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Conclusion

Nitrogen is currently a quite normal alloying element 

together with C, Cr, Mn, Ni, etc. It provides unique 

combination of strength, plasticity and corrosion resis-

tance for steels. Industry uses a lot of nitrogen-alloyed 

steels of various structure classes — austenitic, ferrite, 

martensite and two-phased. In future these steels are 

quite possible to replace light and non-ferrous metals’ 

alloys. Alloying steels with nitrogen is very promising to 

give then special functional properties for example cor-

rosion resistance in bioactive environments, bactericidal 

activity or disinfecting ability, high resistance to special 

impacts, lightweight steels with lower density and high 

strength and plasticity.
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The mathematical models for the introduction of a one-di-
mensional refractory spherical particles in the liquid metal 
and its thermal state are proposed. The simulation of the 
heating of silicon carbide particles at their introduction into 
the steel melt at different fineness of the powder has been 
conducted.  
Using computer modeling the dependences of the maximum 
depth of penetration of the powder of silicon carbide in the 

melt  and the kinetics of its heating from the particles diam-
eter have been found. The computer program “Hydrody-
namics and HMTE of introducing solid particles into the 
melt” in the Mathcad 14 environment, allowing to conduct 
computer simulation of introducing of the refractory parti-
cles in the melt and their thermal state with regard to freez-
ing and melting of a solid crust on their surface, have been 
created.It is seen that the diameter of the particles and their 
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initial velocity have significant affect on the hydrodynamic 
and thermal characteristics. Thus, the mathematical mod-
el and the computer program, which allows to determine 
the important parameters of the process of introduction and 
dispersion of dispersed and fine-dispersed refractory pow-
ders in the molten metal melt for engineering practice have 
been developed.

Keywords: mathematical model, refractory particles, 
molten metal, the system of differential equations, heat 
flow, solid metal shell.

D
ispersion-hardened steels can serve as an alter-

native to the use of expensive alloying elements 

and technological treatments, and that are 

steels, containing solid refractory fine-dispersed parti-

cles of carbides, oxides, nitrides, and hard alloys. These 

steels are characterized by increased values of wear 

resistance, tensile strength, elasticity modulus and heat 

resistance, low tendency to cracking compared with the 

steels of the same chemical composition, not having 

dispersed particles.

The dispersion-strengthened steels production is based 

on introduction of solid dispersed particles in the melt at the 

casting stage. However, due to the fact, that the introduced 

particles and the hardened steel have different density, in 

practice, we get the introduced particles distribution by 

volume, which is nonuniform, unpredictable and uncon-

trollable. This is largely due to the lack of reliable, adequate 

mathematical models for determination of process techno-

logical parameters in the course of introduction of dispersed 

and fine-dispersed refractory powders to the melt.

The purpose of this study is to create a simple math-

ematical model, which considers main factors, influenc-

ing the process of particles introduction in the liquid steel.

When modeling the particle motion hydrodynamics 

several assumptions have been made.

1. The kinetic energy of the particle does not transfer 

into heat energy, but is used to set the melt in motion.

2. The particle has a spherical shape, the molten 

metal surface is directed normally to the direction of 

particles motion.

3. There is no chemical interaction between the re-

agent and the melt.

4. The molten metal and the reagent deformation pro-

cess is not accompanied by changes in their densities.

5. The particle motion in the melt is one-dimensional.

We will examine the mathematical model of the sol-

id particle introduction into the melt, and in the case, 

when the particle density is lower than the melt densi-

ty – its flowing-up to the surface. The particle motion 

equation in the melt along the x-axis (Fig. 1).

2

ч н тр ар т ин2
= − − − + −

τ
d x

m F F F F F
d

, (1)

where mч — the particle mass; Fн — surface tension force 

of the metal melt; Fтр — friction force (front resistance); 

Fар — the Archimedes force; Fт — gravity force;  Fин — 

inertia force.

The surface tension force is determined as

н м= σ dS
F

dx
, (2)

where σм — coefficient of surface tension of the metal 

melt; S — reactant metal area of contact.

Friction force (resistance force) 

2

м ч
тр

2

ρ ⎛ ⎞= ⎜ ⎟⎝ ⎠τ
k S dx

F
d

,

where Sч — area of the maximum cross-section of the 

reactant metal contact surface, ρм — metal density. In 

the works [1, 2], the front resistance coefficient is tak-

en equal to k = 1,3. The spherical particle is the poor 

streamlined body, the resistance coefficient is the func-

tion of the Reynolds number  Re = 2Rч·Vч/Vм [3, 4] 

Re
= m

a
k ,

where a = 24, m = 1, for 0 � Re � 1;  

 a = 25, m = 0,75, for 1 � Re � 50; 

 a = 4,  m = 0,3, for 50 � Re � 103; 

 a = 0,45, m = 0, for 103 � Re � 2·105. 

In case of the particle flowing-up the resistance force 

is opposite to the Archimedes force (directed along the 

Ox axis), this leads to setting of the uniform floating-up 

velocity. In general case, friction force is written as

2

м ч
тр sign

2

ρ⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠τ τ
dx k S dx

F
d d

. (3)

The Archimedes force

ар м= ⋅F g m , (4)

where mм — mass of metal, the volume of which is equal 

to the volume of the recessed portion of the particle, g – 

free fall acceleration.

Gravity force Fт = mчg.  Inertia force

2

ин м 2
=

τ
d x

F m
d

. (5)

We shall write down specific values of the list-

ed forces depending on the coordinates in the melt. 

The mass of the spherical shape particle of the radius

Figure 1. Forces, acting to a solid particle in the melt
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Rч — mч = 4/3(πRч
3ρч), reactant metal area of contact

S = πx(4Rч – x), 
ч2 (2 )= π −dS

R x
dx

. Surface tension 

force н ч м2 (2 )= π − σF R x .

The specific surface tension force when x � 2Rч, 

Fн/mч = с0(2Rч – x); when x 
 2Rч, Fн/mч = 0, where 

м
0 3

ч ч

3

2

σ
=

ρ
с

R
.

Let us introduce the function 
0

0
0 0

, at 
( ,  )

, at 

≤⎧
ζ = ⎨ >⎩

x x x
x x

x x x
,

then

Fн/mч = с0(2Rч – ζ(x, 2Rч)). (6)

The area of the maximum cross-section of the re-

agent-metal contact surface Sч = πx(2Rч – x), from here 

the function for the friction force

when x � Rч 

2

м
тр ч(2 )

2

ρ π⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠τ τ
dx k x dx

F sign R x
d d

;

when x 
 Rч 

22
м ч

тр
2

ρ π⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠τ τ
dx k R dx

F sign
d d

.

Specific friction force (resistance)

when x � Rч   

2
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3
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3 (2 )
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where м
0 3

ч ч

3

8

ρ=
ρ

k
b

R
. This can be written as

0

2
тр

ч ч ч

ч

( ,  )(2 ( ,  ))
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F dx dx
sign b x R R x R

m d d
. (7)

Volume of the recessed particle portion Vм = 

1/3πx2(3Rч – x), from here mм = 1/3πx2(3Rч – x)ρм. 

Specific Archimedes force 

when x � 2Rч   
( )2
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3
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.

This function can be written as

( )
0

ар 2
ч ч ч

ч
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F

a x R R x R
m

. (8)

Specific gravity force 

т

ч

=F
g

m
. (9)

Specific inertia force

when x � Rч   ( )
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, 
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2
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ρ
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R

, from here 

( )
0

2
2ин

ч ч ч 2
ч

( ,  ) 3 ( ,  )= ζ − ζ
τ

F d x
d x R R x R

m d
. (10)

Solving equations (1), (6)–(10) jointly and consider-

ing the fact, that when x<0, dVч/dτ = g, we get the sys-

tem of differential equations with initial conditions, de-

scribing the hydrodynamics of the reagent solid particle 

introduction into the metal melt 

[
( )

( ) ]
( )( )

0

0

0

0

ч
ч ч

2
ч ч ч ч

2
ч ч ч

2
ч ч ч

(2 ( ,  2 ))

( ,  )(2 ( ,  ))

( ,  2 ) 3 ( ,  2 ) /

/ 1 ( ,  ) 3 ( ,  ) ;

= − − ζ +
τ

+ ζ − ζ +

+ ζ − ζ −

+ ζ − ζ

ч

dV
с R x R

d

sign V b x R R x R V

a x R R x R g

d x R R x R  (11)

ч=
τ

dx
V

d
; (12)

ч 0ч(0) =V V ;    x(0) = 0, (13)

where V0ч — initial velocity of the particle.

Next, we consider the mathematical model of the re-

fractory particle thermal state of the rч radius in its intro-

duction into the melt with initial temperature T0. When 

modeling the reagent particle heat transfer, in addition 

to the previously discussed limitations, several assump-

tions are accepted complementary.

1. The metal melt temperature is constant and equal 

to Tм.

2. The effect of the solid metal rupture on the particle 

surface under the action of internal pressure is absent.

3. The particle temperature Tч in all its points is the 

same and varies only over time.

4. There is the smooth boundary of solid and liquid 

phases of metal separation (Stefan problem), defined by 

crystallization temperature Tк < Tм and having X coor-

dinate.

5. Temperature field T(r) in a solid metal is one-di-

mensional (Fig. 2).

We believe that the processes of metal freezing on the 

particle surface and incrustation melting are described 

by conditions at the objects boundary [5]. The heat flow, 

transferred to the particle, is the sum of the heat flow, 

generated by the metal crystallization, and the heat 

transfer from the liquid metal

ч
т ( , )λ τ =dT

x
dr

т +
τ S

L dm
q

S d
, (14)
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where τ — is time; L — specific melting heat; λт — 

coefficient of solid metal thermal conductivity; S =

= 4π·r2
ч — heat exchange surface, qS  — heat flow to the 

particle from the part of the liquid metal. On the bound-

ary between the particle and the metal

( )ч
ч т ч,λ = λ τdT dT

r
dr dr

, (15)

( )ч ч( ) ,τ = τT T r , (16)

where λч — coefficient of thermal conductivity of the 

particle material.

It is assumed, that temperature distribution in the 

solid metal shell is described by the rules of stationary 

heat conduction through the ball wall [3]

к ч
ч ч

ч ч

( ) 1 1
( , )

⎛ ⎞−τ = + ⋅ −⎜ ⎟− ⎝ ⎠
T T

T r T X r
X r r r

. (17)

Then temperature derivative к ч
ч 2

ч

( ) 1− ⎛ ⎞= ⋅ ⎜ ⎟⎝ ⎠−
dT T T

X r
dr X r r

 

and its value at the boundaries

( ) ( )к ч ч

ч

,
− ⎛ ⎞τ = ⎜ ⎟⎝ ⎠−

T TdT r
X

dr X r X
, (18)

( ) ( )к ч

ч ч

,
− ⎛ ⎞

τ = ⎜ ⎟− ⎝ ⎠ч

T TdT X
r

dr X r r
. (19)

The heat flow on the particle from the part of the liq-

uid metal can be defined as the heat flow through the 

spherical wall

( )

( )

м ч

2
ч

2
т ч

м ч

2 2
ч ч

2
т ч

4 1

41 1 1 1

.
1 1

π −
= ⋅ =

⎛ ⎞ π
+ −⎜ ⎟λα ⎝ ⎠

−
=

⎛ ⎞
+ −⎜ ⎟λα ⎝ ⎠

S

T T
q

r
r XX

T T

r r
r XX

 (20)

Let us write down the differential of the solid metal 

mass shell dmт = 4πr2ρтdX and taking into account equa-

tions (14) and (18) we get

( ) ( )

2
ч

2
т

к ч м чч
т 2 2

ч ч ч
2

т ч

1 1

dX r
d L X

T T T Tr
X r X r r

r XX

= ×
τ ρ

⎡ ⎤
⎢ ⎥− −⎛ ⎞⎢ ⎥× λ −⎜ ⎟⎢ ⎥⎝ ⎠− ⎛ ⎞

+ −⎢ ⎥⎜ ⎟λα ⎝ ⎠⎢ ⎥⎣ ⎦

, (21)

and when X � rч, we have dX/dτ = 0. The function 

24
ч ч ч

ч

=
τπ s

m C dT q
dr

 can be written from the solid particle

heat balance, where 3
ч ч4 / 3= πρчm r  — the particle 

mass; cч — specific heat of the particle material. Consi-

dering equations (19) and (22) jointly, we get

( )м чч

3
ч ч ч 2

т ч

3

1 1 1 1

−
=

τ ⎡ ⎤⎛ ⎞
ρ + −⎢ ⎥⎜ ⎟λα ⎝ ⎠⎣ ⎦

T TdT
d

с r
r XX

. (22)

For the Cauchy boundary problem formulation the 

differential equations (21) and (23) are supplemented 

with the initial conditions

X(0) = rч;   Tч(0) = T0. (23)

The heat transfer coefficient α is determined by the 

empirical formula of Katsnelson B.D. and Timofee-

va-Agafonova F.A., describing the heat transfer in the 

sphere flow, taking into account heat conduction and 

forced convection [3]

Nu  =  2 + 0,03Pr 0,33 Re 0,51 + 0,35Pr 0,35 Re 0,58, where 

Re = 2X·Vч/νм; Nu = 2X·α/λм,  Pr = νмcмρм/λм, νм, см, 

λм — are kinematic viscosity, specific heat and coeffi-

cient of thermal conductivity of liquid metal, respec-

tively.

The boundary problem (21) (23) allows to find the 

particles temperature change and the coordinate of the 

molten metal solidification front, that defines the current 

radius of the particle in the implantation process. The 

thermal interaction equations in the course of the reagent 

implantation in the melt are solved together with the hy-

drodynamics equations (11) — (13). Crystallization front 

Rч = X is taken for the current radius of the particle.

 The computer program “Hydrodynamics and HMTE 
of introducing solid particles into the melt” in the Mathcad 

14 environment, allowing to conduct computer simula-

tion of introducing of the refractory particles in the melt 

and their thermal state with regard to freezing and melt-

ing of a solid crust on their surface, have been created.

Simulation of the silicon carbide particles implan-

tation in the steel melt and their thermal state at T0 =

= 30 °С; Tм = 1200 °С; Tк = 1100 °С have been conducted.

Thermophysical properties of liquid steel were taken as

the following: = 7000 kg/m3; νм = 0,7 mm2/s; см =

= 840 J/(kg deg); λм = 34,8 Wt/(m deg); σм = 1,8 N/m;

L = 2,72·105 J/kg; solid steel = 7800 kg/m3; λт =

= 40 Wt/(m deg). Thermophysical parameters of the 

material particles were set as medium-integral for the 

operating temperatures range [6]: ρч = 3032 kg/m3; сч =

= 1146 J/(kg deg); λч = 18,52 Wt/(m deg).

Figure 2. For calculation of the melt and particle heat transfer
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 Using computer modeling the dependences of the 

maximum depth of penetration of the powder of silicon 

carbide in the melt (Fig. 3) and the kinetics of its heating 

(Fig. 4) from the particles diameter have been found. It 

is seen that the diameter of the particles and their ini-

tial velocity have significant affect on the hydrodynamic 

and thermal characteristics.

Thus, the mathematical model and the computer 

program, which allows to determine the important pa-

rameters of the process of introduction and dispersion of 

dispersed and fine-dispersed refractory powders in the 

molten metal melt for engineering practice have been 

developed.
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Figure 3. Dependence of the 

maximum depth of particle’s 

penetration into the melt from 

the diameter at different ini-

tial velocities

Figure 4. Dependence of the 

particle’s temperature from 

the time of its being in the 

melt at different diameters:

1 — 50 mkm; 2 – 100 mkm; 3 – 
200 mkm
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casting machine

into trial operation

V. V. Reshetov1, A. I. Trushin1, V. S. Valavin2,

V. V. Bredikhin2

1 LLC “Spetsmash” (Moscow, Russia)
2 LLC “Ferrotrade” (Beloretsk, Russia)

E-mail: nppsm@mail.ru

In the context of the significant cost of credit resources, 
construction of giant plants with large metallurgical ag-
gregates becomes quite costly event. The new principles of 
creation of less capital-intensive metallurgical complexes 
with shortened technological cycles and greater maneu-
verability succeed. In recent decades, a greater interest 
has been shown in the creation of mini steel plants with 
an annual production of less than 100 thousand tons, and 
in some cases - even at the level of 5–30 thousand tons. 
Currently, pilot enterprise for the production of rods with 
diameter 6–10 mm of high-alloy steels and special alloys 
is constructed at the LLC “Ferrotrade” (Beloretsk) plant. 
By the beginning of 2014 a steelmaking facility was built 
and construction of the rolling mill had begun. The main 
technological equipment of the steelmaking facility is rep-
resented by midrange induction melting furnace  IST0.45 
produced by LLC “SPE Kurai” (Ufa) with capacity of up 
to 0.5 tons and one-strand HCC produced by LLC “Spets-
mash” (Moscow) with Ø60 mm section of the billet.

Key words: horizontal continuous casting, rolling, 
high-alloyed steels, special alloys, mini-metallurgical pro-
duction, tundish, withdrawal, moulds.

I
n the context of the significant cost of credit 

resources, construction of giant plants with large 

metallurgical aggregates becomes quite costly event. 

The new principles of creation of less capital-intensive 

metallurgical complexes with shortened technological 

cycles and greater maneuverability succeed. In recent 

decades, a greater interest has been shown in the crea-

tion of mini steel plants with an annual production of 

less than 100 thousand tons, and in some cases - even at 

the level of 5-30 thousand tons.

Construction of a mini-metallurgical production re-

quires addressing a number of specific issues related to 

the complexity of metallurgical production with the steel 

furnaces of small capacity, when there are no conditions 

for casting “ladle to ladle”. Or, for example, those re-

lated to the need to use existing industrial buildings in 

order to reduce capital costs, which imposes restrictions 

on the size of the equipment. To reduce the weight and 

capacity of the rolling equipment, an optimization of 

billet section is required, that usually means the need to 

reduce it.

Horizontal continuous casting machine (HCC), 

whose characteristics are in good agreement with a small 




