on KR 
desulfurization [15, 16]. Yoshie et al. investigated the effect 
of flux dispersion on the molten iron desulfurization reaction 
in 1/8-scale water model, 70kg-scale experiments and 
commercial-scale (270 ton) tank, the result showed that fine 
desulfurization flux aggregates immediately after the 
addition of the flux [17, 18].  

The diffusion of sulfide ions in molten iron has greatly 
influence on the desulfurization efficiency in the process of 
KR desulfurization, and there is a close relation between the 
diffusion and the flow field in ladle, hence it makes sense to 
analyze the flow field in ladle with mechanical agitation. For 
the structure of flow filed in ladle which is different to one 
that has baffles is relatively simple, a decomposition model 
is proposed in order to describe the macroscopic flow field. 

II. DECOMPOSITION MODEL 

The flow field in ladle can be broken into four major 
parts: global swirling field, central jet field, upper and lower 
point sink field and local vortex field. 

A. Global swirling field 

Global swirling field is the background field for the 
whole agitated flow field, and it can be explained by the 
model of Rankine combined vortex, in which vortex core 
region is cylindrical flow with a radius of R, and the flow in 
other regions is induced by the vortex core. Due to the 
difference of the blade diameter on top and bottom and the 
inserting depth of impeller in molten iron, the distribution of 
vorticity intensity along axial direction is different. The 
radius of R is defined as the average radius of vortex core 
region. Obviously, / 2R D , where D is the average 
diameter of impeller. 

During the process of desulfurization in 100 ton-scale 
ladle with mechanical stirring, Reynolds number about up to 
3.15*105, ignoring the impact of viscosity of molten iron, 
the velocity near ladle wall can be approximately considered 
to obey the model of Rankine combined vortex. In the vortex 

core region, vu r  , the velocity of fluid is proportional 

to the distance from the axial center of impeller. Out of 
vortex core region, r R , the vorticity intensity is constant, 

22 R   , hence the distribution of velocity in global 
swirling field can be expressed as follow: 
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R, the vortex core radius, relies on many factors such as 
the size of blade and the rotation speed of impeller, the 
determination of R is as follow. 

 
Fig. (1). three height of liquid level 

The blue and red lines represent the liquid level when the 
impeller is stationary and rotating respectively in Fig. (1). H1 
is defined as the distance of liquid level from the lowest to 
the highest while the impeller is rotating, and H2 is the 
distance between the liquid level when the impeller is 
stationary and the lowest of liquid level when the impeller is 
rotating, and H3 is the difference between H1 and H2, that is, 
H3=H1-H2. It can be inferred that the larger the vortex core 
radius R, the higher H3. H3 is a variable that can be 
measured, hence the vortex core radius R can be determined 
so long as a relationship between H3 and R is set up.  

The free surface equations of Rankine combined vortex 
is as follow: 
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By Eq. (2), H1 and H2 are obtained: 
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where T is the diameter of ladle. H3 can be obtained by 

Eq. (2) and Eq. (3): 
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Finally, the vortex core radius R can be derived by Eq. 
(5), where H3 is determined by measurement. 

B. Central jet field 

Due to the blades of impeller is vertical and flat, the 
radial plane jet will be yielded when the impeller begins to 
spin. The jet that is sent from the blades is divided into two 
flows when it hits the ladle wall, that is central jet field. 
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Fig. (2). the sketch of central jet field (shaded parts) 

dQ , the radial displacement of impeller, can be 

determined by the following equation: 
3

d QdQ N ND                                                    (6) 

where QdN  is flow number, it can be obtained by 

experiment or found from design parameters of the impeller, 
N is the rotation speed, D is the average diameter of 
impeller.  

According to the relation between flow rate and the 
outflow velocity: 

cos0  jd uAQ
                                       (7) 

then, 0ju , the initial velocity of jet flow, can be obtained. 

where   is the angle between the initial direction of jet flow 

and the normal direction of vortex core column, and   that 
is related to the rotation speed can be determined by 
experiment. In Eq. (7), A, equivalent area of axial jet flow, 
can be calculated by the following equation: 

 stirrerhcRA  2                                      (8) 

where R is the vortex core radius, stirrerh  is the height of 

blade, stirrerc h  represents the equivalent height of jet flow, 

and c is a variable, its range is [0 1]. 
In terms of the equation of velocity of plane turbulent jet, 

the cross-section velocity of central jet flow can be 
formulated as following: 
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where 0b  is the half width of jet flow, 

0 0.5 stirrerb c h   . eb  is the characteristic half width, on 

the point of ey b , then / 1/j mu u e , where mu  is axial 

velocity of jet flow. x, the length of jet flow, consists of two 
parts as show in Fig.  (3): x1 represents the length from 
vortex core column to ladle wall, x2 represents the length 
from the center of ladle wall to the top or bottom of ladle. x1 
varies with the rotation speed of impeller, and x2 varies with 
the inserting depth of impeller, meanwhile, both of two are 
also affected by global swirling field.  

 
Fig. (3). the length of jet flow ( x1 is the left, x2 is the right) 

x1 can be expressing by the following equation: 

dtuuux
xt
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x2 can be expressing by the following equation: 
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jx uLt /2                                                       (13) 
where, for the upper or lower jet flow near the ladle wall, 

L is the length from the point where jet flow hits the ladle 
wall to free surface or to the bottom of ladle, as show in the 
right picture of Fig. (3). 

The region of global jet field can be considered to consist 
of two parts: the jet flow from impeller with the width of 

stirrerc h  and the flow near wall with same thickness, as 

show in Fig. (2). 
The following equations can be obtained according to the 

law of mass conservation: 
  jdironjstirrerj tQhdTThRdT  ))(()( 2222  (14)  

jjj uxuxt /2/1                                         (15) 
where T is the radius of ladle, ironh  is the average height 

from the highest of free surface to the bottom of ladle, jd is 

the average thickness of jet flow near wall. 

C. Upper and lower point sink field 

Molten iron that is sent from central jet field arrives in 
free surface or the bottom of ladle, then it return to the area 
near the center of impeller by the entrainment of the agitated 
impeller. This process can be described by a model of upper 
and lower point sink field. 

 
Fig. (4). the sketch of upper and lower point sink field 

The origin of upper and lower point sink field can be 
considered to locate in the center of impeller, the strength of 
sink can be expressing as following: 

ddownsups QQQ  __                                         (16) 
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where dQ  is the radial displacement of impeller, 

_s upQ is the strength of upper point sink,  and _s downQ is the 

strength of lower point sink. k is a variable, which represent 

the distribution of dQ  between upper and lower point sink. 

The value of k can be affected by many factors such as the 
diameter of blade and the inserting of impeller. 

Taking the core of sink flow as the origin, and taking the 
vertical profile of ladle as the coordinate plane, the velocity 
of upper and lower point sink flow can be expressing as 
following: 
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From the view of vertical profile of ladle, the edge shape 

of sink flow field is an inward surface due to that molten iron 
arriving in free surface or the bottom of ladle keeps the jet 
velocity up.   

D. Local vortex field  

Swirling field and upper and lower point sink field for 
the velocity direction around vortices is different. 

 
Fig. (5). the sketch of local vortex field 

Local vortex flow can be considered to be induced by 
central jet flow due to the entrainment of central jet flow, 
hence the flow rate of local vortex flow can be calculated by 
the following equation: 

djv QQQ                                                    (20) 

where dQ  is the radial displacement of impeller, jQ  is 

the entrainment flux by center jet flow. 
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Local vortex flow can be divided into two parts: upper 
vortex flow and lower vortex flow, the flow rate of both can 
be expressed as follow: 

vdownvupv QQQ  __                                          (22) 
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where _v upQ  is the flow rate of upper vortex flow, and 

downvQ _  is the flow rate of lower vortex flow,   is a variable, 

which represent the distribution of vQ  between upper and 
lower vortex flow. It can be inferred that there is a positive 
correlation between   and k in Eq. (17). 

The profile velocity of local vortex flow still obeys the 
similarity law for local vortex flow is induced by central jet 
flow, that is, the velocity distribution from the center of 
vortex core to the margin is subject to Gaussian distribution. 
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where eu  is the velocity of local vortex flow, ju is the 

edge velocity of central jet flow, vb  is the half width of 
vortex flow profile. Since local vortex field is not divergent, 
the thickness of local vortex flow can be considered as a 
constant, 

vv Rb
2

1


                                                        (25) 

where vR  is the average radius of local vortex flow, and 
it varies with the rotation speed of impeller and the inserting 
depth of impeller. 

The follow equation can be obtained by Eq. (24) and Eq. 
(25): 
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Taking lower vortex flow as an example, the following 
equation can be obtained: 

downve
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where cR  is the distance from the center of lower vortex 
flow to the axial line of impeller, it can be calculated by the 
following equation: 

vjc RdTR                                             (28) 

then, vR and eu can be solved by Eq. (26), Eq. (27) and 
Eq. (28). For upper vortex flow, the solving process is same. 

The above four submodels of flow field are not 
orthogonal, they interact with each other. The whole 
macroscopic flow field in ladle with mechanical stirring can 
be described by these submodels. 

III. NUMERICAL SIMULATION AND DISCUSSIONS  

A. Model and parameters  

Establishing a numerical flow model of 100 ton-scale 
desulfurization system, on which numerical simulation was 
preformed with the ANSYS Fluent commercial CFD 
software. The parameters of model are presented in Table 1. 



LINWEI XIAO et al: A DECOMPOSITION MODEL FOR THE MACROSCOPIC FLOW FIELD IN A KAMBARA . .  

DOI 10.5013/IJSSST.a.17.04.06 6.5 ISSN: 1473-804x online, 1473-8031 print 

 
Fig. (6). the numerical flow model of desulfurization 

system 
TABLE 1. SIMULATION PARAMETERS SETUP 

Parameter Value 
Tank diameter (m) 2.6 
Tank height (m) 3.2 

Number of blades 3 
Blade height (m) 0.7 

Blade top diameter (m) 1.15 
Blade bottom diameter (m) 1.05 

Blade thickness(m) 0.325 
Liquid level from the top of tank(m) 1 
Liquid level from the top of blade(m) 0.5 

The rotation speed of stirrer(rpm) 85 
Dynamic viscosity(Pa*s) 0.0384 

Density(kg/m3) 7140 

Molten iron in ladle forms the free surface under the 
action of gravity, so two-phase VOF model was used to 
capture the free surface. The impeller is a component with 
stirring, so the slide mesh technology was used to solve the 
flow field containing rotating part. Considering the average 
flow in rotating and swirling flows, the RNG k-ε turbulent 
model was used. 

B. Results and discussions  

For the many parameters in four submodels need to be 
determined by experiment, the current numerical simulation 
analyzes the flow field qualitatively only. 

After the calculation met the standard of convergence 
when the impeller turned the three cycles, the computational 
result was imported to CFD-Post to post processing. Since Z-
Y plane locates in the vertical middle plane of one blade, this 
plane was chosen to show various kinds of velocity chart. 
Fig. (7) shows global velocity vectors, and Fig. (8) shows the 
velocity contour of three directions. 

 
Fig. (7). the velocity vectors on Z-Y plane 
As can be seen from Fig. (7): 
1. The width of central jet flow is less than the height of 

the impeller, so the value of the variable c in Eq. (8) is 
important to calculate the central jet field. 

2. For the influence of the inserting depth of impeller and 
the diameter of blades on the upper slightly larger than the 
lower, which result in the strength of lower point sink greater 
than upper point sink, and it impact the value of the variable 
k in Eq. (17). 

3. The axial location of local vortex flow is in the similar 
height to the impeller, it is can be inferred that the axial 
location of local vortex flow will move away from the 
impeller with the increasing of the rotation speed due to the 
growing width of central jet flow. 

   

Fig. (8). three velocity contour on Z-Y plane (u, v, w respectively) 

Form the view of cylindrical coordinates, the X and Y 
direction are equivalent to the direction of  and r  
respectively. Since central jet flow have both circumferential 
velocity and radial velocity, which causes the largest velocity 
appearing on the impeller sides, and that is reflected from the 
u and v velocity contour in Fig. (8). Since the origin of sink 
flow closes to the center of impeller and the direction of w 
velocity of upper and lower sink flow is opposite, the largest 

w velocity appears on the top and bottom of the axial line of 
impeller, and the w velocity in the middle of impeller drops 
to near zero, that can be seen from the w velocity contour in 
Fig. (8).  

IV. SUMMARY AND CONCLUSIONS  

The movements of sulfide ions in molten iron greatly 
affect the desulfurization efficiency in the process of KR 



LINWEI XIAO et al: A DECOMPOSITION MODEL FOR THE MACROSCOPIC FLOW FIELD IN A KAMBARA . .  

DOI 10.5013/IJSSST.a.17.04.06 6.6 ISSN: 1473-804x online, 1473-8031 print 

desulfurization, so analyzing the flow field in ladle plays an 
important role in ultimate effect of desulfurization. Four 
submodels were proposed in order to describe the 
macroscopic flow field of molten iron in ladle, and these 
submodels were qualitatively verified by numerical 
simulation. 
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