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Abstract  

The aim of this thesis was to model mixing in a 150 ton AOD converter with physical water model experiments. The mixing of a 

tracer at different tuyere blowing rates and injection depths was investigated.  

Water model experiments were carried out in the laboratory of the Process Metallurgy Group at the University of Oulu. The 

geometric ratio of the model to the real converter was 1:9. All dimensions of the model corresponded to the ratio except the 

diameter of the tuyeres. There were 7 tuyeres located in the sidewall, near the bottom of the model. Pressurized air was blown 

from the tuyeres into the system at volumetric air flow rates of 0.140, 0.350 and 0.560 Nm3/min. Sulfuric acid (98%) was used as 

a tracer in these water model experiments and the changes of the pH were measured with a pH-meter.  

Mixing time experiments were executed in three series. Volumetric air flow rates followed the previously mentioned volumes. In 

addition to this, the injection depths of the tracer were set to be 0.1 m and 0.2 m. The influence of the injected tracer on the pH 

value of the water bath, was measured with a pH-meter which was connected to a laptop computer. It was therefore possible to 

calculate the mixing time of the tracer from the collected data.  

The experiment indicated that increased volumetric air flow rates from the tuyeres significantly expedited mixing. The average 

mixing times with volumetric air flow rates of 0.140, 0.350 and 0.560 Nm3/min and an injection depth of 0.1 m were 25.2, 12.1 ja 

6.72 seconds. With the same volumetric air flow rates, an injection depth of 0.2 m gave different mixing times. The average mixing 

times with the previously mentioned values were 25.59, 17.76 and 10.56 seconds.  

Based on the experiments of this thesis, an increased volumetric air flow rate was verified as decreasing the mixing time. On the 

other hand, increasing the injection depth of a tracer increased the mixing time.   
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SYMBOLS AND ABBREVIATIONS 

ai activity 

c overall mole density of the liquid bath 

Cl heat capacity of the liquid phase [
J

kg∙ K
]  

Cs heat capacity of the solid phase  [
J

kg∙ K
] 

d nozzle diameter [m] 

DAB Binary diffusion coefficient [
m2

s
] 

De dimension of the liquid bath [m] 

g gravitational acceleration [
m

s2
] 

H the height of the liquid bath above the tuyeres [m]  

Hi the height of the liquid bath above the injection point [m] 

K bulk module elasticity [Pa]  

lm latent heat of melting [
kJ

kg
] 

L characteristic length [m] 

ṁg mass flow rate [
kg

s
] 

M mass of the liquid phase [ton] 

�̇� molar flow of the gas phase [
mol

s
] 

NA mole flux of species A [
mol

m2∙s
] 

NB mole flux of species B [
mol

m2∙s
] 

pNTP normal pressure [Pa] 

pco partial pressure of carbon monoxide [Pa] 

P mixing power [W] 

ΔP pressure difference [Pa] 

ql heat flux of the liquid phase [
W

m2] 

qs heat flux of the solid phase [
W

m2] 

R molar gas constant [
J

K∙mol
] 



 

 

S sector area by tuyeres [m2] 

S0 cross-section area of the liquid bath [m2] 

SI International system of units 

t time [s] 

T temperature [K] 

ΔT temperature difference [K] 

u flow velocity [
m

s
] 

ug velocity of gas [
m

s
] 

V volumetric gas flow rate [
Nm3

min
] 

W bath weight [ton] 

XA mole flux of species B  

∇XA concentration gradient of species A  

μl dynamic viscosity [
kg

m∙s
] 

ρl density of the liquid phase [
kg

m3] 

ρg density of the gas phase [
kg

m3] 

σg surface tension of the gas phase [
N

m
] 

σl surface tension of the liquid phase [
N

m
] 

 

 

α thermal diffusivity [
m2

s
] 

ϵ specific mixing capacity [
W

ton
] 

γ stage of mixing [%] 

γG,L interfacial tension [
N

m
] 

λs thermal conductivity [
W

K∙m
] 

λl thermal conductivity [
W

K∙m
] 

𝜂  efficiency of the kinetic energy 

τ mixing time [s] 

ν kinematic viscosity [
m2

s
]
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1 INTRODUCTION 

During the last four decades, the Argon Oxygen Decarburization (AOD) process has been 

established as one of the most efficient processes for stainless steel making. The process 

consists of several stages: combined top- and side-blowing decarburization, side-blowing 

decarburization, reduction of slag, desulfurization and alloying (if it is needed). 

Mixing plays an important role in the AOD process and for that reason, mixing times 

have been subject to numerous studies. Because mixing has a major influence on reaction 

kinetics, increasing knowledge about the mixing behavior allows further development of 

the efficiency of the AOD process. Table 1 presents previous studies on mixing in the 

AOD converter modelled AOD mixing times. 

Table 1. Previous studies on mixing in the AOD process 

Study Model Tracer Measurements 

Wuppermann et al. (2012) 1:4 food coloring photometer  

Fabritius et al. (2000) 1:7 - Nakashi equation 

Ternstedt et al. (2010) - KCl conductivity 

Zhou et al. (2014) 1:6 saline conductivity 

Eric, (2006) 1:5 / 1:7 sulfuric acid pH 

Wei et al. (1999) 1:3 KCl conductivity 
 

Studying the mixing time in a real AOD converter is practically impossible because of 

the high temperatures prevailing in the vessel. For that reason, physical modelling has 

been employed for investigating the mixing behavior; by studying cold models (water 

models) instead of the actual system, it is possible to obtain information about the mixing 

times. Composition samples can be taken only when the vessel is in tilted position. From 

the viewpoint of kinematic similarity, the kinematic viscosity of molten steel at 1 600 °C 

is almost the same as that of water at 20 °C. Therefore, corresponding mixing time 

equations between molten steel and water can be made. In addition to this, the 

measurements can be made during the process by using sulfuric acid, KCl, food coloring 

or saline, for example, as a tracer. This way, the mixing times can be determined by using 

a pH meter, electrical conductivity device, Nakashi equation or photometer.  
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2 PHYSICAL MODELLING 

Physical modelling is commonly employed for studying systems, in which accessibility 

or dangerous environments (e.g. due to temperature) prevent direct measurements. In 

particular, studying the fluid flows in a 150 ton AOD converter is extremely difficult, if 

not impossible, with present measurement technology. Physical modelling makes it 

possible to develop processes even further by using similarity criteria. Similarity criteria 

demand, for example, that the friction factors for the gas streams of side tuyeres need to 

be examined for the model and the converter. In theory, this should be based on the 

calculations of the gas flow properties in the tuyeres. In addition to this, the influence of 

the gas flow rates, bath height and weights, number of tuyeres and the angle between the 

tuyeres must be taken into account. By employing cold models (water models) instead of 

an actual system, it is possible to study different blowing practices and their effect on 

mixing. A water model fits very well for physically modelling an AOD converter because 

of the high degree of kinematic similarity between model and its converter. (Fabritius 

2004, Szekely et al. 1988, Wei 2010) 

2.1 Dimension analysis 

When studying complicated dynamic systems such as AOD, BOF (Basic Oxygen 

Furnace), CRK (Chromium Converter) converters, it is hard to derive and solve 

differential equations for studied phenomena during the action of combined blowing 

converters. Dimensional analysis is a simple method to determine the dimensionless 

numbers which represent the state of phenomena in the studied system. Dimensionless 

numbers consist of smaller numbers of independent variables which control the behavior 

of a system. Dimensional analysis must include correlation between physical quantities 

and units of measurement in a system.  

Different kinds of dimensions, including time, length, mass and temperature, determine 

the studied system. The observed dimensions can be measured in several different units, 

which depend on the chosen measurement system. For example, length can be measured 

in meters, yards and miles; likewise both mass and temperature can be measured in 

several units. Because of the numerous alternatives, the International System of Units (SI-
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system) is used in this thesis. Both basic quantities and units of the SI system are 

represented in Table 2. (Fabritius 2004, Mure 2002) 

Table 2. Basic quantities and units of the SI-system (Szirtes & Rózsa cop. 1998) 

Dimension Unit Abbreviation 

length meter m 

mass kilogram kg 

time second s 

electric current ampere A 

temperature kelvin K 

quantity of material mole mol 

luminosity candela cd 

 

According to similarity theory, dimensionless groups must have equal values for both the 

system and the model. If more than one dimensionless group corresponds to the values 

between system and model, it is desirable to use a group which indicates the system better 

or in a wider range of values. Dimensionless groups can be used directly in a model by 

determining the most important variables. It is possible to use functions which describe 

the system even if it has not been solved analytically. However, ignoring the most 

important variables of a function could ruin a dimension analysis. Therefore it is 

important to have previous experience of the process and knowledge about which 

variables are important to the process and which ones are not. (Fabritius 2004, Mure 

2002) 

2.2 Dimensional homogeneity  

Let us assume a relation between the following variables 

𝑦 = Ψ{x1, x2, … , xn}     (2-1) 

where Ψ represents a function and x1, x2, … , xn are variables. Equation 2-1 can be re-

written into the following form: 

y = k1(x1
a1 ∙ x2

b1 …) + k2…     (2-2) 
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where k1 and k2 are dimensionless constants. a1, a2,… and b1, b2 ,…are dimensionless 

exponents. If the exponents a1 = a2=…=a and b1 = b2=…=b, the Equation 2-2 is 

dimensional homogeneity. Therefore, Equation 2-2 can be written as 

y = (k1 + k2 +⋯)(x1
a ∙ x2

b ∙ … ) = k ∙ x1
a ∙ x2

b…   (2-3) 

where  k = (k1 + k2 +⋯) is a dimensionless constant.  

In order that the presented equations would be homogenous, the dimension y must be 

dictated as the following equation shows. (Szirtes & Rózsa cop. 1998) 

[y] = [x1]
a ∙ [X2]

b     (2-4) 

2.3 Dimensional matrix  

The dimensional matrix needs to be determined before the effect of the variables on the 

quantity can be defined. The dimensional matrix can be formed by finding the variables 

and their dimensions which will affect the quantity. The variables of the quantity are 

inserted in each column and the dimensions are inserted in each row. For example, five 

variables and three dimensions may be chosen. V1, V2, V3, V4 and V5 are the chosen 

variables and d1, d2 and d3 are the selected dimensions. Dimensions d1
2d2
4d3
4 are chosen 

for variable V2 and d1
4d2
0d3
2 = d1

4d3
2 are chosen for V4. Dimensions are chosen randomly 

for other variables. The dimensional matrix is presented in Table 3.  

Table 3. Dimensional matrix with chosen variables and dimensions. 

 V1 V2 V3 V4 V5 

d1 1 2 3 4 5 

d2 2 4 3 0 2 

d3 3 4 3 2 1 

 

The reason for using a dimensional matrix is to find a relation between the variables so 

that the correlation between variables of the phenomena can be solved. Equation 2-5 can 

be written based on Equation 2-4 and the dimensional matrix in Table 3 as: 
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[V1
ϵ1 ∙ V2

ϵ2 ∙ V3
ϵ3 ∙ V4

ϵ4 ∙ V5
ϵ5] = d1

q1 ∙ d2
q2 ∙ d3

q3     (2-5) 

Where q1, q2 and q3 are desired exponents of the dimensions d1, d2 and d3 and 

ϵ1, ϵ2, ϵ3, ϵ4 and ϵ5 are the exponents of the variables V1, V2, V3, V4 and V5. 

 In order to solve the exponents ϵ1, ϵ2, ϵ3, ϵ4 and ϵ5 of the variables, Equation 2-6 is 

written as 

(d1
1 ∙ d2

2 ∙ d3
3)ϵ1 ∙ (d1

2 ∙ d2
4 ∙ d3

4)ϵ2 ∙ (d1
3 ∙ d2

3 ∙ d3
3)ϵ3 ∙ (d1

4 ∙ d2
0 ∙ d3

2)ϵ4 ∙ (d1
5 ∙ d2

2 ∙ d3
1)ϵ5 

= d1
q1 ∙ d2

q2 ∙ d3
q3     (2-6) 

Dimensional homogeneity is obtained only when the exponents of the equation are 

equal on both sides of the equation. Therefore, Equation 2-6 can be simplified to the 

following form: 

{
1 ∙ ϵ1 + 2 ∙ ϵ2 + 3 ∙ ϵ3 + 4 ∙ ϵ4 + 5 ∙ ϵ5 = q1
2 ∙ ϵ1 + 4 ∙ ϵ2 + 3 ∙ ϵ3 + 0 ∙ ϵ4 + 2 ∙ ϵ5 = q2
3 ∙ ϵ1 + 4 ∙ ϵ2 + 3 ∙ ϵ3 + 2 ∙ ϵ4 + 1 ∙ ϵ5 = q3

   (2-7) 

The previous equation can be converted into a matrix: 

(
1 2 3 4 5
2 4 3 0 2
3 4 3 2 1

) ∙

(

 
 

ϵ1
ϵ2
ϵ3
ϵ4
ϵ5)

 
 
= (

q1
q2
q3
)    (2-8) 

Because there are five different variables (exponents ϵ1, … , ϵ5) and three factors 

(q1, q2 and q3), it is possible to solve only three out of five variables.  

The left side of Equation 2-8 is the same type of dimensional matrix as in Table 3. The 

rank of the matrix is three because there are three rows which indicate the number of 

dimensions. Thus, three columns and their exponents are chosen so that the exponents 

can be solved. All columns are independent and for that reason, for example, the last three 
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columns and their exponents (ϵ3, ϵ4 and ϵ5) are chosen and solved. The dimensional 

matrix can be divided into matrix A and B which is shown below. 

[
 
 
 
 𝟏 𝟐
𝟐 𝟒
𝟑 𝟒

⏞  
𝐌𝐚𝐭𝐫𝐢𝐱 𝐁

]
 
 
 
 

[
 
 
 
 𝟑 𝟒 𝟓
𝟑 𝟎 𝟐
𝟑 𝟐 𝟏

⏞      
𝐌𝐚𝐭𝐫𝐢𝐱 𝐀

]
 
 
 
 

     (2-9) 

As a rule, matrix A cannot be singular and therefore, the determinant of matrix A must 

not be zero (Det A ≠ 0). For this reason, all the columns are independent and the exponents 

are solvable. The determinant can be formed only from the square matrix so matrix A is 

always the determinant of the right side of the dimensional matrix.  

Equation 2-8 can be written again by using submatrices B and A 

(𝐁 𝐀) ∙

(

 
 
(
ϵ1
ϵ2
)

(

ϵ3
ϵ4
ϵ5
)

)

 
 
= (

q1
q2
q3
)                (2-10) 

and because  

(
𝜖1
𝜖2
) = (

1 0
0 1

) ∙ (
𝜖1
𝜖2
) = 𝐼 ∙ (

𝜖1
𝜖2
)  

Equation 2-11can therefore be derived from Equation 2-10. 

(
𝐈 0
𝐁 𝐀

) ∙

(

 
 
(
ϵ1
ϵ2
)

(

ϵ3
ϵ4
ϵ5
)

)

 
 
=

(

 
 
(
ϵ1
ϵ2
)

(

q1
q2
q3
)

)

 
 

    (2-11) 

where I is the identity matrix (
1 0
0 1

) 
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After some mathematical operations, Equation 2-11 can be written as 

(

 
 
(
ϵ1
ϵ2
)

(

ϵ3
ϵ4
ϵ5
)

)

 
 
= (

I 0
B A

)
−1

∙

(

 
 
(
ϵ1
ϵ2
)

(

q1
q2
q3
)

)

 
 
= (

I 0
−A−1B A−1

) ∙

(

 
 
(
ϵ1
ϵ2
)

(

q1
q2
q3
)

)

 
 

  (2-12) 

And renaming Equation 2-12, it can be written 

(

 
 

ϵ1
ϵ2
ϵ3
ϵ4
ϵ5)

 
 
= E ∙

(

 
 

ϵ1
ϵ2
q1
q2
q3)

 
 

, where E = (
I 0

−A−1B A−1
)   (2-13) 

(Szirtes & Rózsa cop. 1998) 

2.4 Number of solutions of the dimensional matrix 

Solutions of the dimensional matrix describe the behavior of the studied phenomena. 

These solutions can be dimensional or dimensionless groups. Here, dimensional and 

dimensionless groups are denoted by τ1, τ2, … , τNp and π1, π2, … , πNp, respectively. The 

number of solutions depends on the form, determinant and rank of the matrix as well as 

on the number of dimensions and variables. (Szirtes & Rózsa cop. 1998) 

Szirtes & Rózsa cop. (1998) introduce the following notation:  

NV “is the number of variables” 

Nd “is the number of dimensions” 

Nq≠0 “is the number of q values (exponents)” 

Np “is the number of independent dimensional or dimensionless groups” 

RDM “is the rank of the coefficient matrix which is in this case the same as Nd” 
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The following terms need to be valid: 

 

If  Nq≠0=0, all q values are 0. The number of the independent groups depend on the number 

of the variables (NV) and the rank of the dimensional matrix (RDM). For that reason, the 

number of the dimensionless solutions follow Equation 2-14. 

 

NP  =  NV – RDM  =  NV  −  Nd    (2-14) 

 

If Nq≠0 > 0, at least one of the q elements is nonzero. For that reason dimensional groups 

will form and depending on Equation 2-15, the number of the solutions will increase by 

one. 

 

NP = NV − RDM + 1 = NV − Nd + 1    (2-15) 

 

Independent groups describe the relation between variables of the investigated 

phenomena. Five variables and three dimensions are chosen, so NP = 5 − 3 + 1 = 3  and 

according to Equation 2-13, the following Equation 2-16 can be written as 

 

(

 
 

ϵ11
ϵ21
ϵ31
ϵ41
ϵ51)

 
 
= E ∙

(

 
 

ϵ11
ϵ21
q1
q2
q3)

 
 
 ;  

(

 
 

ϵ12
ϵ22
ϵ32
ϵ42
ϵ52)

 
 
= E ∙

(

 
 

ϵ12
ϵ22
q1
q2
q3)

 
 

 ; 

(

 
 

ϵ13
ϵ23
ϵ33
ϵ43
ϵ53)

 
 
= E ∙

(

 
 

ϵ13
ϵ23
q1
q2
q3)

 
 

 (2-16) 

 

These equations can be converted to Equation 2-17 and renamed as P and Z matrices. 

 

(

 
 

ϵ11
ϵ21
ϵ31
ϵ41
ϵ51

 

ϵ12
ϵ22
ϵ32
ϵ42
ϵ52

ϵ13
ϵ23
ϵ33
ϵ43
ϵ53)

 
 

⏟        
Matrix P

= E ∙

(

 
 

ϵ11
ϵ21
q1
q2
q3

ϵ12
ϵ22
q1
q2
q3

ϵ13
ϵ23
q1
q2
q3)

 
 

⏟        
Matrix Z

    (2-17) 
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The values of the Z matrix at row Nd are equal. The rows above them (NV –Nd) must be 

linearly independent. Instead of that the rows of the matrix P describe physical variables 

of the dimensional matrix as in Table 3. Columns describe independent 

groups τ1, τ2 and τ3.(Szirtes & Rózsa cop. 1998)    

 

If the transpose of the matrix P is placed below the dimensional matrix, the columns of 

the new matrix describe the physical variables (V1,…,V5) and the rows describe both the 

dimensions and the dimension or dimensionless groups (d1,…,d3 and τ1, … τ3). Calculation 

of the dimensional groups has been presented in Table 4. Values 0, 1 and 2 have been 

chosen for variables q1, q2 and q3. Values of ϵ11, ϵ12, ϵ13 and ϵ21, ϵ22, ϵ23  in the matrix Z 

are unknown which can be chosen randomly because they will not affect to the result.  

 

Table 4. Calculation of the dimensional groups 

 V1 V1 V1 V1 V1 

d1 1 2 3 4 5 

d2 2 4 3 0 2 

d3 3 4 3 2 1 

τ1  1 0 -0.3333 0 0 

τ2 1 1 -1.9333 0.2 0.4 

τ3 0 1 -0.8667 0.4 -0.2 

  

According to the chosen values of Table 3, the dimension of τ1, τ2 and τ3 will be d1
0d2
1d3
2. 

(Szirtes & Rózsa cop. 1998)  

  

A 

D 

 

B 

 

C 
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Equation 2-18 shows the calculation for τ1. 

τ1 = V1
1 ∙ V2

0 ∙ V3
−0.3333 ∙ V4

0 ∙ V5
0  

= (d1
1d2
2d3
3)1 ∙ (d1

2d2
4d3
4)0 ∙ (d1

3d2
3d3
3)−0.3333 ∙ (d1

4d2
0d3
2)0 ∙ (d1

5d2
2d3
1)0 (2-18) 

= (d1
1d2
2d3
3)1 ∙ (d1

3d2
3d3
3)−0.3333 = d1

1 ∙ d2
2 ∙ d3

3 ∙ d1
−1 ∙ d2

−1 ∙ d3
−1   

= d1
0 ∙ d2

1 ∙ d3
2 

 

The calculations for τ2 and τ3 gave the same result as the calculation for τ1 so the 

dimension is d1
0 ∙ d2

1 ∙ d3
2 for all of them.  

As in Figure 1, the dimensional matrix has been divided into submatrices A and B. The 

same dividing protocol also holds in Table 4. There is also the added transpose matrix P 

which has been divided into submatrices C and D. The matrix in Table 4 follows Equation 

2-19. 

 

PT = [ϵT  (−A−1 ∙ B ∙ ϵ)T + (A−1 ∙ q)T]  

D = ϵT      (2-19) 

→ C = ϵT ∙ (−A−1 ∙ B)T + (A−1 ∙ q)T = −D ∙ (A−1 ∙ B)T + (A−1 ∙ q)T  

 

As stated earlier, the number of the solutions is minimum when Nq≠0 = 0, meaning that all 

the information of the physical variables has been included in a minimum number of 

dimensional or dimensionless groups. So if Nq≠0=0, the exponents of the nonlinear groups 

will be zero. For that reason all groups are dimensionless (π1, π2, … , πNp). Equation 2-19 

can be converted to the following form: 

C =  −D ∙ (A−1 ∙ B)T     (2-20) 

Equation 2-20 is the basic equation of the dimensional analysis. Interdependences 

between physical variables are studied with Equation 2-20. Thus dimensional modelling 

is possible by using these equations and methods. In addition to this the dimensional 

analysis is one part of the similarity criteria. (Mure 2002, Szirtes & Rózsa cop. 1998) 
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2.5 Similarity criteria 

Physical modelling requires quantitative similarities between the actual system and the 

model to represent a high quality result for the actual system. For modelling of 

metallurgical processes, the most relevant similarities are geometric, dynamic, kinematic, 

thermal, chemical similarity and dimensional similarity. Therefore these similarities 

should be observed before modelling an actual system. (Szekely et al. 1988) 

2.5.1 Geometric similarity 

Geometric similarity represents the shape ratio between the system and the model. 

Systems are geometrically similar when the length ratio is the same as in the model 

everywhere in the system. Generally it is not possible to make a perfect copy of a real 

system, thus one must concentrate on the most critical dimensions which are scaled to the 

model. (Luomala 2004, Szekely et al. 1988) 

2.5.2 Dynamic similarity 

Between two systems dynamic similarity represents a similarity of forces at a certain time. 

Comparing two corresponding locations, it is essential that the magnitude of forces are at 

a fixed ratio in each system. In order to make quantitative deductions from the results, 

dynamic and geometric similarity must be observed. (Mure 2002, Szekely et al. 1988) 

Different kinds of expressions of forces are listed below: 

 outward forces 

 hydrostatic forces (pressure) 

 inertia 

 inner transformations 

 mass forces 

 surface tension 

 buoyancy 

 friction and viscosity 

Dimensional or dimensionless numbers are usually defined as ratios of these forces. 

Usually if the result (dimensional or dimensionless) is same in both the model and 

converter, it can be said that dynamic similarity is observed. (Szekely et al. 1988) 
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There are also a few dimensionless numbers which describe dynamic similarity. They 

describe the ratios of different kinds of forces in the system which can be used in the 

physical modelling. Table 5 shows relevant dimensionless numbers along with their 

definitions.  

Table 5. Relevant dimensionless numbers along with their definitions (Szirtes & 

Rózsa cop. 1998). 

Dimensionless number Symbol Equation Meaning 

Reynolds number Re uL

v
 

inertia force

viscous force
 

Cauchy number Ca ρu2

K
 

inertia force

elastic force
 

Froude number Fr u

gL
 

inertia force

gravity force
 

Weber number We ρLu2

σ
 

inertia force

surface tension force
 

Euler number Eu ρu2

∆P
 

pressure force

inertia force
 

u= relative velocity, L=characteristic length, v= kinematic viscosity, 

ρ=density of fluid,  K=bulk modulus of elasticity, g=acceleration, 

σ=surface tension,  ΔP=pressure difference 

2.5.3 Kinematic similarity 

Kinematic similarity represents a similarity of motion between corresponding locations 

in the system and the model. Velocities are observed in a fixed ratio if the system and the 

model are geometrically similar. For example, increasing the diameter of a gas nozzle in 

the water model will decrease the velocity of the gas flow through the tuyere and reduce 

the penetration of the gas plume into the liquid bath. Taking the above-mentioned aspects 

into account, will improve the similarity of the flow patterns inside the liquid bath. It is 

possible that the trajectories of the gas jets inside the water bath in the model are same as 

the trajectories inside liquid steel bath in the steelmaking converters. Because of the hard 

conditions in the stainless steel making converters, it is almost impossible to obtain 

assured results from the trajectory plume measurements and for that reason the claim of 
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the similarities between the model and actual system are questionable. (Fabritius 2004)

      

2.5.4 Thermal similarity 

Thermal similarity may be achieved when the studied system and the physical model 

follow both kinematic and geometrically similarity. Temperatures must be equal or in a 

fixed ratio at corresponding locations in order to be a precondition for thermal similarity. 

Furthermore, the heat flux needs to be the same in both systems. (Fabritius 2004, Mure 

2002, Szekely et al. 1988) 

Moreover, thermal similarity is difficult to attain, because heat transfer may take place by 

conduction, convection and/or radiation. Conduction depends on temperature difference, 

whereas convection instead depends on both temperature difference and fluid flows, 

while radiation depends on absolute temperature. According to thermal similarity, it is 

impossible to model a steel converter by using the water model if the rule of thermal 

similarity holds. (Fabritius 2004, Mure 2002, Szekely et al. 1988) 

2.5.5 Chemical similarity 

Chemical similarity is achieved when the required conditions are established in such way 

that the rate of chemical reactions at random locations in the system are same as the rates 

at the corresponding locations in the model. In both systems, the chemical reactions must 

also occur at the same time during the process. All conditions that affect the overall rate 

of chemical reaction should be simulated in the model. (Szekely et al. 1988) 

2.5.6 Dimensional similarity 

If two system are similar and all the results ( π1, π2, … , πNp) are equal in both systems, 

they both are dimensionally similar. Thus, the results from one system can be converted 

to another system's results by using dimensionless numbers. (Szirtes & Rózsa cop. 1998)  

While modelling a dimensionally similar system, it is essential that there is only one 

variable which is dependent on the other variables. If there are more than just one variable, 

achieving dimensional similarity is more complicated. It is important that the variable 
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belong only into one dimensional group (π1, π2, … , πNp). It is reasonable to place the 

physical variable into matrix B which was presented previously in Equation 2-9. Thus, 

the effect of the variable is shown only in one dimensional group. (Mure 2002, Szirtes & 

Rózsa cop. 1998) 
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3 MIXING IN MELT METALLURGY 

Mixing is the most common process found in industrial processes. Convection and 

diffusion affect the mixing. For example, in a pipe system, convection is the prevailing 

factor under the turbulent circumstances that exist, and diffusion occurs near the wall at 

the laminar interface. With mixing the intention is that the concentration differences 

inside the fluid become stabilized by the prevailing factors. Concentration differences 

between two locations will cause diffusion inside the fluid. Convection, on the other hand, 

is mass transfer between two different locations due to fluid flows. Both diffusion and 

convection are factors affecting the mixing and they also describe the mole flux of the 

fluid. (Bird et al. cop. 1960) 

NA = −ρDAB∇XA + XA(NA +NB)    (3-1) 

Where, NA  is the mole flux of fluid A (mol/m2s) 

XA is the mole fraction of fluid A in the fluid bath 

NB is the mole flux of fluid B (mol/m2s) 

ρ is the density of the liquid bath (mol/l) 

DAB is the diffusion coefficient of fluid A in fluid B (m2/s) 

 ∇XA is the concentration gradient of fluid A 

 

The larger the result of the equation, the bigger the overall mole flux is. For that reason 

mixing and mass transfer are more efficient when convection and the diffusion operate 

better. (Bird et al. cop. 1960, Mure 2002) 

3.1 Mixing equations 

Reliable equations have been determined for liquid phases by using several similarity 

criteria and dimension analyses. Fluids which contain suspended matter, are more 

difficult to model. Thus, modelling for these sorts of fluids requires more empirical data 

about the process. According to Johnstone & Thring (1957), modelling fluid flows and 

mixing requires a lot of calculation, so for that reason, it is reasonable to carry out physical 
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experiments to support the mathematical calculations (Johnstone & Thring 1957, Mure 

2002).  

Fluid flows can be explicated by using basic equations but also using a dimensionless 

number such as the Reynolds number, Froude number and Weber number which have 

been presented previously in Table 5.  The Versatile Navier-Stokes equation is a general 

equation for fluid flows. It is useful because it describes the physics of the many 

phenomenon, for example the water flow in a pipe or in an AOD vessel. The equations 

describe the motion of viscous fluids. In modelling the fluid flows of an AOD converter, 

for example, it is difficult to find the exact differential function to determine it. For that 

reason, CFD (Computational Fluid Dynamics) modelling is one way to determine the 

fluid flows of complex systems such as those in an AOD converter (Johnstone & Thring 

1957). The Navier-Stokes equation is presented in Equation 3-2 (Johnstone & Thring 

1957). 

ρ(∂u)

∂t
+ ρ(

u(∂u)

∂x
+
v(∂u)

∂y
+
w(∂u)

∂z
) =    (3-2) 

ρgx −
∂p

∂x
+
1

3
μ (
∂u

∂x
+
∂v

∂y
+
∂w

∂z
) + μ(

∂2u

∂x2
+
∂2u

∂y2
+
∂2u

∂z2
) 

Equation 3-2 also takes into account the compression of the fluid and therefore Equation 

3-2 may be written as follows 3-3: 

 

(
ρu

t
)⏟

I

+ (
ρu2

L
)⏟  

II

= (ρg)⏟
III

− (
∆p

L
)⏟

IV

+ (
μu

L2
)⏟

V,VI

    (3-3) 

Groups I-VI of Equation 3-3 represent forces which affect the fluid. The forces are 

presented in Table 6. 
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Table 6. Forces affect a fluid (Johnstone & Thring 1957). 

Mark Affecting force/meaning 

I “Force required to accelerate unit mass of fluid where the flow is unsteady” 

II “Transport of momentum by fluid flowing through unit  cross-section area” 

III “Gravitational body force” 

IV “static-pressure gradient” 

V “Viscous resistance to change the volume of the fluid” 

VI “Viscous resistance to shear” 

ρ density of the fluid 

u velocity of the fluid 

L characteristic length 

μ dynamic viscosity 

g acceleration 

σ surface tension 

p pressure 

t time 

 

It is worth noting in Equation 3-3, that some of the groups are formed from dimensionless 

numbers such as the Reynolds number, Froude number and Pressure coefficient. They are 

presented in Table 7. 

Table 7. Dimensionless numbers of the Navier-Stokes equation 

Group numbers Equation  Dimensionless 

number 
II

V
 

ρuL

μ
 

Reynolds number 

II

III
 

u2

Lg
 

Froude number 

IV

II
 

∆p

ρu2
 

Pressure coefficient 

  

The Navier-Stokes equation describes fluid flows well but it does not take into account 

forces that affect the surface tension such as the Weber number. For that reason, it is not 

able to describe gas-liquid phenomena of the converter process perfectly, but it needs a 

term which describes surface tension. (Johnstone & Thring 1957, Mure 2002) 

The mixing power of the system is a function of the previously mentioned dimensionless 

numbers. According to Johnston & Thring (1957), there are two fluids that do not mix 

with each other. Thus, the Weber number has been added to the equation. The generalized 
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equation for fluid flow in a mixer has been presented in Equation 3-4. Johnstone & Thring 

have written equations for a different kind of mixer than a converter but basically the idea 

is the same in both systems. In their equations, multiplied N (angular velocity) and d 

(diameter of the rotor) have been replaced as u (velocity of the fluid). In this thesis, 

Equations 3-4 and 3-5 generally better describe the mixing effect of the investigated 

system such as an AOD converter.   

P

ρu3L2⏟
P

=ϕ(
ρuL

μ⏟
Re

,
u2

Lg⏟
Fr

)     (3-4) 

When the Weber number has been added to Equation 3-4, it may be written: 

P

ρu3L2⏟
P

=ϕ(
ρuL

μ⏟
Re

,
u2

Lg⏟
Fr

,
ρu2L

σ⏟
We

)     (3-5) 

where P is the power required for the mixing (W) 

 L is the characteristic length (m) 

                (P) is the function of the mixing 

 

Johnstone & Thring represent the estimated bubble size in the dispersion of gas bubbles 

and melt is dependent on the mixing power for the specific volume. The function (P), 

which consists of the Weber number and the Reynolds number, describes the same 

phenomena in the gas-liquid system.(Johnstone & Thring 1957, Mure 2002) 

Determination of the mixing power (P) from Equation 3-5 is not unambiguous. One 

reason for this is that the equipment in this investigation differs and for that reason 

determination of the mixing power is more case-specific.  

The mixing power of the gas flow is usually calculated in sections so that the Ptot is a sum 

of the separate mixing powers. In this case, at least five different kinetic energies from 

the gas flow to liquid are taken into account in this thesis. Gas flow with high velocity 

causes mixing (P1) when it comes in contact with the liquid. The pressure of the gas 

decreases rapidly which will increase the velocity of the gas in the tuyere. Secondly, 
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dissolving and expanding gas will cause mixing in the liquid next to the tuyeres with the 

power P2. Raising the temperature of the gas bubbles will expand them which causes 

mixing of the liquid bath (P3). The buoyance force that aligns the gas bubbles will affect 

mixing when gas bubbles rise towards the surface (P4). Finally, when the ferrostatic 

pressure decreases it causes mixing (P5). All the power components (P1-P5) can be 

combined and the total mixing power may be written as: 

Ptot = P1 + P2 + P3 + P4 + P5    (3-6) 

The equation and the kinetic energy and mixing caused by it, are presented in Equation 

3-7. 

P1 = η
1

2
ṁgug

2 = η
ṅRTNTP

pNTP
(
1

2
ρg,NTPug

2) = ηVNTP (
1

2
ρg,NTPug

2)  (3-7) 

where, η is the efficiency of the kinetic energy (transform to mixing 

energy)  

  ṁg is the mass flow of the gas (kg/s) 

 ug is the velocity of the gas from the tuyere (m/s) 

 ṅ is the molar flow of the gas (mol/s) 

 R is the molar gas constant (8.314510 J/(K∙mol)) 

 TNTP is the normal temperature (273.15 K) 

 pNTP is the normal pressure (101 325 Pa) 

 ρg,NTP is the density of the gas in NTP circumstance (kg/m3) 

 VNTP is the volumetric gas flow rate in NTP circumstance (m3/s) 

 

The velocity of the gas (ug) does not take into account the decrease of the volume when 

gas is compressed. For that reason, the volumetric air flow rate is noticed in Equation 3-

7 under NTP circumstances. According to Lehrer and Sano et al., the efficiency of the 

kinetic energy which transforms into mixing energy (𝜂) is 0.06. This definition has been 

assigned to the steel ladle and for that reason, the value is larger in an AOD converter 

(Lehrer 1968). This assumption is based on the fact that horizontal sidewall-blowing in 

an AOD converter will improve mixing more than vertical bottom-blowing in the steel 

ladle. (Sano 1983)  
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The mixing power P2 which is caused by the expansion of the gas stream is presented in 

Equation 3-8. 

P2 = ṅRTl ln (
pg

pl
) =

pNTP

TNTP
 VNTP Tl ln 

pg

p0+ρgH
   (3-8) 

where, Tl is the temperature of the melt (K) 

 pg is the pressure of the injected gas (Pa) 

   pl is the pressure near the tuyeres (ferrostatic or hydrostatic) (Pa) 

p0 is the pressure above the surface of the melt (Pa) 

H is the height of the liquid bath above the tuyeres (m) 

Tg is the temperature of the injected gas (K)  

  

The mixing power P3 and P4 are caused by expanding gas bubbles and towards surface 

rising bubbles. These Equations 3-9 and 3-10 may be written: 

P3 = ṅR(Tl − Tg) =
pNTP

TNTP
VNTP(Tl − Tg)    (3-9) 

P4 =
pNTP

TNTP
VNTPTl

p0+ρgH

p0
     (3-10) 

While gas bubbles rise, the surrounding pressure decreases and the gas bubbles expand 

even more affecting the mixing. The mixing power P5 is presented in Equation 3-11. 

P5 = ṅRTlln
pl

p0
= VNTPTlln

p0+ρgH

P0
    (3-11) 

Sano et al. (1983) determined that the mixing power depends on the previously mentioned 

components (P1-P5). They also determined that mixing power can be separated into three 

parts; the expansion of the gas (I), kinetic energy (II) and the rising of the gas bubbles 

(III). The total mixing power can be expressed as Equation 3-12. 

Ptot = (P2 + P3)⏟      
I

+ (P1)⏟
II

+ (P4 + P5)⏟      
III

    (3-12) 
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The mixing power of the kinetic energy (II) and gas expansion (I) takes place near the 

tuyeres and for that reason the effect of these mixing powers corresponds to the efficiency 

𝜂. If Equation 3-12 is written openly, it can be presented as Equation 3-13. 

Ptot = ṅRTl [ln
pl

p0
+ η {

TNTP

Tl
ln
pNTP

pl
+ (1 −

TNTP

Tl
) +

TNTP

pNTPTl
(
1

2
ρg,NTPug,nom

2 )}] (3-13) 

The value of the efficiency is small: for example with bottom blowing ≈ 0.06 (Sano 1983). 

If 𝜂 = 0, Equation 3-13 becomes similar to Equation 3-11. Thus, the mixing power of the 

kinetic energy and gas expansion can be ignored. (Mure 2002, Sano 1983)  

Many investigations show that most of the mixing happens when the gas bubbles rise. At 

same time the expansion of the gas bubbles affects the mixing during the process. The 

kinetic energy of the gas injection does not show any remarkable effect on the mixing 

power. On the other hand, most of these investigations were made using bottom blowing 

and for that reason the results are more approximate and do not compare to the results 

from an AOD converter. (Mure 2002) 

3.2 Mixing time measurements 

Many mixing equations have been written for metallurgical processes. Some of them have 

made by using different kinds of correlations and dimensional analyses. Others have been 

formed by using experimental equations which do not always fulfil the requirements of 

dimensional homogeneity. Separate parts of the experimental equation have been unequal 

and for that reason forming the experimental equation has been more case-specific than 

general. (Mure 2002) 

General experimental equations for mixing time follow the structure of Equation 3-14. 

τ ∝ k (
Ptot

M
)
n

= kϵn     (3-14) 

Where, τ  is the mixing time 

 k an n are constants 

 Ptot is the mixing power of the gas which will bring to the system 
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 M is the mass of the liquid (ton) 

 ϵ is the specific mixing capacity (W/ton) 

 

In addition to the previous mixing time equation, numerous correlations have been 

presented for mixing times in an AOD vessel, for example Wuppermann et al. (2012), 

Wei et al. (1999) and Ternstedt et al. (2010). Wei et al. (1999) determined a mixing time 

correlation for an 18 ton AOD converter using a 1:3 scale water model. Sidewall-blowing 

was conducted with two tuyeres and the gas blowing (inert and process gas) rates were 

determined precisely. The cross-sectional area was taken into account by increasing the 

angle of the tuyeres. It was found that when the angle of the tuyeres was increased, the 

mixing efficiency increased. Wei et al. (1999) presented Equation 3-15 which has been 

made by using dimensional analysis.  

f (
ug1,nomτm

d1
,
ug2,nomτm

d2
,
ρg1ug1,nom

2

ρlgd1
,
ρg2ug2,nom

2

ρlgd2
,
H

De
,
De

d1
,
De

d2
,
ρg1

ρl
,
ρg2

ρl
,
S

S0
) = 0  (3-15) 

where, 1, 2 is the index of the process and inert gas 

 d is the dimension of the tuyere 

 De is the dimension of the liquid bath 

 H is the bath height 

 S is the sector area by tuyeres 

 S0 is the cross-section area of the liquid bath 

 

Equation 3-15 contains several affecting factors and therefore, it is hard to find correct 

solutions for every system. For that reason, many experimentally derived equations are 

presented to simplify the calculation of the mixing time. 

Chaendra et al. (2006) and Nyoka et al. (2001) also investigated the mixing time in a 

Creusot-Loire-Uddeholm (CLU) converter by using 1:5 scale water model. They studied 

the process of mass transport and mixing times in the CLU converter. The mixing 

equations by Chaendra et al. (2006), Nyoka et al. (2001) and others are presented in Table 

8. 
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Table 8. Previous investigations of the mixing time. 

Investigation Converter Scale Mixing time equation  

Chaenra et al. 2006 CLU 1:5 τ = 4.39Vg
−0.73W0.24H1.12  

Nyoka et al. 2001 CLU 1:5 τ = 1.08Vg
−1.05W0.35  

Ternstedt et al. 2010 AOD - τ = 2.07Vg
−0.4D1.2  

Wuppermann et al. 2012 AOD 1:4 𝜏 = 𝑏0 + 𝑏1𝜅 + 𝑏2𝜅
2 + 𝑏3𝜅

3 

+𝑏4𝐹𝑟
′ + 𝑏5𝜅𝐹𝑟

′ + 𝑏6𝜅
2𝐹𝑟′ 

+𝑏7𝐹𝑟
′2 + 𝑏8𝜅𝐹𝑟

′2 

+𝑏9𝐹𝑟
′2  

 

V= volumetric gas flow rate, W=bath weight, H=bath height, D=bath diameter 

b1-9=constant, κ=ratio of height and bath diameter. 

 

These studies considered, among other things, the volumetric air flow rate, bath weight 

and the height of the bath. In all investigations, the correlation of the gas injection rate 

between the converter and the water model are related through the modified Froude 

number (Fr’) which is presented in Equation 3-16. 

Fr′ =
ρg

ρl−ρg

ug,nom
2

Lg
≈
ρg

ρl

ug,nom
2

Lg
    (3-16) 

If the Froude number is same in both the converter and the model, they are dynamically 

similar. The modified Froude number takes into account the densities of the gas and 

liquid, the velocity of the gas, gravitational acceleration and the diameter of the tuyere. 

In most cases the nominal velocity of the gas rises above sonic speed, which is not 

possible in the straight tuyere. Instead of that, the density of the gas must increase while 

the velocity of the gas decreases to sonic speed (Mach 1) so that the same volume of the 

gas can flow through the tuyere. Tilliander et al. (2004) thoroughly investigated fluid 

flows in an AOD tuyere and when steel and turbulent gas phases are coupled by friction. 

The modified Froude number of this thesis is presented later in the experiment chapter 

and in Appendix 1 as well.  

Once the similarity between systems has been established, it is possible to study the 

mixing in the vessel. There are at least four different ways to determine the mixing time 

in the water model which have been used in previous investigations; 1) conductivity, 2) 

photometer, 3) the Nakashi equation, and 4) pH measurements. In this thesis it was chosen 

to employ pH measurements. Tracers have been decided individually in each 
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investigation as long as they fulfil the required purpose. Tracers used in previous 

investigations have consisted of food coloring, KCl, saline or sulfuric acid. When the 

tracer is injected to the system, it takes a while to mix into the water properly. The system 

is stabilized and the mixing time is possible to calculate from the measured data. Deo & 

Boom (1993) investigated mixing phenomena and the degree of mixing. According to 

Deo & Boom, there are three separate approaches which have been followed in order to 

model mixing phenomena:  

1. Turbulence models based on the Navier-Stokes equation concerning turbulent 

recirculatory flows. 

2. Circulation models based on energy balance in systems. 

3. Empirical models based on dimensional analysis or experimental data which have 

been fitted to correlations. 

All the approaches employ some simplifying assumptions, but they have been used to 

ease the experimentation in cold models, such as in water models. In the literature, the 

time that is needed to achieve 95% homogenization is quoted as the mixing time τ. When 

the liquid under the investigation has reached at least a concentration of 95 per cent, it is 

considered to have been mixed. The following Equation 3-17 determines the degree of 

mixing: 

𝛾 =
𝐶

𝐶𝑓
      (3-17) 

where, 𝛾  is the degree of mixing 

C is the concentration of the measured liquid at a given time 

(mol/l) 

 𝐶𝑓 is the concentration of the fully mixed liquid (mol/l) 

 

The liquid is fully mixed when the 𝛾 is 95% or more. Thus, the mixing time is 𝜏 (s) (Deo 

& Boom 1993). 
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4 THE AOD PROCESS  

The Argon-Oxygen-Decarburization (AOD) process was invented in the 1950s by Union 

Carbide in USA. It is nowadays the most common treatment for producing stainless steels. 

The main principal is to inject oxygen and inert gas through a number of tuyeres and a 

top-lance. High blowing rates and efficient decarburization are characteristics of the AOD 

process. During decarburization, a low carbon content is achieved by injecting oxygen 

into the system. After decarburization, oxidized chromium is reduced back to molten steel 

from the slag. Reduction can be achieved by using reduction agents such as Fe-Si or Fe-

Si-Mg. The AOD process has lowered the overall cost of stainless steel making and also 

has allowed the use of electric arc furnaces for melting carbon and stainless steel scraps 

with ferrochromium. Following the advent of the AOD process, the decarburization 

treatment was no longer conducted in the electric arc furnace. (Patil et al. cop. 1998, 

Wuppermann et al. 2013) 

In addition to decarburization, several chemical reactions affect during the AOD process 

such as the recovery of the valuable and necessary metals from the slag and 

desulfurization. Operations such as alloying are also carried out so that desired qualities 

are present in the steel. Sufficient mixing is a precondition for high reaction rates and 

rapid dissolution of alloying elements. 

4.1 Decarburization 

Decarburization is the first part of the AOD converter process. The purpose of 

decarburization is to lower the carbon content of the steel by injecting both oxygen and 

nitrogen or argon as an inert gas mixture. An inert gas mixture injected from sidewall 

tuyeres has shown advantages in the mixing effectiveness in the AOD process. A typical 

blowing procedure in an AOD converter is presented in Figure 1. 
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Figure 1. Typical blowing procedure in an AOD converter, modified after 

(Wuppermann et al. 2013). 

The decarburization process requires the most blowing time because of the several 

different blowing practices required for the process. During decarburization, the species 

with the highest affinity to oxygen, such as carbon, silicon and manganese, will be 

oxidized first. Oxidation reactions of the elements which have the highest affinity to 

oxygen are presented in Equations 4-1 - 4-4. 

2[C] + {O2} → 2{CO}     (4-1) 

[Si] + {O2} → (SiO2)     (4-2) 

2[Mn] + {O2} → 2(MnO)     (4-3) 

4[Cr] + 3{O2} → 2(Cr2O3)    (4-4) 

where, [ ]  is dissolved in the melt 

{ } is gaseous 

( )  is dissolved in the slag 



35 

 

While the previously mentioned elements decrease in the steel melt, the chromium starts 

to oxidize because of the presence of the oxygen. After the oxygen has reacted with the 

elements, which have a high affinity to oxygen, chromium is the next element to oxidize. 

Chromium slagging is the negative side of the decarburization process. Thus, the 

chromium is recovered from the slag back to the molten steel in the reduction part. For 

this reason, the ratio of the inert gas mixture in the decarburization process must increase 

over time so that the oxidation of the chromium can be controlled. Hence, as the partial 

pressure of the carbon monoxide (pCO) decreases in the gas phase, the reaction equilibrium 

forces the carbon to oxidize. The equilibrium constant K and the reaction equation 

describe the equilibrium of the Cr-C that are presented in Equations 4-5 and 4-6. 

(Wuppermann et al. 2013) 

2[Cr] + 3{CO} ↔ 3[C] + (Cr2O3)    (4-5) 

K =
aCr2O3 ∙aC

3

aCr
2 ∙pCO

3       (4-6)  

where, ai           is the activity  

pCO    is the partial pressure of the CO (gas phase) 

 

As can be seen, low partial pressure of the carbon monoxide will reverse the Cr-C 

reaction. Therefore, the excessive oxidation of chromium is easier to control. 

4.2 Reduction of slag 

The reduction process is the second part of the AOD process. The purpose is to reduce 

the oxidized chromium and other valuable oxides from the slag back to the molten steel 

by using reducing agents such as ferrosilicon, or aluminum. Because of the importance 

of the chromium in the stainless steel making process, it also comprises a major part of 

the raw material cost. For that reason, the more chromium that can be reduced the more 

cost–effective the process is. The reduction process tends to start after decarburization 

when slag is in contact with molten steel at 1 600 °C. Because of the high price of the 

pure reducing agents, it is more cost-effective to use Fe-alloys. Gutierrez-Parades (2005) 

used CaO, MgO, SiO2, CaF2 and Cr2O3 together with ferroalloys in his research to 
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determine which ferroalloy gives the best chromium yield. In his studies he reached an 

81% yield with Fe-44%Si-9%Mg and 88% with Fe-75%Si. Based on the Gutierrez-

Parades (2005) research, the reduction equation of chromium can be written: 

2(CrO) + Si = 2[Cr] + (SiO2)    (4-7) 

(CrO) + Mg = [Cr] + (MgO)    (4-8) 

The reduction of the chromium can be made by using aluminum as a reducing agent. 

Thus, the reduction equation is the following: 

(Cr2O3) + 2 Al = 2 [Cr] + (Al2O3)    (4-9) 

(Gutierrez-Paredes 2005). 

4.3 Desulfurization 

Desulfurization is carried out at the end of the AOD process. In order for the 

desulfurization to succeed, many things need to be taken into account. Typically reduction 

and sulfurization are conducted with a mixture which contains FeSi, Al and flux. 

Reduction with FeSi does not always guarantee good desulfurization and in some cases 

resulting in low desulfurization power due to high oxygen activity in the steel and low 

capacity of sulfur in the formed slag. In addition to this, the reduction with Al has been 

overrated and for that reason high Al content will erode refractory and this causes a great 

deal of expenses. 

An individual temperature with the proper mixing applied, the correct mixture of Fe-Si, 

Al and flux will increase the effectiveness of the desulfurization and it can be controlled 

better (Gornerup 1999). The sulfur removal takes place through the following reaction:  

[S] + {O2} = {SO2}      (4-10) 

This direct oxidation happens in the gas-metal interface where turbulent and oxidizing 

conditions prevail. It has been discovered that approximately 15-25% of dissolved sulfur 
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follows a direct oxidation route (Deo & Boom 1993). In addition to direct oxidation, the 

separation of sulfur at the slag-metal interface can be written: 

[S] + (O2−) = (S2−) + [O]    (4-11)  

During the separation of sulfur at the slag-metal interface, the concentration of oxygen in 

liquid steel increases. 
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5 EXPERIMENTS 

5.1 Converter 

The converter employed in this thesis is geometrically similar to a 150 ton AOD converter 

in operation at Outokumpu Stainless Oy. In this thesis the converter is referred to as the 

converter. The equipment that is used to physically model the converter is referred to as 

the model. 

The employed charge weight of the converter corresponds to a 150 ton charge in the full-

sized vessel. The number of sidewall tuyeres is 7 and the maximum volumetric air flow 

rate (V) from the sidewall tuyeres is 100 Nm3/min. In this thesis, a volumetric air flow 

range of 60-140 Nm3/min has been chosen in order to more widely determine the 

optimum mixing effect. Additionally, this wider range of the volumetric air flow rate has 

been chosen to gain a broader view of the mixing effect rather than just near the 

operational volumetric air flow. It is not always necessary to use the maximum volumetric 

air flow in the AOD process, so for that reason it is more reasonable to investigate other 

volumetric air flows too. The normally used unit of volumetric air flow in NTP (101 325 

Pa, 273.17 K) circumstances is the normal cubic meter per minute (Nm3/min) and it has 

been used in this work as well. 

5.2 Model 

The model is geometrically similar to the converter and it has been made from acrylic 

plastic. The model is on a scale of 1:9 and the modelling carried out in the experimentation 

and calculations is performed on a 1:9 scale in this thesis. The specific size of the 

converter and model are presented in Figure 2. The dimensions of the model have been 

written in normal font and the dimensions of the converter in underlined italics. In Figure 

2, the model has been scaled nine times larger and it has been placed on the top of the 

converter figure to make it easier to explore. 
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Figure 2. Dimensions of the converter and the model, modified after (Mure 2002). 

The model and the converter are geometrically similar with the exception that the 

refractory of the converter has been eroded next to the tuyeres due to the processes it has 

undergone. This difference does not influence the results of the experimental part of this 

thesis but small differences can be taken into account in the calculations if it is necessary. 

All the informative dimensions and units of the converter and the model have been 

presented in Table 9.  

Table 9. Informative dimensions and units of the converter and the model. 

Parameter Unit Converter Model 

Scale ratio – 1/1 1/9 

Volume ratio – 1/1 1/729 

Fluid density kg/m3 7 000 1 000 

Charge weight kg 150 000 29 

Charge volume m3 21.43 0.029 

Number of tuyeres  – 7 7 

Tuyere diameter mm 10, 11, 12, 13 or 14 2 

Gas flow rate Nm3/min 60-140 0.140-0.560 

Tuyere angle degree Adjustable 16, 18 or 20 

Kinematic viscosity m2/s 6.8 ∙10-7 (1 700 °C)   

(Fabritius 2000) 

10.4∙10-7 (20 °C) 

Vessel tilting angle degree adjustable, usually 4 ° 4° 



40 

 

 

In the experiments, compressed air and water (293.15 K) was used in the model to 

describe injected gas (oxygen, nitrogen and argon) and the liquid steel of the converter. 

The amount of the water was calculated on grounds of both the density of the liquid steel 

and geometric similarity. The gas was blown from seven tuyeres which were located in 

the sidewall near the bottom. The angle between tuyeres was 18 degrees and the used 

volumetric air flow range was 0.140-0.560 Nm3/min.  

5.3 Similarity between the converter and the model 

In order that the model can be used to describe the action of the converter, the 

characteristics of the model must fulfil the requirements of the converter. As it is shown 

in Table 9, it is not possible to satisfy all the characteristics of the converter, but the 

correspondence of the both systems must be adapted according to the characteristic(s) 

under investigation.  

5.3.1 Geometric similarity 

Geometric similarity is the easiest characteristic to achieve. Figure 2 shows that the model 

and the converter are similar, so geometric similarity is achieved fairly well. However, if 

the ratio of the geometric dimensions is considered, the tuyeres in the model are too large 

in diameter compared to those in the actual converter. Having said this however, even 

though the size of the tuyeres in the model are not geometrically similar to the converter, 

the characteristics of the forming gas stream in the tuyere is more important than the size 

of the tuyere. 

5.3.2 Dynamic similarity 

Dynamic similarity describes the ratio of the similar forces in both systems. The fluids 

used in the converter and the model are different and for that reason, the affecting forces 

in the systems are not fully comparable. For example surface forces differ between steel 

and water so the model is geometrically defective. In addition to this, the Reynolds 

numbers also differ in both systems. The Reynolds number describes characteristics of 
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the fluid flow in the system. When calculating the Reynolds number, it is necessary to 

know the exact velocity of the gas inside the liquid bath and for that reason it is hard to 

determine. Instead, determination of the Reynolds number can be done reliably inside the 

tuyere. The Reynolds numbers are presented for both systems in Figures 3 and 4. 

 

Figure 3. The Reynolds number inside the tuyere of the model.  
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Figure 4. The Reynolds number inside the tuyeres of the converter. 

The Reynolds numbers are very high inside the tuyeres of the converter and the model.   

According to Bird (1960), the lower limit for the turbulent gas flow rate is 2 100 in the 

tubes depending on the factors of the tube such as tube roughness and flow uniformity. 

Even though the Reynolds numbers between the converter and the model differ, the most 

important thing is that the gas streams are turbulent in both systems. 

The modified Froude number (Fr’) was determined according to Equation 3-16 for both 

systems to ensure dynamic similarity. In order that the melt flow rates of the converter 

can be investigated using a water model, the modified Froude numbers must be almost 

equal in both systems. The modified Froude numbers were calculated for the gas flow 

rates as a function of the volumetric air flow rate, size of the tuyere and the density of the 

gas. The values from Table 9 were used to calculate the modified Froude numbers. 

Pressurized air was used in the model to represent argon employed in the reduction stage 

of the actual AOD process. The modified Froude numbers are presented in Figure 5 for 

the converter and the model. Calculation of the modified Froude number is presented in 

Appendix 1. 
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Figure 5. Modified Froude number for the converter and the model. 

According to Figure 5, the modified Froude numbers are almost similar for both systems 

regarding specific air flow rates and the size of the tuyere. Thus, the velocity profiles are 

the same for both systems which both have almost the same kinematic viscosity of the 

fluid. Therefore, the model describes the converter well enough. In Figure 5, the 

volumetric air flow rates for both systems can be determined by standardizing the 

modified Froude number. The black line shows corresponding volumetric air flow rates 

for both systems.   

5.3.3 Thermal and dimensional similarity 

The temperature difference between the converter and the model is huge and for that 

reason the heat fluxes differ between the systems. Therefore it can be said that the model 

does not fulfil the requirement of thermal similarity 

There are several differences between the converter and the model. Because dimension 

analysis takes into account the most relevant characteristics of both systems and therefore, 

the model is only partially similar to the converter. Nevertheless, the melt flow rate of the 



44 

 

converter can be investigated by using a water model and therefore, the mixing time can 

also be determined. 

5.4 Measurement equipment 

The purpose of the experiments was to determine how long it takes to mix injected acid 

into a liquid bath so that the liquid bath would be homogenous according to the chosen 

97.5% criteria. A pH-meter was installed inside the water model on the opposite side from 

the tuyeres to monitor the changes of the pH in the water bath. The data was collected 

and sent to a computer via a DRDAQ-data logger. By utilizing this method it was possible 

to calculate the mixing time taken for the water and acid to have mixed totally. 

The execution of the experiments is presented in this chapter. The mixing experiments 

were done by using a water model, water, sulfuric acid (98%) and pressurized air to 

describe the mixing phenomena in the steel converter during the reduction process. 29 

liters of deionized water was used to represent 150 tons of liquid steel in the actual AOD 

vessel. Sulfuric acid was used as a tracer and it was injected into the water bath from 

specific locations, while pressurized air was blown into the system via the tuyeres. The 

injected acid caused changes in the pH of the water bath which was measured with a pH-

meter. During the mixing, the pH of the water bath stabilized and thus, the mixing time 

was possible to calculate complying with the 97.5 % mixing standard. The calculation of 

the 95% mixing standard was presented in chapter 2.5.4 but the mixing standard has been 

set to 97.5% in this thesis. The standard deviation and confidence interval have been 

calculated from the results representing better the results of each experiment.  

Execution of the mixing time experiments were done in two parts. The first part was done 

with three volumetric air flow rates: 0.140, 0.350 and 0.560 Nm3/min. The injection depth 

of the tracer was chosen to be 0.1 m for the first part. The second part was done with the 

same volumetric air flow rates but the injection depth was 0.2 m.  Injection points were 

selected precisely at the center line of the converter near the wall. The schematic sketch 

of the water model, gas supply system and injection points are presented in Figure 6. 
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Figure 6. Schematic illustration of the water model, gas supply system and injection 

points. 

The pressure of the gas stream was adjusted to 4 bar (400 000 Pa) and the volumetric air 

flow rates were adjusted precisely to each measurement with the rotameter. The total 

height of the water bath was 0.295 m as it has been presented in the Figure 6. The pH-

meter was placed at a depth of 0.1 m from the water surface and 0.08 m from the sidewall. 

Injection points were located 0.025 m from the sidewall at two different depths. 

During the experiments, the data was collected by using a pH-meter (VWR), DRDAQ 

data logger and PicoScope 6 PC oscilloscope software. The equipment and software used 

are presented in Figures 7-9 and specific information about them in Tables 10-12. 
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Figure 7. pH meter (Thin, Pellon junction, VWR). 

Table 10. Properties of the pH-meter (Thin, Pellon junction, VWR). 

Property Value 

pH range 0-14 

Temperature 0… +100 °C 

Material epoxy 

Electrolyte gel 

Dimensions 9 x 300 mm 

Connector BNC  

Purpose of use tap water, seawater, disinfectants, soap 

 

 

Figure 8. DrDAQ datalogger 

(https://www.picotech.com/images/uploads/series/drdaq.png, modified 22.2.2015). 
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Table 11. DrDAQ data logger general specifications and analog input of pH. 

Property Value 

Number of channels 14 

Maximum sampling rate  

Block mode 1 MS/s * 

USB streaming 100 kHz * 

Memory depth 

(PicoScope) 

20 MS * 

Connector BNC 

Range 0-14 

Resolution ±0.02 pH 

Accuracy sensor calibration dependent 

         

The data from the pH-meter goes through the DrDAQ data logger to the PicoScope 6 

oscilloscope software which plots graphs from the available data. The PicoScope 6 

software is presented in Figure 9 and the specifications of the measurements are presented 

in Table 12.  

 

Figure 9. PicoScope 6 software for the measurements. 

Table 12. Measurement specification of the PicoScope 6 software. 

Property Unit Value 

Sampling period s 50 

Sampling frequency S/s 20  

The total number of samples S 10 000  
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6 RESULTS  

The results of the mixing time experiments are presented in this chapter. The experiments 

were carried out in three part and thus, the results are also presented in three parts. In 

addition to this, the results are put together at the end of this chapter before the discussion 

and conclusion chapters. All the experiments are presented in Table 13 and each series 

contains two different injection depths. 

Table 13. Experiment series of the water model. 

Series Symbol Value Unit 

Series 1 (A and B)    

Minimum volumetric air flow Vmin 0.140 Nm3/min (STP) 

Minimum modified Froude number Fr’min 750 - 

Injection depth A HA 0.1  m 

Injection depth B HB 0.2 m 

Total number of experiments N1AB 20 - 

Series 2 (A and B)    

Medium volumetric air flow rate Vmed 0.350 Nm3/min (STP) 

Medium modified Froude number Fr’med 4750 - 

Injection depth A HA 0.1  m 

Injection depth B HB 0.2 m 

Total number of experiments N2AB 20 - 

Series 3 (A and B)    

Maximum volumetric air flow rate Vmax 0.560 Nm3/min (STP) 

maximum modified Froude number Fr’max 11750  

Injection depth A HA 0.1  m 

Injection depth B HB 0.2 m 

Total number of experiments N3AB 20 - 

 

The experiments were conducted 10 times with each volumetric air flow rate and injection 

depth and thus, the total number of experiments conducted was 60. The results that best 

described the mixing time were selected for the results chapter. However, about 10-15 
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experiments of each series were used in the results chapter to reliably describe the mixing 

phenomena. The average mixing time, standard deviation and confidence interval with a 

5% margin were also calculated for each series to better illustrate the deviation of the 

results. Each series contains 2 figures of the experiments and rest of the figures are 

presented in the appendices. 

6.1 Results of series 1 A and B 

The previous chapter presented the mixing time experiments. To ensure the similarity 

between the converter and the model, the modified Froude number is determined for 

every experiment which has different volumetric air flows. Figure 10 represents the pH 

curve of the water model when the volumetric air flow rate was 0.140 Nm3/min with an 

injection depth of 0.1m. 

 

Figure 10. pH curve in series 1 A. 

Mixing time 
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As seen from Figure 10, the pH of the deionized water was 7.4 – 7.5 at the beginning of 

the experiment. The tracer (10 ml) was injected into the water after one minute from the 

start. The pH was stabilized over time to the value of 2.41. The average value of the 

stabilized pH curve was calculated from the values of the last minute. Limiting values 

(97.5% and 102.5%) were calculated from the value of the average pH. The limit value 

of 97.5% indicates the mixing time of the system when the pH curve and the limit curve 

intersect each other. The mixing in Figure 10 occurred at a time of 13.85 seconds. Other 

mixing times for series 1 A are collated in Table 14 when the volumetric air flow was 

0.140 Nm3/min and the injection depth 0.1 m. Other figures for series 1 A are presented 

in Appendix 2. 

Table 14. Mixing time in series 1 A. 

Experiment τ (s) 

Exp. 1 27.9 

Exp. 2 35.25 

Exp. 3 31.75 

Exp. 4 13.85 

Exp. 5 15.95 

Exp. 6 26.5 

τavg (s) 25.2 

σ (s) 8.57 

CI (5%) 8.99 
 

The average mixing time in series 1 A was 25.2 seconds. The standard deviation was 8.57 

seconds, which determined the range of the mixing times. On the other hand, the 

confidence interval was 8.99 seconds with a 5% margin, which is a bit more than the 

standard deviation. The range of the mixing times increased with a low volumetric air 

flow rate because of the weak mixing power. Therefore the volumetric air flow should be 

higher to achieve proper mixing.  

Series 1 B was made with a different injection depth than series 1 A. The injection depth 

used was 0.2 m, which negatively affected the mixing time. Figure 11 represents the pH 

curve of the water model with a volumetric air flow rate of 0.140 Nm3/min and an 

injection depth of 0.2 m. 
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Figure 11. The pH curve in series 1 B. 

Figure 11 shows that after injection the pH curve stabilized to the value of 2.36. The 

average value was calculated from the values of the last minute. 97.5% and 102.5% 

mixing limits were calculated from the average value of the pH. The 97.5% mixing limit 

intersects the pH curve at a time of 19.3 seconds. Mixing times for series 1 B have been 

collated in Table 15 and the rest of the figures in Appendix 3. 

Table 15. Mixing times in series 1 B. 

Experiment τ(s) 

Exp. 1 19.30 

Exp. 2 24.80 

Exp. 3 22.90 

Exp. 4 29.55 

Exp. 5 26.35 

Exp. 6 22.65 

Exp. 7 33.55 

τavg (s) 25.59 

σ (s) 4.76 

CI (5%) 4.40 

Mixing time 
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The average mixing time for series 1 B was 25.59 seconds. With a broad range of results, 

the standard deviation was 4.76 seconds and the confidence interval with a 5% margin 

was 4.40 seconds. There was no remarkable difference between the mixing times of series 

1 A and 1 B and therefore, the assumption that the mixing time would increase was not 

fulfilled.  

6.2 Results of series 2 A and B 

The volumetric air flow rate was adjusted to 0.350 Nm3/min in series 2. The injection 

depth was determined in series 2 A at 0.1 m and in series 2 B at 0.2 m. The modified 

Froude number was also determined for this series and it is presented in the legends of 

Figures 13 and 14. The pH curve for series 2 A is presented in Figure 12. 

 

Figure 12. The pH curve in series 2 A. 

Figure 12 shows that the pH stabilized to the value of 2.36. The 97.5% and 102.5% mixing 

limits were calculated from the average value of the stabilized pH curve. 97.5% mixing 

Mixing time 
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had occurred at a time of 11.6 seconds. The rest of the mixing times of the experiments 

are presented in Table 16. Other figures for series 2 A are presented in Appendix 4. 

Table 16. Mixing times in series 2 A. 

Experiment τ (s) 

Exp. 1 11.6 

Exp. 2 10.7 

Exp. 3 19.05 

Exp. 4 9.25 

Exp. 5 9.55 

Exp. 6 18.45 

Exp. 7 6 

τ (s) 12.1 

σ (s) 4.88 

CI (5%) 4.5 

 

Table 16 shows that the average mixing time with a volumetric air flow of 0.350 Nm3/min 

was 12.1 seconds. The standard deviation was 4.88 seconds and the confidence interval 

with a 5% margin was 4.5 seconds. Comparing these results to series 1 A, the average 

mixing time decreased by 13.1 seconds when the volumetric air flow rate was increased.  

Series 2 B was executed the same way as series 2 A with the exception that the injection 

depth was 0.2 m. The pH curve of series 2 B is presented in Figure 13. 
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Figure 13. The pH curve in series 2 B. 

Figure 13 shows that the pH curve stabilized to the value of 2.42. The mixing limits were 

calculated in the same way as the previous limits. 97.5% mixing occurred at a time of 

19.55 seconds. Other mixing times and figures for series 2 B are collated in Table 17 and 

Appendix 5. 

Table 17. Mixing times in series 2 B. 

Experiment τ(s) 

Exp. 1 19.55 

Exp. 2 24.10 

Exp. 3 15.70 

Exp. 4 28.00 

Exp. 5 19.75 

Exp. 6 11.90 

Exp. 7 11.95 

Exp. 8 11.10 

τavg (s) 17.76 

σ (s) 6.20 

CI (5%) 5.18 

Mixing time 
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The average mixing time was 17.76 seconds. The average mixing time was almost 7.8 

seconds less in series 2 B than in series 1 B. Because of the higher volumetric air flow 

rate in series 2 B, the average mixing time decreases explicitly. The standard deviation 

was 6.20 seconds and the confidence interval with a 5% margin was 5.18 seconds. The 

average mixing time difference between series 2 A and 2 B was 5.66 seconds and 

therefore, the injection depth clearly affected the mixing time. For this reason, the 

assumption of an increased mixing time was fulfilled. 

6.3 Results of series 3 A and B 

The volumetric air flow rate was adjusted to 0.560 Nm3/min in series 3 and the injection 

depths were set to 0.1 m and 0.2 m, the same as in previous series. The volumetric air 

flow rate of 560 Nm3/min is more than the maximum operational volumetric air flow rate 

that is used normally. The purpose of using a higher volumetric air flow rate was aimed 

at investigating the wider effect of the volumetric air flow rate on the mixing. The pH 

curve of series 3 A and modified Froude number are presented in Figure 14.  
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Figure 14. The pH curve in series 3 A. 

Figure 14 shows that the pH curve stabilized to a value of 2.38 over time. 97.5% and 

102.5% mixing limits were calculated from the average value of the stabilized pH curve. 

97.5% mixing occurred at a time of 6.45 second. The rest of the mixing times for series 

3 A are presented in Table 18. Other figures for series 3 A are presented in Appendix 6. 

Table 18. Mixing times in series 3 A. 

Experiment τ (s) 

Exp. 1  6.45 

Exp. 2 5.45 

Exp. 3 8.20 

Exp. 4 8.45 

Exp. 5 5.05 

τavg (s) 6.72 

σ (s) 1.55 

CI (5%) 1.93 

 

According to Table 18, the average mixing time of series 3 A was 6.72 seconds. The 

standard deviation was 1.55 seconds and the confidence interval with a 5% margin was 

Mixing time 
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1.93 seconds. In this series, the mixing power was more efficient than in all the previous 

series. 

In series 3 B, the adjustments were the same as in series 3 A, but the injection depth was 

0.2 m. The pH curve and the modified Froude number of series 3 B are presented in Figure 

15. 

 

Figure 15. The pH curve in series 3 B. 

The pH curve stabilized to the value of 2.42 over time. The 97.5% and 102.5% mixing 

limits were calculated from the average value of the stabilized curve. 97.5% mixing 

occurred at a time of 11.7 seconds. Other mixing times and figures for series 3 B are 

collated in Table 19 and Appendix 7. 

Mixing time 
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Table 19. Mixing times in series 3 B.  

Experiment τ (s) 

Exp. 1 11.70 

Exp. 2 8.15 

Exp. 3 8.40 

Exp. 4 14.90 

Exp. 5 9.65 

τavg (s) 10.56 

σ (s) 2.80 

CI (5%) 3.48 

 

The average mixing time for series 3 B was 10.56 seconds. The standard deviation was 

2.80 seconds and the confidence interval with a 5% margin was 3.48 seconds. The 

injection depth affected the mixing time in this series and therefore, the mixing time 

assumption was fulfilled. Secondly, the standard deviation decreased significantly during 

the higher volumetric air flow rates. 

6.4 Compilation of results from series 1, 2 and 3 

In this chapter, the results of series 1, 2 and 3 are presented together. The results are 

divided into two separate parts with injection depths of 0.1 m and 0.2 m. The volumetric 

air flow rates are the same for both sets. The combined results illustrate better the mixing 

times of series 1, 2 and 3 and the effect of the volumetric air flow rates on the mixing 

times. Mixing times with an injection depth of 0.1 m are presented in Figure 16.  
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Figure 16. Mixing times with an injection depth of 0.1 m. 

Figure 16 shows that the mixing time decreases when the volumetric air flow rate 

increases. The average mixing times for series 1A, 2A and 3A are presented in Table 20. 

The dashed line in Figure 16 illustrates the average mixing times of the series.  

Table 20. Average mixing times in series 1A, 2A and 3A.  

Series V̇air (Nm3/min) τavg (s) σ (s)  CI (5%) 

1 A 0.140 25.2 8.57 8.99 

2 A 0.350 12.1 4.88 4.50 

3 A 0.560 6.72 1.55 1.93 

 

It should be noticed that the deviation of the results also decreases when the volumetric 

air flow rate increases. The mixing power was more efficient with higher volumetric air 

flow rates and thus, the mixing time with a volumetric air flow rate of 0.560 Nm3/min 

was 3.75 times faster than with a flow rate of 0.140 Nm3/min.  
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In the second part of the series, the volumetric air flow rates were the same as in previous 

chapter but the injection depth was 0.2 m. The mixing times of series 1B, 2B and 3B are 

presented in Figure 17. 
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Figure 17. Mixing times with an injection depth of 0.2 m.  

Figure 17 shows that the mixing time decreases when the volumetric air flow rate 

increases. The dashed line in Figure 18 illustrates the average mixing time. The average 

mixing times of series 1B, 2B and 3B are presented in Table 21 with standard deviations 

and confidence intervals.  

Table 21. Average mixing times for series 1B, 2B and 3B. 

Series V̇air(Nm3/min) τavg (s) σ (s)  CI (5%) 

1 B 0.140 25.59 4.76 4.40 

2 B 0.350 17.76 6.20 5.18 

3 B 0.560 10.56 2.80 3.48 

 

Table 21 shows the decreasing mixing time as the volumetric air flow rate increases. 

Comparing these results to series 1A, 2A and 3A, the average mixing times are longer 

than they are supposed to be. Therefore the mixing time assumption is fulfilled in these 

experiments. The mixing time with a volumetric air flow rate of 0.560 Nm3/min was 2.4 

times faster than with 0.140 Nm3/min. 
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6.5 Mixing time equation for series 1, 2 and 3 

Many mixing time equations were presented in chapter 2.5.2 and all of them are different. 

The equations for the mixing times have been adapted to the results of the investigations 

and therefore a generic equation is hard to create.  

In this thesis the mixing time equation was formed from several variables, which were 

volumetric air flow rate (V), bath height above the injection point (Hi) and a random 

mixing constant (ψ). The mixing time equation was adapted to the result by using the 

Minitab software. The software determined the equation that best described the results of 

the experiments. The mixing time equation in this manner is described below in Equation 

4-1. 

τ = ψ − vV + hHi     (4-1) 

Where, τ is the mixing time 

 ψ is the mixing constant 

 v is constant 

 V is the volumetric air flow rate 

 h is constant 

 Hi is the bath height above injection point 

 

As a result of a regression analysis it was found that the results of this thesis were best 

described by the following equation: 

τ = 25.18 − 40.10V + 33.6Hi    (4-2) 

R2 = 0.6267 

Equation 4-2 describes the results well especially with high volumetric air flow rates. In 

statistics and especially in regression analysis, the R squared (R2) value is used to indicate 

how well the data fits a statistical model.  
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A contour plot was also formed from the result of a regression analysis. The plot 

illustrates the mixing time well as a function of volumetric air flow rate and the injection 

depth of the tracer. The contour plot is presented in Figure 18. 

 

Figure 18. Contour plot in series 1, 2 and 3. 

As seen in Figure 18, the mixing time increases when the volumetric air flow rate 

decreases and the injection depth increases because of the efficiency of the major 

circulation loop and asymmetric loops inside the fluid bath (Wei 2011). 
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7 DISCUSSION 

In this chapter, the mixing time result of this thesis is compared to results of other studies. 

The success of the experiments, methods and problems arising are also discussed. 

7.1 Experimental setup 

The problem and issues of experimental setup are discussed in this part. The pH meter 

and the injection pipette do not belong inside the vessel and this will cause slight changes 

in the mixing. On the other hand, the pH-meter and pipette are small so, it can be assumed 

that they did not affect the mixing much. Sulfuric acid was used as a tracer in this thesis 

and a pH meter was installed inside the converter to measure the changes in pH. To ensure 

the credibility of the results, other tracers and methods which have been used in other 

studies, could be used as well.   

7.2 Results of other studies 

Comparing the results of this thesis to other studies, it can be said that they differ to a 

degree. The mixing time results of Wuppermann et al. (2012) and Odenthal (2010) are 

presented in Figure 19 with the results of this thesis as a function of a modified Froude 

number. Some of the results of the other studies (Wei et al. 2005, Ternstedt et al. 2010) 

were excluded because of the differing methods used to calculate modified Froude 

numbers. The results from other studies have been analyzed using a plot digitizer to 

determine the mixing times from the figures and thus the results of Figure 19 are more 

approximate than exact.  
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Figure 19. Comparable results of this thesis and other studies. 

As seen from Figure 19, the mixing results of the different studies differ somewhat. All 

the modified Froude numbers have been calculated the same way as in this thesis and 

therefore the results can be compared. The results of Odenthal et al. (2010) display a 

similar trend as the results in this thesis, but the mixing took more time. On the other 

hand, the results of the Wuppermann et al. (2012) experiment differ from the results of 

this thesis because of the different kind of experimental setup. In the light of these similar 

data sets the results of this thesis look fairly convincing.  

7.3 Estimation of mixing time in actual AOD converter 

The results of this thesis illustrate mixing in a reduction process. Because of this, it is 

reasonable to consider mixing times in other process stages, (e.g different stages of 

decarburization) where volumetric air flow rates differ. According to Figure 1, the 

volumetric air flow rates in the main blowing stage are 120 Nm3/min from tuyeres and 

120 Nm3/min from the top-lance. According to Wei et al. (2011), the influence of top-

blowing on the mixing does not enervate the main flow patterns inside the fluid, so it is 
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actually the influence of the sidewall blowing that affects the mixing more strongly. In 

the dynamic blowing stages 1 and 2, volumetric air flow rates are also 120 Nm3/min. 

However sidewall blowing is increased to 140 Nm3/min in stage 3 of the dynamic 

blowing. Reduction, desulfurization and alloying stages follow the volumetric air flow 

rate of 100 Nm3/min. All the previously mentioned air flow rates have been converted 

through the modified Froude number to the volumetric air flow rates of the water model. 

The conversions have been made by using a tuyere size of 11 mm in a real converter and 

2 mm in the water model. Conversions from all stages are presented in Table 22. 

Table 22. Converted volumetric air flow rates between converter and model. 

Stage of process Converter (Nm3/min)  Model (Nm3/min) 

Main blow 120 ~0.5  

Dynamic blow 1 and 2  120 ~0.5  

Dynamic blow 3 140 ~0.6  

Reduction, Desulfurization 

and Alloying 

100 ~0.4  

 

According to Equation 4-2, the mixing times with converted volumetric air flow rates at 

the depths of 0.1 and 0.2 m would be following inside the water model. 

Table 23. Estimated mixing times in different process stages. 

Stage of process V (Nm3/min) τ (s), 0.1 m τ (s), 0.2 m 

Main blow  0.5 8.49 11.85 

Dynamic blow 1 and 2 0.5 8.49 11.85 

Dynamic blow 3 0.6 4.48 7.84 

Reduction, Desulfurization 

and Alloying 

0.4 12.5 15.86 

 

As seen from Table 23, mixing near the surface is more efficient than in other regions. It 

is notable that the injection depth of 0.1 m in the water model compares to 0.65 m in a 

real converter (Figure 2) and therefore, the injection point is not that close to the surface. 

As previously mentioned, top-blowing will not enervate the efficiency of mixing near the 

surface, so it can be assumed that the mixing is most efficient in regions near the surface.         
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7.4 Further studies 

At this point, experiments have been done with several volumetric air flow rates and 

injection depths, so more experiments are needed to obtain reliable information about the 

mixing times of the AOD converter. Additionally, the effect of slag on the process has 

not investigated in this thesis and thus, it would be reasonable to study this at a later stage. 

According to Chaendera et al. (2006) and (Eric 2008) artificial slag will decrease the 

efficiency of the mixing in the CLU converter and therefore it will increase the mixing 

time. Artificial slag can be formed from paraffin oil/kerosene but other oil based fluids 

can be used as well. The purpose of the use of artificial slag would be to determine its 

influence on the mixing and thus, obtain further valuable information.       

Secondly, the water model experiments were implemented to investigate mixing in an 

AOD converter. Another objective would be to investigate how well these water model 

experiments fit a ferrochromium converter. Basically, a ferrochromium converter is 

geometrically similar to the AOD converter and therefore, the assumption would be that 

the mixing time results of this thesis might be similar to those for a ferrochromium 

converter as well.          
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8 CONCLUSIONS 

The mixing times of an AOD converter was determined in this thesis. The mixing time 

was investigated by using a 1:9 scale water model with three different volumetric air flow 

rates (0.140, 0.350 and 0.560 Nm3/min) and two different injection depths of a tracer. The 

degree of mixing of the tracer was determined by using a pH-meter. The experiments 

were divided into three different series. 

 The experiments for series 1 A and 1 B were carried out with the same volumetric 

air flow rates but the injection depths of the tracer were 0.1 m (A) and 0.2 m (B). 

The average mixing times of series 1 A and 1 B were 25.2 and 25.59 seconds. 

Standard deviations of the results were 8.57 and 4.76 seconds and the confidence 

intervals with a 5% marginal were 8.99 and 4.40 seconds.  

 The experiments for series 2 A and 2 B were carried out with the same injection 

depths but the volumetric air flow rate was 0.350 Nm3/min. The average mixing 

times of series 2 A and 2 B were 12.1 and 17.76 seconds. Standard deviations 

were 4.88 and 6.20 seconds and the confidence intervals were 4.5 and 5.18 

seconds.  

 The experiments for series 3 A and 3 B were executed similarly to the previous 

ones but the volumetric air flow rate was 0.560 Nm3/min. The average mixing 

times of series 3 A and 3 B were 6.72 and 10.52 seconds. The standard deviations 

of series 3 A and 3 B were 1.55 and 2.80 seconds and the confidence intervals 

were 1.93 and 3.48 seconds.  

A compilation of series 1 A, 2 A and 3 A showed that the mixing time decreased when 

the volumetric air flow rate increased. The average mixing time in series 3 A was 3.75 

times shorter than in series 1 A. On the other hand, the injection depth of 0.2 m in series 

1 B, 2 B and 3 B increased the average mixing time compared to series 1 A, 2 A and 3 A. 

However, the average mixing times in series 1 B, 2 B and 3 B followed the same pattern 

as in series 1 A, 2 A and 3 A and thus the mixing time decreased when the volumetric air 

flow rate increased. The average mixing time in series 3 B was 2.4 times shorter than in 

series 1 B. 
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A mixing time equation was formulated from the results of series 1, 2 and 3.  

τ = 25.18 − 40.10V + 33.6Hi    (8-1) 

R2 = 0.6267 

Equation 8-1 reliably illustrated the results of series 1, 2 and 3. However, Equation 8-1 is 

formed from the results of this thesis so it is more case specific than a general mixing 

time equation would be.
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                  Modified Froude number 
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Table 24. Equations needed to calculate the modified Froude number. 

Meaning Equation 

Tuyere cross-section area (m2) 𝐴𝑐𝑠 = 0.25 × 𝜋 × 𝑑
2 

Gas velocity (m/s) 

𝑢𝑔 = √𝐹𝑟′ ×
𝜌𝑙 × 𝑔 × 𝑑 

𝜌𝑔
 

Ferrostatic pressure (kg/m3) 𝑝𝑙 = 𝐻 × 𝑔 × 𝜌𝑙 

Total pressure (Pa) 𝑝𝑡𝑜𝑡 = 𝑝𝑙 + 𝑝𝑆𝑇𝑃 

Density of gas (kg/m3) 𝜌𝑔 =
𝑝𝑔,𝑆𝑇𝑃
𝑝𝑡𝑜𝑡
𝑝𝑆𝑇𝑃

 

Volumetric air flow rate (Nm3/min) 𝑉 = 𝑢𝑔 × 𝐴𝑐𝑠 × 60 × 𝑁𝑡𝑢𝑦𝑒𝑟𝑒𝑠 
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Figure 70. Mixing time in series 1 A (27.9 s). 

 

Figure 21. Mixing time in series 1 A (35.25 s).
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Figure 22. Mixing time in series 1 A (31.75 s). 

 

Figure 23 Mixing time in series 1 A (15.95).
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Figure 24. Mixing time in series 1 A (26.5 s). 
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Figure 25. Mixing time in series 1 B (24.8 s). 

 

Figure 26. Mixing time in series 1 B (22.9 s).
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Figure 27. Mixing time in series 1 B (29.55 s). 

 

Figure 28. Mixing time in series 1 B (26.35 s).
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Figure 29. Mixing time in series 1 B (22.65 s). 

 

Figure 30. Mixing time in series 1 B (33.55 s).
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Figure 31. Mixing time in series 2 A (10.7 s). 

 

Figure 32. Mixing time in series 1 B (19.05 s).
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Figure 33. Mixing time in series 2 A (9.25 s). 

 

Figure 34. Mixing time in series 2 A (9.55 s).
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Figure 35. Mixing time in series 2 A (18.45 s). 

 

Figure 36. Mixing time in series 2 A (6 s).
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Figure 37. Mixing time in series 2 B (24.1 s). 

 

Figure 38. Mixing time in series 2 B (15.7 s).
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Figure 39. Mixing time in series 2 B (28 s). 

 

Figure 40. Mixing time in series 2 B (19.75 s).
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Figure 41. Mixing time in series 2 B (11.9 s). 

 

Figure 42. Mixing time in series 2 B (11.95 s).
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Figure 43. Mixing time in series 2 B (11.1 s).
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Figure 44. Mixing time in series 3 A (5.45 s). 

 

Figure 45. Mixing time in series 3 A (8.2 s).
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Figure 46. Mixing time in series 3 A (8.45 s). 

 

Figure 47. Mixing time in series 3 A (5.05 s).
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Figure 48. Mixing time in series 3 B (8.15 s). 

 

Figure 49. Mixing time in series 3 B (8.4 s).
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Figure 50. Mixing time in series 3 B (14.9 s). 

 

Figure 51. Mixing time in series 3 B (9.65 s). 


