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ABSTRACT

Dissolution of silica rods in 15-30%SiO2-containing iron-saturated silicate slags was
measured using the rotating cylinder technique at 1300°C, under a controlled atmosphere of
deoxidised Ar-gas. These measurements were aimed at quantifying the magnitude of
Marangoni induced flow near the slag-refractory region. The Marangoni effect was found to
be significant under stagnant conditions, but gradually became dominated by bulk flow when
the linear velocity of the flowing melt was increased, and reached values in the range of 0.09-
0.16 m/s. This implies that, in highly agitated vessels, the Marangoni effect is unlikely to play
a dominant role in refractory wear at the slag line. Also, the silica dissolution rate and mass
transfer coefficient were examined, and it was found that with increasing silica content of the
slag, the dissolution rate and mass transfer coefficient decreased. Furthermore, the
relationship between Marangoni number and Reynolds number was calculated, and boundary
flow conditions determined using the experimental critical velocity.
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1. INTRODUCTION

It has been shown for aqueous systems, that non-reacting surface-active solutes can retard
mass transfer and hence reaction, by impeding surface renewal. But, the surface-active
solutes, which enter into reactions, may speed up surface renewal and accelerate reaction by
causing turbulence in the interfacial region1). In metal and slag systems densities and dynamic
viscosities up to an order of magnitude greater than aqueous systems are not uncommon.
There are also considerable differences in surface tension. There exists an effect, known as
interfacial turbulence caused by a surface tension gradient, and it is considered to increase the
mass transfer in molten slag-metal systems. This effect was probably first investigated by
Thompson in 19th century2) and later investigated and published by Marangoni (1840-1925)3).
This type of interfacial turbulence became known as "Marangoni flow", and is usually
observed in the presence of non-uniform surface tension regions.

Surface or interfacial tension gradient on the surface of liquid may be caused by the gradients
of temperature T, concentration c of the surface-active component and electric potential ψ at
the interface. This gradient leads to a shear stress, written as
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In hydrodynamics this surface tension gradient is called the "Marangoni effect". As
mentioned previously, liquid metals and slags generally have high surface or interfacial
tensions and also strong surface-active components present, such as oxygen and sulfur, in
which case both factors are favourable for occurrence of Marangoni induced flow.

It is a well-known fact that oxide refractories are locally corroded at the slag-gas or slag-
metal interface in contact with high temperature melts. For instance, Mukai has made several
investigations of local corrosion of refractories by liquid slag at the slag surface caused by
active motion of slag, and according to his study on FetO-SiO2-system4), the slag film
motions for a rod and prism specimen immersed in FetO-SiO2 slag are demonstrated in Fig.1.
This slag film motion is believed to be induced by the Marangoni effect. When an interface
between two immiscible fluids is subjected to a concentration or temperature gradient, its
interfacial tension varies, and these gradients along the surface induce shear stresses that
result in fluid motion. This phenomenon, which is caused by the active motion of slag film, is
usually linked to the Marangoni effect in the vicinity of the interface. The velocity profile can
attain a maximum velocity from some mm/s to several cm/s, depending on the surface
tension, temperature coefficient and liquid viscosity5). This can lead to detrimental
dissolution of refractory at the metal-slag-gas interface. However, intensive agiatation is
common in many smelting vessels and the relative role of Marangoni induced flow in
comparison to bulk liquid flow in practical smelting systems has not been reliably
established. Most of the attempts to model fluid flow in smelting vessels neglect the
importance of Marangoni flows at the slag-gas interface. Studies by Broadbent et al.6)

illustrate that better simulation of heat and fluid flow in furnaces is required, and since there
is a lack of knowledge in interfacial tension values, quantitative data on the magnitude of
these flows is necessary. Therefore, in order to clarify the contribution of the Marangoni
effect, and to distinguish between Marangoni and agitated flow induced refractory
dissolution, rotation experiments were conducted.

2. EXPERIMENTAL
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Iron saturated iron silicate slags were prepared from pre-dried mixtures of metallic iron (Fe),
ferric oxide (Fe2O3) and silica (SiO2), milled to obtain a homogenous mixture, and melted in
iron crucibles (50 mm OD, 36 mm ID, and 50 mm height). The compositions of the prepared
slags are shown in Table 1. 100 g of dried and milled slag was used in each experiment.

Experiments were carried out in a vertical tube furnace heated with MoSiO2 elements. The
temperature of the melt and the sample was measured using R-type thermocouples. In each
experiment, the furnace tube was first flushed with argon, the crucible containing the slag
was placed in the hot zone and heated to the 1300°C, at the rate of 6 °C/min, under an
atmosphere of argon gas. The molten slag was then allowed to homogenise for 2 h before
introduction of the silica rod. At the beginning and end of each experiment the melt was
sampled by dipping a mild steel rod into the molten slag, and quenching the slag in water.
Chemical analyses of the slag samples are given in Table 1.

Experiments were carried out under a controlled atmosphere of purified argon, which was
passed through columns of silica gel and anhydrous magnesia perchlorate to remove
moisture, and through copper turnings at 500°C to remove oxygen. A mass flow controller
was used for controlling the flow of the gas, which was about 1.6 l/min during heating and
reduced to 1 l/min after having reached the desired temperature. Translucent silica rods of 12
mm outer diameter were immersed into molten slag (∼ 3 cm deep) at a predetermined rotation
speed and time, and then lifted from the molten slag to the cooler section of the furnace.

The experimental set-up is shown schematically in Fig. 2, where the local corrosion zone and
slag film movement has been illustrated. The values for dissolution rate, R1, R2, (radius
decrease: 1 at the surface and 2 below the surface) ∆m (weight loss) and ∆V (volume
difference), were measured. Critical rotation velocity, Vcr, was determined from the
interception point of two lines, R1 and R2 against rotation velocity. Dissolved silica samples
were photographed using a Kodak DC 240 digital camera, weight loss and volume difference
was determined, and the samples were then prepared for microscopic studies. Samples were
mounted in resin, cut cross-sectionally and polished.  Measurements for the sample radius
were made using Vernier callipers and optical microscope. Quantitative analyses were carried
out using a scanning electron microscope equipped with an energy dispersive spectrometer.

3. RESULTS AND DISCUSSION

An example of a side view of fused silica rods before and after the test in molten Fe-saturated
silicate slag 3 is shown in Fig. 3. Where, a small amount of silica saturated slag formed on
the surface and was attached on the rod. The silica dissolution rate appears to vary along the
rod length, and is highest at the slag surface with low rotation speed. The preferential attack
at the slag line was believed to be due to the Marangoni effect, i.e., the surface being pulled
from the rod and inducing an upward slag flow along the rod surface in the vicinity of the
gas-solid-liquid contact region. However, once the agitation of bath reaches a certain limiting
velocity, the visible necking effect seems to disappear.

Sample profile from the interface and below the melt surface was measured using Vernier
callipers and optical microscope. Using the average values for R1 and R2, and evaluating the
interception point of regression lines, the critical rotation velocity, Vcr, can be determined
from graphs shown in Fig. 4. This value was estimated to be, Vcr = 8.8, 15 and 16.2 cm/s for
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slags 1, 3 and 4, respectively. Results obtained with slag 2 were too scattered to allow the
derivation of Vcr with certainty, and further confirmation is needed.

3.1 Effect of surface-active agent

Despite the uncertainties in the reported surface tensions of iron silicate, it is quite clearly
established that the surface tension of FeOx-SiO2 slag is decreased by the dissolved SiO2

7-12),
as is shown in Fig. 5. It is suggested that the surface activity of SiO2 is most significant in
melts containing less than 5% Fe2O3, corresponding to iron saturated conditions7). A positive
temperature coefficient (dγ/dT) has been reported in slags with 30% SiO2 content, and Mills
and Keene7) suggested that this behaviour may be associated with the presence of bridging
oxygen on the surface.

In Figure 6, the critical velocity, Vcr, is plotted versus the SiO2 content of the slag. Vcr can be
seen to increase with increasing SiO2, from 15 to 30%. Intuitively, however, when SiO2 in
bulk slag increases, the concentration gradient on the surface near the contact with silica rod
would decrease, resulting in a lower surface tension and therefore a lower driving force for
Marangoni flow. In this case, a lower Vcr would be expected. In other words, the critical bulk
flow velocity required to overshadow the Marangoni induced flow would be lower. This is
obviously the opposite trend as depicted by the data shown in Fig. 6.

This disagreement could largely be the result of uncertainties in determination of Vcr. Other
possible reasons may include differences in the mass transfer rates across the boundary layer
in the bulk flow versus that in Marangoni induced flow. In particular, the boundary layer in
the latter case may be much thinner and not as sensitive to the viscosity as for the bulk flow.
Furthermore, the surface tension gradient responsible for the flow near the solid surface may
be restricted within a short distance and insensitive to the bulk SiO2 concentration.
Obviously, more experimental work is required to clarify the given trend in Fig. 6.

3.2 Industrial vessels

Gas-induced agitation plays a critical role in promoting mass transfer in many
pyrometallurgical operations, both in non-ferrous and ferrous smelting. The flow conditions
inside metallurgical vessels are highly complex and there are not many published velocity
measurements on hot melts, however, computational fluid flow modelling and water models
give some idea of the magnitude of velocity profile. The dominant non-ferrous converting
method, Pierce-Smith, uses submerged high velocity gas injection, which causes severe
refractory-wear, particularly around the tuyere line. This method achieves flow rates of
molten slag in the vicinity of refractory of up to 0.2-2 m/s21).  Hejja and Eric22) have reported
the velocity of slag in electric matte smelting furnaces as 0.002 m/s, obtained by
measurements under operating conditions. This flow is radially directed away from the
surface of the electrode on the top of the slag, and is an order of magnitude higher in the
transverse flow direction than in the axial bulk flow direction22). In recent years there has
been increased interest in development of high intensive smelting processes, which employ
gas injection at high flow rates, such as iron smelting-reduction process, HIsmelt23), and the
non-ferrous submerged combustion process, Sirosmelt24). Maximum downward velocity at
the wall in a Sirosmelt reactor can reach molten flow rates of up to 0.4-0.9 m/s25), and is
naturally dependant on design and many operating parameters, such as blowing rate, lance
position, vessel geometry etc. For an early version of HIsmelt using bottom injection,
velocity around 0.5 m/s near the wall has been published26). In general the maximum velocity
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profile in the slag-refractory interface range 0.1-1 m/s26). Themelis et al.27) have examined the
gas-injected Slag Resistance Electric Furnace (SRF) for zinc recovery from slags. The
calculated velocity profiles using FIDAP program shows the maximum velocity profile
pointing downwards alongside the wall, giving an approximate maximum value of 0.17 m/s.

Experimentally determined critical velocities in this study range from 0.09-0.16 m/s. These
values indicate that, apart from non-agitated electric furnaces, stirring in metallurgical
vessels, such as PS-converters, HIsmelt, and SRF, might have a relatively larger effect on
refractory erosion than Marangoni induced flow in the slag line. Although, the critical
velocity results in this study may not be directly comparable to industrial smelting vessels,
they provide a reference for comparison, when balancing the surface-active agents in slag,
and stirring or agitation in bath. This information may give some guideline for assessing
whether Marangoni flow or bath agitation is primarily responsible for refractory erosion.
Since in practical smelting, slag movement in the bath can easily attain velocity of the order
of m/s, the liquid flow due to bulk agitation is most likely to dominate the refractory wear at
the slag line.

3.3 Mass transfer

The results shown in Fig. 7 (a) and (b) suggest that the rate of dissolution may be controlled
by mass transfer in the slag phase. The mass transfer coefficient, k, is calculated from the
experimental data (eq. 2), and using dimensionless correlations by Eisenberg et al.,13), Olsson
et al.,14) (eq. 3). Density, viscosity and diffusivity data for FeO-Fe2O3-SiO2 slag compositions
were taken from literature values15-19,28). Neglecting any decrease in rod diameter, the
calculated mass transfer coefficient values are shown in Fig. 7(a) and (b). Silica saturation
(∼38.5%SiO2) is estimated from the iron-silica-saturated boundary at 1300°C and
experimental and calculated mass-transfer coefficients are compared in Fig. 7(a). Effect of
concentration gradient of SiO2 on k, using the following assumptions, is shown in Fig. 7(b).
Since the sample surfaces are generally not smooth or geometrically easily interpreted, the
amount of silica dissolved, -dr/dt, was estimated from the mass loss, density and immersion
depth. Also, the assumption was made that the interface between the sample rod and the bulk
slag is saturated with silica, and therefore liquid composition corresponds to equilibrium bath
temperature. Under these conditions experimental mass-transfer coefficient was determined
by using the equation:

dt

dr

cM
k ⋅

∆⋅
−=

ρ
(2)

Calculated mass-transfer coefficient was estimated by equation13):

644.0344.0344.03.07.0079.0 DDVk r ⋅⋅⋅⋅⋅= −− µρ (3)

Where: M is average molecular weight of slag, ∆c surfactant concentration difference, ρ
density of silica, k is mass transfer coefficient, -dr/dt is the average rate of the sample radius
decrease, V is the linear velocity of rotating rod, D diffusivity taken from literature20), and Dr

is a diameter of the rod. In a dissolution process which is limited by diffusion, the solid is
dissolved by the mutual diffusion of the solute and solvent, and equation (3) has been
proposed by Olsson et al.14) to describe the steady-state rate of movement, due to dissolution,
of an interface in a binary liquid-solid system. The boundary layer thickness, δ = D/k, can be
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estimated from the diffusivity, D, and experimental mass transfer coefficient, k. The
increasing boundary layer thickness with increasing silica in slag, shown in Table II, can be
expected from the dissolution rate, and mass transfer coefficient values. In this calculation, a
constant value of 5x10-6 cm2/s was used for the diffusivity of SiO2. Physical properties of
slags used for the calculations were found to be somewhat inconsistent, thus the calculated
theoretical values given in this report should be studied with some caution.

3.4 Effect of Marangoni number on Reynolds number

The dimensionless Marangoni number, Ma, is defined as3):

Ma = (Ls⋅ρ⋅cp⋅δγ)/(λ⋅µ), (4)

where Ls is a characteristic length, ρ is the density, Cp is the specific heat, δγ is the difference
in surface tension along Ls, λ is the thermal conductivity, and µ is the viscosity. The
experiments of the present work were carried out at a constant temperature, 1300°C.
Assuming isothermal conditions, the Marangoni effect may be considered to be purely due to
a chemical gradient, for example in this case SiO2 concentration. In this work we define a
dimensionless Marangoni number describing convection, when a surface tension variation
arises from concentration gradient as

µ
δγ

⋅
⋅

=
D

L
Ma s (5)

where D is the diffusivity of SiO2 in slag. Characteristic length Ls was chosen to be a
boundary layer thickness, δ = D/k, that can be estimated from the diffusivity and mass
transfer coefficient, as previously mentioned.

Reynolds number is used as a criterion for flow transition and has a dimensionless quantity
given by

µ
ρ⋅⋅

=
VL

Re (6)

Characteristic length, L, while calculating Re number, was chosen to be the radius of the
rotating sample R. The surface tension difference was estimated from the literature values7-

12), and assuming that the interface between sample and bulk slag is saturated with silica, the
concentration gradient corresponds to equilibrium bath temperature and chemical melt
composition.

The experimental and calculated results are plotted in the Re-Ma plane in Fig. 8. Calculated
mass transfer coefficient was estimated by equation (3) in Fig. 8 (a) and experimentally
determined by equation (2) in 8 (b). For a given slag, the Reynolds number, Re, increases
with the rotation speed in both figs., as expected. The Marangoni number, Ma, decreases due
to apparent decrease in the boundary layer thickness in the slag. The critical Re,
corresponding to Vcr for slags 1,3 and 4, are shown in these Figures. The critical Reynolds
number is positively correlated to Marangoni number. In other words, as Marangoni flow
intensifies, the critical bulk flow, characterised by LVρ/µ, will also increase, although Vcr

decreases.
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4. CONCLUSIONS

The significance of Marangoni induced flow in agitated bath conditions to refractory
dissolution was studied by rotational experiments on Fe-saturated silicate melts at 1300°C.
The following conclusions were made. The magnitude of the Marangoni effect was found to
be significant under stagnant conditions, but became dominated by bulk flow when the linear
velocity of the flowing melt reached values in the range of 0.09-0.16 m/s. The critical
Reynolds number is found to increase with increasing Marangoni flow, although critical
velocity decreases. The relatively minor magnitude of the critical velocity, Vcr ∼009-0.16 m/s,
implies that in highly agitated vessels, the Marangoni effect may not be a predominant cause
for refractory wear at the slag line.
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Figure 1. Slag film movement for silica rod and prism in FetO-SiO2 slag according to Yu and
Mukai5).
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Figure 2. Schematic presentation of the silica rod rotated in a molten Fe-saturated silicate
slag.
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Figure 3. Digital image of side view of silica rods immersed in Fe-saturated silicate slag at
1300°C. Rotation speed and duration of the experiment are also shown.
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Figure 4. Measured rate of radius decrease for Fe-saturated slags at 1300°C, as a function of
rotation speed. Using a linear regression analysis, the interception point gives critical rotation
velocity values of Vcr 8.8, 15.0 and 16.2 cm/s for slags 1(a), 3(b) and 4(c), respectively.
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Figure 8. Effect of Marangoni convection, rotation velocity and silica content of slag on
Reynolds number. a) Calculated k 13) and b) experimentally determined k.
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Table I.  Slag compositions: raw materials, and chemical analysis

Calculated composition Chemical analysis*
Slag FeO Fe2O3 SiO2 FeO Fe2O3 SiO2 Fe/SiO2 Fe2O3/FeO

1 80 5 15 79.1 6.9 14.0 4.76 0.09
2 75 5 20 74.0 6.4 19.6 3.17 0.09
3 70 5 25 71.8 4.6 23.6 2.51 0.06
4 65 5 30 68.2 3.1 28.7 1.92 0.05

* Samples were run using a  Varian Vista AX ICP AES instrumental procedure. The method used for 
ferrous iron is semi quantitative, which means that the relative error associated with it is around 10-
20%. Ferric iron concentration is estimated from the difference between the total and the ferrous 
iron concentrations.

Table II. Values of mass transfer coefficient and thickness of boundary layer with rotation
speed of 100 rpm.

Slag k (cm/s) δδ (cm)
1 6.642E-03 7.53E-04
2 1.961E-03 2.55E-03
3 8.228E-04 6.08E-03
4 4.444E-04 1.125E-02


