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ABSTRACT
Previous work in the authors’ laboratory, described elsewhere in this conference, has shown 

that an understanding of droplet swelling is essential in predicting droplet residence times 

in BOF steelmaking. Several workers have observed swelling of high carbon droplets when 

exposed to oxidizing slags. In the present work the authors present data on swelling rates 

measured by x-ray fluoroscopy and compare this with the total volume of gas evolved 

during the reaction. It is shown that only a small percentage of the gas generated is 

retained in the droplet to contribute to swelling.

The gas generation rate is shown to be controlled by the rate of nucleation of CO bubbles 

inside the droplet. The critical supersaturation pressure for nucleation is found to be two 

orders of magnitude less than predicted from theory, which is in keeping with many 

other studies on nucleation of gasses in liquids. However the effect of surface tension, 

temperature and saturation pressure show quantitative agreement with theory.

The influences of various experimental parameters on gas nucleation will be discussed.
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INTRODUCTION
Considerable attention [see ref. 1 to 23] has been paid to the reaction between molten 
iron oxide containing slag and iron droplets or solid carbon due to the critical roles it 
plays in various metallurgical processes, like basic oxygen furnace (BOF) steelmaking, 
bath smelting reduction processes, as well as electric arc furnace (EAF) steelmaking. 
During the last two decades, numerous studies have been carried out on droplets, for 
which the size remains constant. Under this circumstance, a gas halo was formed around 
the droplet. The proposed possible rate determining steps could be in sequence: mass 
transfer of Fe2+ and O2- in the liquid slag phase, chemical reaction at slag gas interface  
(CO + FeO = Fe + CO2) gas phase transport in gas halo, chemical reaction at carbon gas 
interface (CO2 + C = 2CO). Empirical equations and mathematical models have been es-
tablished for each of these individual steps, which are well understood. However, another 
important phenomenon, that the droplet will swell when it reacts with iron oxide con-
taining slag has not been paid the same attention. Knowledge of the extent of droplet 
swelling is essential in predicting residence times in BOF steelmaking [24]. To date, very 
few studies [12, 13] have been done on the measurement of swelling rate of the droplets 
in the slag, and there is insufficient data available to predict swelling rates.

A similar phenomenon, called boiling is observed when droplets pass through oxidizing 
gases (such as mixtures of CO and CO2, or O2) [see ref. 1 to 23]. Baker et al. first [25, 26, 
27] observed iron droplet’s swelling when passing through a gas mixture of oxygen and 
helium. The droplets were observed to explode due to CO nucleation inside the metal. 
A supersaturation of 5×104 atm [28, 30] was calculated for CO nucleation, which is two 
orders higher than the experimental measurements. The high supersaturation pressure 
makes homogeneous nucleation of CO bubbles inside metal impossible. Various explana-
tions have been proposed. Early work by Levine [38, 39, 40] investigated the effect of 
the surface active element, oxygen, which will decrease the surface tension and the work 
needed for the formation of an embryo inside the melt. However, even if oxygen decreas-
es the surface tension from 1.6 N/m to 1 N/m, the calculated supersaturation pressure 
is still extremely high (25000 atm) [41]. Gare et al. [5] proposed that the nucleation was 
heterogeneous due to entrainment of gas in the molten droplet when it fell through fur-
nace at the start of the experiment. The entrained gas acted as a gas nucleus for hetero-
geneous nucleation. Robertson and Jenkins [29] proposed that the nucleation is neither 
homogeneous nor heterogeneous, and invoked vortex nucleation. They also mentioned 
that oxygen has a large effect on interfacial turbulence thus benefiting CO nucleation.

Although there are some explanations for the nucleation of CO bubbles inside the 
droplets, the rate still could not be predicted. In this work we will re-examine the classical 
nucleation equation in light of our experimental results in an attempt to render nuclea-
tion rate predictable.

EXPERIMENTAL DETAILS
The experimental arrangement is shown schematically in Figure 1. A vertical resistance 
heated tube furnace, with an 80 mm diameter alumina working tube was used for all the 
experiments. The tube ends are sealed with O-rings and water cooled stainless steel caps. 
Two rectangular holes were cut on the stainless shell of the furnace in order to allow the 
minimum absorption of X-rays. Slag samples were prepared by mixing of reagent grade 
MgO, CaO, SiO2 and FeO powders. 60 g of sample was loaded into a 45 mm diameter mag-
nesium oxide crucible. An alumina dispensing tube was placed inside the working tube, 
25 mm above the crucible. The hole at the base of dispensing tube ensures that the iron 
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pellet melts before entering the slag. A thermocouple (type B: Pt-6 pct Rh/Pt-30 pct Rh) 
was inserted to the bottom of the crucible to measure the temperature. Temperature was 
controlled automatically by a programmable EUROTHERM controller.

During heating de-oxidized oxygen flowed continuously through the furnace. Once 
the desired temperature was reached, the furnace was sealed. An approximately one gram 
iron pellet held by a Nd magnet at the top of the alumina injection tube was released, 
after about 40 s, the droplet melted and fell through the 5 mm hole at the bottom of the 
dispensing tube. The reaction started immediately, photos were taken by X-ray Fluoros-
copy (GE OEC Medical Systems, Inc.), and gas evolution measured by the pressure trans-
ducer and recorded on a PC. A maximum measurable range of 2 psi of differential pres-
sure transducer was used to measure the pressure change caused by the gas evolution 
during the reaction.

RESULTS

Droplet Swelling Rate
The reaction behavior was observed for a droplet containing C=3.71%, S=0.0063%. On 
entering the slag, due to the fast external decarburization rate, the droplet floated on the 
surface of the slag rather than falling to the bottom of the crucible. A gas halo was formed 
around the droplet once it contacted the slag. Meanwhile slag foam was also observed. 
The diameter of droplets increased to 1.5 times the original. The fast decarburization 
reaction on slag surface lasted for 4s, then droplets fell back into the slag, after which the 
reactive drop still gave off gas so that a maximum 50 mm of foam was observed, which 
lasted for 15s before it collapsed.

Figure 1: Schematic diagram of the experimental setup- 1. Thermocouple 2.Slag 3.X-
ray Generator 4. Image Intensifier 5.Working Tube 6. Iron Pellet

Faster swelling of droplets in the slag was observed by dropping 1g or 2 g of metal with 
C=2.64%, S=0.022%. After an incubation time of about 2s, the diameter became 4 times big-
ger than the original size for 2 g of metal, and 3 times for 1g of metal, then shrunk to 1.5 times 
the original size, and continued to react with the slag for 2 s before falling down to the bottom 
of the crucible. The swelling rate with time for 1g and 2 g droplet is shown in Figure 2.
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Figure 2: Swelling rate for 1 g and 2 g size of pig iron at T=1773 K

CO Evolution Rate

The Effect of Iron Droplet Size

At fixed metal droplet compositions (C=2.64%, S=0.022%) and slag (CaO/SiO2=1.2, 
MgO=12%, FeO=20%) chemistry, a series of experiments were designed to study the de-
pendence of CO evolution rate on droplet size. In each experiment, the CO evolution rate 
was measured at T=1773 K. Figure 3 shows the dependence of CO evolution rate on the 
size of iron pellet, it increases linearly with droplet mass. Comparing Figure 2 and 3, for 
a 1 g droplet, 10% of the generated CO causes the droplet to swell to maximum size of  
3.88 cm3, 33% for a 2 g metal droplet.

Figure 3: Dependence of CO evolution on pig iron size at T=1773 K
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The Effect of Temperature 

The temperature dependence of CO evolution was investigated at C=2.91%, S=0.013%. 
The slag compositions are CaO/SiO2=1.2, MgO=12%, FeO=3, 10, 20%. The results are 
depicted in Figure 4.

Figure 4: Dependence of CO evolution rate on temperature

The Effect of FeO Content

CO evolution rate was studied for slags with 3 to 30 wt pct FeO at different temperatures. 
Figure 5 shows the dependence of CO evolution rate on the iron oxide content.

Figure 5: Dependence of CO evolution rate on FeO content

The Effect of Sulphur Content

At fixed oxygen potential, CO evolution rate was studied at the range of S content from 0 
wt pct to 0.194 wt pct. The rate goes through a maximum with respect to sulphur content 
in the metal.
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Figure 6: Dependence of CO evolution rate on S content

DISCUSSION

CO Nucleation inside the Metal
There are two mechanisms for the carbon oxygen reaction when iron droplets react with 
iron oxide containing slag. One is the surface reaction where carbon is removed at the 
surface of the droplet. Under this circumstance, a gas halo is formed around the droplets 
and the size of droplet does not change. Another involves the nucleation of CO bubbles 
inside the metal, in which case the droplet will swell. Whether or not CO bubbles will 
nucleate inside the metal depends on the balance between the diffusion rate of oxygen 
transfer from the slag into the bulk of the metal and the rate of the mass transfer of car-
bon from the bulk to the surface. If the oxygen supply rate is higher than carbon diffusion 
rate, there is a possibility for CO nucleation inside the metal which causes droplet swell-
ing. The carbon and oxygen reaction inside the metal is expressed by:

	 C + O = CO(g)	 (1)

Nucleation of CO bubbles involves the clustering process: carbon and oxygen firstly form 
a metastable CO cluster by reaction 2, 

	 C → C*
		  → (CO)*	 (2)
	 O → O*

As the clustering process proceeds, the liquid metal becomes supersaturated with CO em-
bryos, local fluctuation sets CO embryos growing into bubbles. This process is quite simi-
lar to liquid vapor phase change phenomena [42, 43] and the nucleation rate is given by:

	 	
(3)

Where: N0: is the number concentration of CO embryos in the liquid; σ is surface tension 
at liquid gas interface; ΔH is heat of formation of one CO molecule; m is the mass of one 
molecule; T is temperature, in Kelvin, k is Boltzman constant; Pve is the pressure in the 
vapor bubble at equilibrium; PL is liquid pressure.
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The number concentration of CO embryos depends on the smaller of the concentration of 
oxygen or carbon, in the case of a high carbon activity in the metal, it depends on oxygen 
concentration reached during the incubation time. The X-ray observations showed that 
for each size of iron droplet, it requires time, τ, to establish the steady stage nucleation 
conditions. In this study it took about 1.8 s for a 1 g droplet rise out of the liquid slag, 
during this period, oxygen diffused into metal droplet. Taking the oxygen mass transfer 
co-efficient as 3.8*10-3 moles/cm2s as proposed by Molloseau and Fruehan [12, 13], the 
calculated activities of carbon and oxygen as 6.525 and 0.062, respectively, and the CO 
pressure at equilibrium as 163 atm, the calculated nucleation rate is:

	 Js = 2.04*1038 exp [  ] ≈ 0	 (4)

The classical nucleation rate equation predicts no bubble formation, as has also been 
found by several other workers [28, 29, 30]. Heterogeneous nucleation on inclusions is 
unlikely because the metal is very clean. From the calculation in Equation 5, it can be seen 
that the nucleation rate goes to zero because the energy term inside the exponential is 
too large. This observation led most previous workers to conclude that an extremely high 
supersaturation pressure (two orders higher than experimental measurements) is needed 
for the formation of CO bubbles, which is in keeping with many other studies on nuclea-
tion of gasses in liquids [44, 45].

Assuming a value for σ of 0.9 N/m [46, 47], the minimum radius of stable bubble nu-
cleus is r=1.97*10-7 m, which contains about 2.2*107 molecules, now we can see where the 
problem is. The large number of molecules makes formation of such nucleus impossible. 
Levine [38, 39, 40] proposed that doubly charged chemisorbed oxygen ions in the sur-
face layer of spherical CO embryos decreased the surface tension and thus decreased the 
energy barrier for nucleation. The reduction magnitude of surface tension is not known, 
but it is reasonable to set σ = ψσ0. ψ=0.023 was obtained based on one of the measured 
CO evolution rate, ψ value between 0 and 1 has been shown to be reasonable in several 
systems [39, 44, 45]. Re-calculating the bubble radius, r=2.64*10-9 m, this bubble would 
contain 54 molecules. This is consistent with studies of dissolved gas in water where 
there are typically a few hundred molecules in the critical nucleus [44]. The modified nu-
cleation rate Equation is expressed by:

	 	
(5)

The CO generation rate can be calculated now:

	 	
(6)

where: RG is CO generation rate, moles/s; Js is CO nucleation rate, /cm3s; V0 is the original 
droplet volume, cm3; ne is the number of molecules in an embryo; NA is Avogadro number.

Figure 4 shows the effect of droplets mass on CO evolution rate. In Equation 6, the 
pre-exponential term has little effect on the nucleation rate, the terms inside the expo-
nential, temperature, T, surface tension, σ and supersaturation pressure, ∆P change less 
than 1%, J may rise by many orders of magnitude. If T, σ an d ∆P were kept the same, CO 
evolution rate should increase linearly with droplet mass, this is in good agreement with 
our experimental results.

The effect of sulphur on CO evolution rate is quiet complicated. On the one hand, 
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it decreases metal surface tension, and reduces the energy barrier for the nucleation, 
thereby accelerating the decarburization rate. On the other hand, sulfur segregates to the 
surface and leads to poisoning of the reaction sites. Due to the poisoning of the reaction 
sites, less oxygen would transfer into the metal droplets, causing a lower supersaturation 
pressure, which would decrease the CO nucleation rate. Due to two competing effects, a 
maximum value of CO evolution rate should be observed at specific sulphur content. In 
this study, at T=1773 K, the maximum rate was found at S=0.0126 wt pct.

Gas generation rate is controlled by the rate of nucleation of CO bubbles, for a given bulk 
compositions of slag, CO evolution rate increases exponentially with temperature according 
to Equation 5, this fits well with our results, see Figure 4. Figure 7 shows the comparison 
between experimental measurements and the calculated values from Equation 6, taking 
ψ=0.023, the agreement is excellent for T=1773 K and very reasonable for other tempera-
tures, it is possible that a different value of ψ should be used for various temperatures.

CONCLUSIONS
�For iron-carbon droplets reacting with oxidizing slag, the dependency of CO evolution •	

rate on original droplet size indicates that the rate determining step is the nucleation 
of CO bubbles.

�Classical nucleation theory shows excellent qualitative agreement with the observed •	

gas generation rates. However, to obtain reasonable predictions of nucleation rates, the 
metal surface tension has to be decreased by a factor of about 40. This is consistent 
with observation of gas nucleation behavior in a number of different systems.

Figure 7: Comparison between theoretical predictions  
and experimental measurements 
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