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MATHEMATICAL MODELLING OF SOLIDIFICATION OF IRON CONTAINING

OXYGEN WITH THE CONTRIBUTION OF SURFACE CONVECTION

MODEL MATEMATYCZNY KRZEPNIECIA ZELAZA ZAWIERAJACEGO TLEN

Z UWZGLEDNIENIEM KONWEKCJ1 POWIERZCHNIOWE]

Oxygen is the surface active component of steel. Its uneven distribution in the vicinity
of solid-liquid boundary during solidification is the reason of surface convection, which, in
addition to free (temperature driven) and forced convection is the third mode of heat and
mass transfer. This work presents an attempt of mathematical modelling of metal solidi-
fication with the contribution of surface convection. The cylindrical sample of iron with
free surface of liquid phase contained in crucible was chosen as the calculation domain.
This sample was subjected to a slow crystallization with radial heat transfer, at which the
oxygen dissolved in liquid iron was accumulated in the region of solid-liquid boundary due
to segregation. Oxygen concentration gradient resulted in surface (Marangoni) convective
flow. Mathematical model consisted of the equations of continuity, momentum balance,
thermal energy balance and oxygen mass balance in convective-diffusive flow. Shear stress
resulting from concentration gradient and temperature gradient was introduced as a boundary
condition. As a result of numerical calculations, executed by means of ADINA-F® program,
the temperature, concentration and velocity fields were determined as a function of time. The
Marangoni flow was found to be active generally in opposite direction to thermal convection
flow and its action was restricted to small surface area in the neighbourhood of advancing
freezing front.

Tlen jest powierzchniowo aktywnym skiadnikiem stali, a jego nieréwnomierny roz-
ktad w sgsiedztwie granicy faza stala — faza ciekla powoduje konwekcje powierzchniows,
ktéra jest dodatkowym, oprécz konwekcji swobodnej i wymuszonej, sposobem transportu
ciepla i masy. W obecnej pracy przedstawiono prébg matematycznego modelowania procesu
krzepniecia metalu z udzialem konwekcji powierzchniowej. Domeng obliczeniows stanowila
cylindryczna prébka cieklego zelaza o swobodnej powierzchni, znajdujacego si¢ w tyglu.
Zostala ona poddana powolnej krystalizacji z radialnym odprowadzeniem ciepla, przy kt6-
rej tlen rozpuszczony w cieklym zelazie gromadzit si¢ przed frontem krzepnigcia na skutek
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segregacji. Gradient st¢zenia tlenu powodowal konwekcje powierzchniowg (Marangoniego).
Model matematyczny zawieral réwnanie ciaglosci, bilansu pgdu, bilansu energii ciepinej i
bilansu masy tlenu w przeptywie konwekcyjno-dyfuzyjnym. Napr¢zenie styczne wywotane
gradientem steZenia i temperatury zostato wprowadzone jako warunek brzegowy. W wyniku
obliczesi numerycznych zrealizowanych za pomocg programu ADINA-F® wyznaczono pola
temperatury, st¢zenia i prgdkosci w funkcji czasu. Przeplyw Marangoniego zachodzi w kie-
runku przeciwnym do temperaturowego przeptywu konwekcyjnego, a jego oddziatywanie
ogranicza si¢ do malego fragmentu powierzchni w poblizu przemieszczajacego si¢ frontu
krzepniecia.

1. Introduction

The analysis of the processes of metal melting and solidification requires the

solution of numerous problems of heat and mass transfer. The complete description of
mass transfer should consider diffusion of components in the liquid and solid phase,
convective flow resulting from the temperature or concentration field as well as the
flow forced through the energy introduced into the system, e.g. the mechanical energy
of liquid metal jet during casting or magnetic field energy applied for metal stirring and
stabilization of its surface. However, the flow resulting from the surface convection is
usually not included into this description. It originates from local differences in surface
or inter-phase tension.
In the conditions typical for high temperature metallurgical processes three main driv-
ing forces of surface convection may be distinguished: gradient of temperature field
0T /0x, gradient of concentration of surface active elements dC/dx, and the electric
potential gradient ®/0x, which for example may occur at the molten salt — liquid
metal interface in the electrolytic cell due to the difference in current density. The
resulting shear stress may be expressed as follows:

du (60 6T) (60‘ 6C) (60‘ 6¢)
T=p—=|—="=—] +|l7= =] +|l7— =] . H
0z T 0x)c, \OC Ox[p, \0¢ Ox/rc
In the present work the effect of electric potential is not considered. The surface
convection flow (Marangoni flow) may cause considerably strong movements of free
surface of liquid metal during crystallization, and, consequently, modify the shape of
inter-phase boundary.

Mathematical modelling of processes with the contribution of surface convection is
actually in the early stage of development. So far only simple cases are quantitatively
characterized, as the surface convection during melting of iron containing oxygen
[1] or nitrogen introduction into liquid iron [2]. Present work deals with the case of
crystallization the cylindrical sample of liquid iron containing initially 0.002 mass %
of oxygen. The abundant evolution of oxygen at the front of crystallization results in
the shear force at liquid metal surface. The work is aimed at the determination, how the
surface convection influences the velocity field, the temperature field and concentration
field in liquid, and how these changes result in total crystallization rate.
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2. Surface convection — Marangoni flow

The effect of oxygen concentration and temperature on the surface tension of iron
is the starting point in the calculation of heat and mass transfer during crystallization.
This is presented in simple expression worked out by Chung and Cramb [3] on the
basis of Belton [4] equation:

o = 1913 - 0.00043 - (T — 1823) - 0.000153-T - In(l + Ko - C), 2)

where:

11370

log Ko = - 4.09, 3)

Ko — adsorption coefficient for oxygen on liquid iron,
o — surface tension, N/m
C — oxygen concentration, mass pct.
The dependence of surface tension of temperature and oxygen concentration is
presented in Fig. 1. It may be seen, that for pure iron and low oxygen concentrations

1.9 1850 K
18-
o 2050 K
E
Z
1.7 -
© 2050 K
: 2000 K
1950 K
1.6 1900 K
] 1850 K
1.5 LB SRR TR FRELERS SERAREE SRR

0 0.004 0.008 0.012 0.016 0.02
C [mass pct]

Fig. 1. Surface tension of Fe-O liquid in dependence on temperature and oxygen concentration,
calculated from [3] and [4]

the surface tension lowers with rising temperature. For higher oxygen concentrations
the opposite trend may be observed. Thus, if constant temperature is assumed, the in-
crease in oxygen content in Fe-O solution lowers its surface tension. If the temperature
varies from point to point within the sample, the cumulated effect of concentration and
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temperature depends on the local values of these parameters. This effect is illustrated
in Fig. 2, where the value of the derivative do/8T is plotted against temperature for
various oxygen concentrations: 0.001, 0.002 and 0.018 mass %. For the lowest oxygen
concentration the derivative do-/0T is always negative, what means, that the surface
convective movement is always directed from the point of higher temperature towards
the lower temperature. If the oxygen concentration is 0.018 mass %, the convective
surface flow is always directed from lower to higher temperature. At oxygen concen-
tration 0.002 mass % the temperature 1827 K is the inversion point between positive
and negative value of the do/dT derivative. This means, that at this temperature the
surface flow reverses its direction.
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Fig. 2. The temperature coefficient of surface tension of Fe-O liquid in dependence on temperature for
various oxygen concentrations

The plot of the derivative do/dC against oxygen concentration (Fig. 3) reveals,
that its value is always negative. Thus at constant temperature the concentration driven
surface flow is always directed towards the point of lower oxygen concentration. The
above observations are summarized in Fig. 4, which schematically presents the cumu-
lative effect of temperature and concentration gradient during the solidification of iron
containing oxygen.
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Fig. 3. The concentration coefficient of surface tension of Fe-O liquid in dependence on oxygen
concentration for various temperatures

a) Low oxygen content b) High oxygen content
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Fig. 4. Schematic representation of cumulative effect of temperature and oxygen concentration gradients
on the direction of surface convective flow in the Fe-O liquid during solidification a) low oxygen
content, b) high oxygen content

3. Mathematical model of the crystallization of iron containing oxygen

The present work considers the cylindrical sample of liquid iron containing initially
0.002 mass % of oxygen. This sample is placed in the crucible. The geometry of the
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system is shown in Fig. 5. It is assumed, that the sample is cooled only at its vertical
wall. The crucible bottom and the liquid metal surface are assumed adiabatic, for
the sake of numerical solution stability. The crystallization front develops towards the
centre of the sample.
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Fig. 5. The sample under consideration (calculation domain) and the boundary conditions

Due to the low value of distribution coefficient of oxygen in steel, its concentration at
the front region ( C; ) strongly increases [S], according to equation (4):

- C(t)x=0
= T )

The maximum concentration of oxygen, i.e. solubility limit, is temperature dependent
according to [6] — equation (5):

Ci

1g [%0)sq = 2.734 ~ g?;?_g o)
At the melting temperature of steel 1808 K the oxygen solubility is 0.17 mass %. Thus
the additional condition demands, that C; value does not exceed the solubility limit.
The liquid metal is assumed as slightly compressible!) Newtonian liquid, what allows
to describe the process by means of the set of following equations:
e continuity

dp
— +V(u)=0 6
ot (poiz) ©
e momentum conservation (Navier-Stokes)
a—u+L2-Vﬁ=—le-4~"—lV212+,BAT-g @)
ot p p

D Density p is a function of temperature
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e thermal energy conservation,

QZ+;2-VT= 4

T 8
ot p-c,,V ©)

e oxygen balance in diffusive-convective flow

-a—c—+a-vc=Dv2c,
ot

)]
where:
u — the velocity vector.

The effect of surface convection was taken into account as the boundary condition
expressing the shear stress at the free surface:

oo, _(80 T\ (30 oC
“Ha, =\oT "ax). \aCc bx)y’
The geometry of the system and the boundary conditions as well as initial condi-

tions at the boundary surfaces are presented in Fig. 5. The material parameters of iron
and the conditions of solidification are presented in Table 1.

(10)

TABLE 1

Physical properties of iron and initial conditions of crystallization process
Viscosity, u 5.023-10% kg/(m /- 5) (71
Density of liquid, py 7030 kg/m? 8]
Density of solid, ps 7350 kg/m’ {8
Heat capacity of liquid, ¢, 824 J/(kg-K) 8]
Heat capacity of solid, ¢ps 750 J/(kg-K) (8]
Thermal conductivity of liquid, Ay 36 W/(m-K) [8]
Thermal conductivity of solid, As 38 W/(m-K) [8]
Thermal expansion coefficient, 8 1.25 - 107¢ 9]
Melting point, Ty, 1808 K [9]
Heat of melting, H, 247103 J/kg [10]
Heat exchange coefficient at the crucible wall, @, 3.780 W/(m?-K)
Diffusion coefficient of oxygen, D 1.5 - 10~8m?%/s 9]
Equilibrium distribution coefficient of oxygen, k 0.022 9]
External temperature, T, 293 K
Initial temperature of iron in crucible, T}=o 1809 K
Initial oxygen concentration in liquid iron, Cl—g 0.002 wt pct

At the inter-phase boundary the solid phase is transferred to liquid at the constant
temperature 1808 K. In this case Stefan boundary condition was assumed (T, = Ts)
[11]:
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6TL aTs dx
/lLa—x'— ASE"’I) Hmat~ (11)
The density p in equation (10) regards the appropriate phase (ps for solid and PL
for liquid). The influence of oxygen concentration on liquid iron density is negligible,
and it is not considered in calculations. It was also assumed that at the crystallization

front the oxygen diffusion in liquid fulfills the boundary conditions:

o@D _ (g%
D= = (-0 5 i) (12)
aC(z,t) _ #0Z; il

b——==0U-b = G, (13)

where:

C; — the oxygen concentration in liquid iron at the crystallization front at the time t,
x; — the tangent coordinate of the position of crystallization front at the time t,

z; — the axial coordinate of the position of crystallization front at the time t,

k — the equilibrium distribution coefficient of oxygen.

4. Results of numerical calculations and discussion

The problem presented above was solved by means of the finite elements method
with the use of ADINA-F® program. The 2D area of one-half of vertical sample
section was covered with the grid of 4200 three-node finite elements. The numerical
simulation of 2D axi-symmetrical problem was carried out under the assumption, that
the considered area has the initial properties corresponding to liquid Fe-O solution
at the temperature 1809 K. As a result of numerical calculations, the temperature,
concentration and velocity fields were determined as a function of time.

It must be noted, that the process of crystallization is slow, as it is caused by 1 K
difference of temperature. The average velocity of solidification front is 3 - 106 m/s.
The calculated tangent velocity component of surface flow has the maximum value
0.0084 m/s. In such circumstances the flow may be certainly assumed as laminar.

The examples of obtained results are presented in Figs. 6 — 11. Fig. 6 demonstrates,
how the distribution of oxygen at free surface of the sample varies with the course of
the process. The strong increase in the region of crystallization front may be observed.
In the remaining part of surface (more than 90%) the oxygen concentration is almost
constant and it slowly increases with time. Total amount of oxygen in the sample is
constant, so its level in remaining part of liquid sample slightly increases due to gradual
reduction of the liquid part volume.

Fig. 7 presents the tangent (horizontal) component of metal velocity along its free
surface at three chosen times of process duration. At major part of the surface the
flow is directed outwards from the center. The high peak on velocity curve is observed
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Fig. 6. The distribution of oxygen concentration at the free surface of liquid metal

close to the sample axis of symmetry, while exactly at the axis its value is zero.
This maximum is the result of a sample geometry. In the surface region close to the
inter-phase boundary the horizontal component of the surface velocity has the opposite
direction (towards the sample center), what is evidently the result of Marangoni flow.
This part of the velocity plot is shown in extension in Fig. 7. It was calculated, that
the flow in opposite direction appears after 122 s. This corresponds to the oxygen

concentration 0.132 mass % in the liquid.
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Fig. 7. The tangent (horizontal) component of metal velocity at its free surface

It may be easily deduced, that in the case of cylindrical sample the flow velocity is
not the proper measure of the mass transfer in the whole sample volume and it should
be replaced with the volumetric or mass flow. This was shown in Fig. 8, where the
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tangent (horizontal) component of volumetric flow at free surface of metal is presented.
The strong maximum on the velocity curve in Fig. 7 is not reproduced in Fig. 8. The
numerical values of the flow correspond to the surface layer of the thickness 5- 107
m, which is the size of finite element of the mesh employed in the present work. It
follows from this plot, that in the early stage of the process the thermal convection
causes the rapid movement at metal surface, while the Marangoni convection is not
developed yet. After 122 s the flow in opposite direction (towards the sample center)
appears in the region close to the phase boundary.
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Fig. 8. The tangent (horizontal) component of the volumetric flow at free surface of metal (numerical
values correspond to surface layer thickness 5 - 10~* m)

The flow pattern in the whole volume of the sample at t = 182 s (early stage of
the process) is schematically shown in Fig. 9. In the upper part of the sample, which
contains almost whole surface, the flow is directed to the right. Only small surface
fragment close to the phase boundary indicates the opposite movement direction. The
lower part of the sample flows to the left direction.
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Fig. 9. Direction of convective flow in liquid sample after 182 s
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The contribution of the surface (Marangoni) convection in the total convective
flow in the inter-phase boundary region may be visualized in the Fig. 10, which shows
the distribution of horizontal component of surface velocity calculated for three cases:
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Fig. 10. The tangent velocity distribution in the neighbourhood of freezing front at hypothetical limiting
conditions: 1. Thermal convection excluded, 2. Concentration convection excluded, 3. Both kinds of
convection operating together

1. thermal convection excluded (constant liquid density),

2. concentration convection excluded (constant surface tension).

3. both kinds of convection operating simultaneausly.

It is surprising, that in the cases 1 and 3 very similar courses of horizontal velocity are
obtained. This means, that in the boundary region the concentration driven convection
is dominant.

Fig. 11 shows the distribution of oxygen concentration in the sample at the initial
stage of crystallization (182 s). It may be noticed that in the bottom zone of the liquid
the transport of oxygen from freezing front towards the center of sample is stronger
than in the surface region. This phenomenon may be explained as a result of a larger
advance of freezing front in a bottom zone, and consequently larger amount of released
oxygen.
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Fig. 11. The distribution of oxygen concentration in sample volume after 182 s
5. Conclusions

The presented calculations take into account two kinds of a convective flow in lig-
uid iron subjected to directional crystallization: free convection and surface (Marango-
ni) convection, which are resulting from both the temperature and concentration field
non-uniformity. As a result of numerical calculations, the temperature, concentration
and velocity fields were determined as a function of time. As it might be expected,
the free convection (which is mainly temperature driven) is dominant. Concentration
driven surface (Marangoni) convection is active mainly in the region of a crystallization
front, where the oxygen concentration gradient has the highest value. This occurrence
may be important for the transport of gas bubbles and non-metallic inclusions during
crystallization. It may strongly affect their interaction with the moving front.

The analysis presented in the present work is confined to the early stages of
the solidification process, where the contribution of Marangoni flow is meaningful.
The oxygen concentration gradient at the free surface, which is the driving force for
this flow, tends to decrease with the crystallization progress. The maximum oxygen
solubility at the assumed temperature is 0.172 mass pet. and this value limits the
concentration gradient.

The contribution of Marangoni flow to total mass and heat transfer is strongly
dependent on the geometry of the liquid bath, i.e. the surface to volume ratio. Generally,
this contribution is small in relation to the whole volume of the sample, but considerable
in relation to the surface zone.

The work was executed in frames of research project sponsored by the Ministry of Scientific Research
and Information Technology, grant No 3 TO8B 044 26.
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