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Pig iron desulphurization was considerably speed up by the adoption of processes that utilize magnesium, such as CaO-Mg and CaC2-Mg. In these processes, the magnesium is used to reduce the oxygen content in the pig iron to almost zero, and to consume the carbon released by CaC2 so that calcium continues to be released by the chemical equilibrium. In such condition of deoxydation, the desulphurization power is increased, thus explaining the efficiency of such processes. The rotating lance, tested in the CaO-Mg and CaC2-Mg processes, promoted a 20 % and 30 % increase, respectively, in the desulphurization rate, a 50 % reduction of temperature drop, and a reduction of metal splash occurrences. For this study, it was developed a criteria that take into account the equipment dimensions and the mass flow rates of gas and desulphurization material, with the objective of transposing the results obtained at Usiminas Steel Shop #1 desulphurization station, to other industrial plants. Furthermore, it allows simulations to be made with the objective of optimizing the pig iron desulphurization processes that use the above mentioned materials as desulphurization agents. The results obtained with the developed model can be used to help in decision of the rotating lance implementation in other plants, without the need to perform industrial scale tests.
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Introduction

In the steel making process the hot metal pre-treatment is of fundamental importance to obtain better quality products. The search for efficiency in this process resulted in new procedures and equipment innovations.

The hot metal desulphurization treatment consists of injecting desulphurization powders with N2 gas using refractory lances. The N2 pressure and flow rate are limited to avoid premature wearing of ladle bottom and metal splash occurrences.

With the main objective of minimizing the above mentioned problems, a qualitative evaluation was carried out using a reduced scale physical model. A rotating lance with two horizontal nozzles was compared with a regular lance. The better distribution of the flow lines indicated the realization of industrial scale experiences at Usiminas Steel Shop #1.

This study evaluated the efficiency of the rotating lance in the pig iron desulphurization treatment, in a hot metal charging ladle, using CaO-Mg and CaC2-Mg. Furthermore, it was developed a transposition model that allows the prediction of the pig iron desulphurization results in plants of different sizes, thus allowing the evaluation of viability as to the implementation of this lance without the necessity to perform industrial experiments.

1. General Description of the Functioning of the Rotating Lance

Fig. 1 presents schematically the lance holding system consisting of a rotating junction, holding car and a motor-reduction.
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Fig. 1- Illustration of holding system of rotating lance.

The system has a rotating junction that allows the coupling of the lance with a gas and powder injection hose that does not turn with the lance movement. The lance is coated with refractory and has two nozzles at the end for the injection of the desulphurization agents into the hot metal.

The motor-reduction is equipped to tune the lance rotation during its movement. A holding car system allows the lance to be immersed in the hot metal. This car has frequency inverters that promote synchronization between them and control the lance’s vertical speed.

The equipment has a quick coupling system to lance exchange in case of clogging. The lance is mounted to the equipment by its top and fixed in two points: an axle-pin that holds the flange, and the quick coupling.

In the bottom part of the unit there is a thermal insulated box that avoid heat transfer to the equipment, preserving the lubrication of gears and bearings.

Lubrication is executed through lubricating pins located in the unit outside, without the need to disassemble it.

The equipment is set up and aligned so that the lance is placed in the center of the ladle. The lance tip must be at 300 mm over the ladle bottom when in its lowest position, and 1.000 mm over the top of the ladle in its highest point. Such control is done with switch limits restraints that cut the power from the holding car’s electric motors.

2. Mechanisms of Hot Metal Desulphurization

According with Costa et al [1], the pig iron desulphurization mechanism with CaO-Mg process is represented by the following reactions:

Mg(v) + O ( MgO(s)  

CaO(s) ( Ca(v) + O                            (1)

Ca(v) + S ( CaS(s)
The magnesium has the function of promoting the desoxydation of the pig iron, so that the lime decomposes into atomic calcium and oxygen. It’s necessary an excess of aluminum addition to totally consume the oxygen released by the lime. Hence, the reaction between the calcium and the sulfur dissolved in the metal continues. 

Using CaC2 the sequence of reactions is represented as follows:

CaC2(s) ( Ca(v) + 2C
Ca(v) + S ( CaS(s)                            (2)

Mg (v) + 2C ( MgC2(s)

In this case, the calcium content established by the equilibrium of CaC2 with the hot metal is very low because it is saturated with carbon. However, this carbon will be consumed by the magnesium, thus producing magnesium carbide (MgC2). This allows the continuation of the desulphurization reaction until a very low sulphur content is reached. 

In both processes, calcium is the desulphurization agent and, therefore, the transposition of results for both treatments can be carried out in the same way. 

3. Development of Results Transposition Criteria 

The results obtained in the initial industrial tests showed a promising efficiency of the rotating lance in the pig iron desulphurization. However, they are expensive and time demanding tests. Because of this, it was necessary to develop trustful results transposition criteria to other industrial plants, thus allowing the evaluation of technical and economical viability of such device, without the need to perform industrial tests.

In general, it can be said that all divergence reported in literature, between laboratory results and those of hot metal treatment in industrial scale, are due to kinetic factors directly related to the bath agitation level. It is a consensus in specialized literature that all metallurgical processes that involve chemical reactions are strongly dependent on the bath agitation level [2], represented by ( (watt/t), the index of energy dissipation in the bath, and strongly related to the time required for the perfect mix.
The effect of the reactor’s dimension is being considered, even though there isn’t a consensus on how to express its influence. It can be noticed that the criteria available in the mentioned literature are valid only to specific ranges of reactor’s size. A reliable and general data transposition, from laboratory scale to industrial plants, based on these criteria, is not possible.

The influence of the reactor’s dimensions was initially studied in the transposition of laboratory hot metal desulphurization to torpedo cars, due to its economical importance within an integrated steel plant and its complexity as a reactor [2].

Tab. 1 presents a summary of various transposition relations proposed in literature, with its dimensions and validation fields.

The work of Asai et al [3] presents the basis for the establishment of transposition criteria, once for turbulent processes the reaction controlling step is the momentum and mass transfer, which will occur in the turbulence micro scale, where viscous forces are predominant. 

It is important to observe that the presence of the exponent 0.33, in accordance with several experimental correlations [4,5], is justified by the flow conditions in both industrial and laboratorial scales. In all of them, energy dissipation rates are higher than 4 watt/t [8], indicating that the mixing is controlled by eddy diffusion. Asai’s criteria present an m/s dimension. Therefore, it represents the flow speed in the turbulence micro scale, that is, the hot metal convection in stationary state. In this sense, it would be valid transposition criteria only to processes with energy dissipation rate lower than 4 watt/t, in which the mass and momentum transfer are controlled by inertial forces.

According with Szekelly [9,10], the mass transfer phenomenon occurs in two stages: in the turbulence macro scale mainly by convection and, when it reaches the turbulence micro scale, by diffusion. In the micro scale, where viscous forces are predominant, there is [10]:
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Where 
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) was previously deducted by Asai [3], as Tab. 1:

Tab. 1- Summary of transpositions relations available in the literature [2, 8]*.

	Author
	Criterion
	validity

	Nakanishi[4] (1974)
	( ( (-0.4 (m-0.8s1.2)
	Small scale changes (L, D and (). Physical meaning not clear.

	Ohguchi[5]
(1979)
	k ( (1/2 (m.s-3.2)
	Small scale changes (L, D and (). Physical meaning not clear.

	Watanabe[6]
(1983)
	k ( (1/3 (m2/3s-1)
	Adjusts the influence of (. Ignores the effect of equipment dimensions. Valid only for small variations of reactor size.

	Sano[7] (1983)
	( = 100[(D2/L)-2]-0.337 (m0.67)
	For the prediction of perfect mix times in small reactors and cold models. Physical meaning not clear.

	Asai[3] (1983)
	k ( ((L3/D2)1.3 (ms-1)
	Processes with small agitation prior to reaching the turbulence micro scale. Express the flow speed in the turbulence micro scale.

	Kitamura[8] (1991)
	k ( (L2/D (m3s-3)
	Great scale changes. Physical meaning not clear.

	Costa[2] (1996)
	k ( ((L3D)1/3 (m2s-1)
	Big dimensions range. Express the diffusion in the turbulence micro scale, which is the controlling reaction in the pig iron desulphurization process.


* L – ladle height, D – ladle diameter, ( - energy dissipation rate, k – mass transfer coefficient and ( - required time for the perfect mix. 
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Substituting this equation in 3, we have:
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Based on the analogy between momentum and mass transfer, it can be stated that such equation represents general transposition criteria for processes controlled by diffusion of mass and momentum, in the turbulence micro scale. With dimension of m2s-1, the developed criteria represent the eddy diffusibility itself.

For the chemical reaction to occur, the reagents must initially be transported to the reaction zone. As such transport occurs in two stages, any criteria must take into account the time needed to: firstly, starting from the turbulence macro scale (depends on the reactor’s dimensions) until it reaches the micro scale and, secondly, the time needed to diffuse these micro eddies (function of rate of energy dissipation). Therefore, the equipment dimensions must be considered so that variations of time spent to reach the turbulence micro scale, in both cases, are not disregarded.

Thus, the transposition must be performed in magnitudes that represent the referred turbulence scales. 

The values of the mass transfer coefficient (k) in laboratory scale can be determined experimentally. The values of the energy dissipation rate, in both scales, are also known. Therefore, the determination of k in an industrial plant is directly related to the scale. In desulphurization plant, must taking into account the weight of the lime and calcium carbide injected per ton of hot metal in both equipments. Thus, the sulphur evolution contents throughout the treatment can be easily estimated.

Such criteria can be understood as the result of a sequence of stages involving the mechanism of reagents transference, as described below in stages I and II, prior to the chemical reaction itself, described in stage III.

I. in the turbulence macro scale, where the inertial forces prevails (Re>1), the process is predominantly convective; for that reason, the dependence on equipment dimensions;
II. in the turbulence micro scale, where viscous forces prevails (Re(1), the process is predominantly diffusive; therefore the time needed for the diffusion of the reagents will depend on the size of the micro scale (eddy diameter), which explains the dependence on the energy dissipation rate;
III. being Ca the desulphurization agent[1], its supply in the reaction layer must be considered. This has been done taking into account the consumption of desulphurization agent per ton. Fig. 2 presents the transposition model validation, proposed, for the pig iron treatment in torpedo cars, based on experimental data performed in the atmospheric induction furnace [2]. It can be seen that both theoretical and experimental values are concurrent. It is also noted that, in equipments such as torpedo cars, the disregarding of equipment dimensions [2], leads to results much different from those obtained in industrial treatments. 

4. Experiments Performed

Initially, a series of pig iron desulphurization treatments were made using conventional and rotating lances. The following parameters were evaluated: initial and final sulphur contents; temperature drop; hot metal splash occurrences; and, wearing of the refractory lances. This allowed a comparison of the global efficiency of each one of the processes [11]. 
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Fig. 2- Comparison of the evolution of suphur contents in Torpedo Car. 

On a second stage, a CaO-Mg treatments series with rotating lance were performed. Samples were taken in one minute intervals throughout the treatment.

The third stage consisted of a series of treatments injecting the mix CaC2-Mg. Again, samples were taken in one minute intervals.

Based on the sulphur contents, it was determined a mass transfer coefficient for the operational conditions of stages II and III. Using these coefficients, the transposition of results to a hypothetical pig iron desulphurization was effected. The main design and operational parameters of the Steel Plant #1 hot metal desulphurization station are presented in Tab. 2.

Tab. 2- Dimensions of the equipment in Steel Plant #1

	Diameter of the ladle
	2.8 m

	Height of the ladle
	3.0 m

	Weight of pig iron
	65.0 t

	Flow rate of drag gas 
	15.0 Nm3/h

	Injection rate of Mg
	9.0 to 6.0* kg/min

	Injection rate of CaO/ Carbide
	24.0 kg/min

	Free board
	0.44 m

	Temperature
	1.300°C

	Initial sulphur
	0.025 to 0.045 %


Note: * in above data refer to treatment with CaC2

5. Results and Discussion

In general, preliminary results allowed us to conclude that the rotating lance is more efficient than the conventional one. During the treatments performed with the rotating lance, it was observed a desulphurization rate 20 % higher (from 71 to 85 %) in the CaO-Mg process[11]. In the case of CaC2-Mg process, the treatment time require to reach same final sulphur content as CaO-Mg process is around 30 % lower. It was also observed in both treatments a 50 % decrease in temperature drop (from 20°C to 10°C). Furthermore, there was a reduction of hot metal splash occurrences during treatment. 

In steel plants where desulphurization treatment time is not a problem, it is possible to reach final sulphur contents of approximately 30 ppm, in about 20 min, with the injection of lime fines through the rotating lance.

The best results were obtained using a two nozzle lance (9 mm diameter), rotating at 10 rpm and a injection pressure of 7 bar at the vessel. Such results are explained by a better distribution of the flow lines, allowing a reduction of dead zones and the desulphurization agent to renewed contact portions of hot metal, making this process more efficient. It was also verified a 33 % increase in the refractory lance’s life in both treatments. 

Fig. 3 presents the regression lines of sulphur content evolution in relation to the treatment time using rotating lance for CaO-Mg and CaC2-Mg injection. The mass transfer coefficients, for both treatments, were determined based on experimental data which presented very low variations. These small variations allow simulations considering higher initial sulphur contents than those evaluated in this experiment.
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Fig. 3- Sulphur content evolution during the treatment. Curve showing actual results.

With the mass transfer coefficient, the transposition to a hypothetical pig iron desulphurization plant with 175 t capacity was done, as indicated in Tab.  3. In addition to the indicated data, it was considered: ladle height L(3,8 m); diameter D(3,5 m); free board (0,44 m); and pig iron weight (160 t). Three simulations for both treatments are presented in fig. 4(a) and (b), varying the injection rate of desulphurization agents. 

These simulations curves allow the evaluation of the benefits obtained from the implementation of the rotating lance in an industrial plant with different injection rates of desulphurization agents.

Compared to the normal lance, the rotating lance improves the reaction velocity in both treatments, leading to a treatment time reduction around 2 min. 

Tab. 3: Planning the transposition simulations.

	Simulations
	Simulation I (S0 = 0.075%)
	Simulation II (S0 = 0.037%)

	
	1
	2
	3
	1’
	2’
	3’
	1
	2
	3
	1’
	2’
	3’

	Flow rate (Nm3/h)
	60
	90
	120
	60
	90
	120
	60
	90
	120
	60
	90
	120

	Mg injection rate (kg/min)
	10
	15
	20
	10
	15
	20
	10
	15
	20
	10
	15
	20

	Lime injection rate (kg/min)
	40
	60
	80
	-
	-
	-
	40
	60
	80
	-
	-
	-

	Carbide injection rate (kg/min)
	-
	-
	-
	40
	60
	80
	-
	-
	-
	40
	60
	80
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Fig. 4- Predict evolution using the transposition model (a) CaO-Mg (b); CaC2-Mg (S0 = 0.075 %)

Fig. 5(a) indicates that, for the CaO-Mg process, it is important to begin the pig iron desulphurization treatment with lower sulphur contents in order to reach the aimed values with lower treatment times. On the other hand, simulations also indicate that the advantage of the rotating lance is greater even when treating pig iron with higher initial sulphur content. However, in the case of CaC2-Mg process, fig. 5(b), in any operational condition, very low final sulphur contents can be reached in a very short period of time.
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Fig. 5- Predict evolution of the transposition model – (a) CaO-Mg; (b) CaC2-Mg (S0 = 0.037 %)

The experimental tests were performed with temperatures around 1300°C. Therefore, the transposition is valid for this temperature level. The model developed can also be used to propose operational parameters changes aiming to the optimization of the pig iron desulphurization process when using a rotating lance. 

Conclusion

The use of the rotating lance in the Pig Iron Desulphurization Station of Steel Shop #1, using CaO-Mg and CaC2-Mg as desulphurizing agents has increased the sulphur removal rates by 20 % and 30 % respectively, with a reduction in the consumption of desulphurization reagents. Besides promoting a safer operation due to a reduction of metal splash occurrences during treatment, it was also verified in both treatments a 33 % reduction in the refractory consumption.

The mass transfer coefficients, determined for CaO-Mg and CaC2-Mg treatments, were utilized to make transposition simulations and can be applied to any industrial plant of pig iron desulphurization using rotating lance. A series of simulations can be made to predict results and to develop studies aiming to the optimization of existing process, without the necessity to perform industrial experiments.

From these simulations, it is possible to predict the reduction of treatment time and the consumption of desulphurizing materials with the adoption of a rotating lance. 
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Memória de Cálculo

		

				Constantes envolvidas														Cálculo do coeficiente K2

						2		1												1		2

				n		30		15		m3/h		24.8511904762		mols/s				D		2.8		3.1		m

				R				8.31434		J/molK		43.7996031746		mols/s				L		3		3.376		m

				T				1573		K								K		0.22		0.3556418845		m2/s2

				w		155		65		t

				r				7200		Kg/m3

				g				9.872		m/s2

				h		2.936		2.468		m

				P				105000		Pa

				e1				4,911.90				watt/t						Mg		9		9.5		Kg/mim

				e2				4,044.68				watt/t

																		n		6.25		6.5972222222		mols/s

																				Massa de cal

																		Ac 1		27		kg/min

																		Ac 2		40		kg/min
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		Diâmetro		3.1		m
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		Massa de cal		40		kg/min

		S0 (%x1000)		45

		0.3556418845

		S				min
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Memória de Cálculo

		

				Constantes envolvidas														Cálculo do coeficiente K2

						2		1												1		2

				n		30		15		m3/h		24.8511904762		mols/s				D		2.8		3.1		m

				R				8.31434		J/molK		43.7996031746		mols/s				L		3		3.376		m

				T				1573		K								K		0.22		0.3556418845		m2/s2

				w		155		65		t

				r				7200		Kg/m3

				g				9.872		m/s2

				h		2.936		2.468		m

				P				105000		Pa

				e1				4,911.90				watt/t						Mg		9		9.5		Kg/mim

				e2				4,044.68				watt/t

																		n		6.25		6.5972222222		mols/s

																				Massa de cal

																		Ac 1		27		kg/min

																		Ac 2		40		kg/min
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Entrada de dados

		Entrada de dados

		Vazão		30		m3/h

		Peso de gusa		155		t

		Altura da panela		3.376		m

		Diâmetro		3.1		m

		Massa de Mg		9.5		kg/min

		Borda Livre		0.44		m

		Massa de cal		40		kg/min

		S0 (%x1000)		45

		0.3556418845

		S				min

		15		45.00		0

		16		37.67		0.5

		17		31.53		1						0		73		65		75

		18		26.40		1.5						2		65		51		53.3

		19		22.10		2						4		30				32

		20		18.50		2.5						6		28		23		21

		21		15.48		3						8		17		12		11

		22		12.96		3.5

		23		10.85		4						0				30

		24		9.08		4.5						2				23.5

		25		7.60		5						4				16.5

		26		6.36		5.5						6				11.5

		27		5.33		6						8

		28		4.46		6.5						10				7

		29		3.73		7

		30		3.12		7.5

		31		2.62		8

		32		2.19		8.5

		33		1.83		9

		34		1.53		9.5

		35		1.28		10

		36		1.08		10.5

		37		0.90		11

		38		0.75		11.5

		39		0.63		12

		40		0.53		12.5

		41		0.44		13

		42		0.37		13.5

		43		0.31		14

		44		0.26		14.5

		45		0.22		15

		46		0.18		15.5

		47		0.15		16

		48		0.13		16.5

		49		0.11		17

		50		0.09		17.5

		51		0.07		18

		52		0.06		18.5

		53		0.05		19

		54		0.04		19.5

		55		0.04		20

		56		0.03		20.5

		57		0.03		21

		58		0.02		21.5

		59		0.02		22

		60		0.02		22.5
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Plan1

		Tempo		Caso 1 (simulação I - tabela III)		Caso 2 (simulação I - tabela III)		Caso 3 (simulação I - tabela III)		Real (Anexo III - tabela II)

		0		76		76		76

		1.5		58.86		52.15		44.58

		3		45.58		35.78		26.15

		5		32.42		21.65		12.84

		6.5		25.1		14.86		7.53

		8		19.44		10		4.42

		9.5		15.06		6.99		2.59

		0								75

		2								53.3
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		6								21

		8								11

		10								7

		Tempo		Caso 1 (simulação II - tabela III)		Caso 2 (simulação II - tabela III)		Caso 3 (simulação II - tabela III)		Real (Anexo III - tabela II)

		0		30		30		30

		1.5		23.7		20.58		17.6

		3		17.74		14.12		10.32

		5		12.5		8.55		5.07

		6.5		9.61		5.86		2.97

		8		7.39		4.02		1.74

		9.5		5.68		2.76		1.02
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Plan3

		Tempo		Caso 1 (simulação I - tabela III)		Caso 2 (simulação I - tabela III)		Caso 3 (simulação I - tabela III)		Real (Anexo III - tabela II)

		0		76		76		76

		1.5		58.86		52.15		44.58

		3		45.58		35.78		26.15

		5		32.42		21.65		12.84

		6.5		25.1		14.86		7.53

		8		19.44		10		4.42
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		Tempo		Simulação (50 kg/min de dessulfurante)		Simulação (75 kg/min de dessulfurante)		Simulação (100 kg/min de dessulfurante)		Real (100 kg/min de dessulfurante - consumo de duas lanças fixas)

		0		37		37		37

		1		29.46		27.52		23.96

		2		25		20.47		15.52

		3		20.87		15.23		10.05

		4		17.56		11.32		6.51

		5		14.78		8.42		4.22

		6		12.44		6.26		2.73

		7		10.47		4.66		1.77

		8		8.81		3.47		1.15

		9		7.42		2.58		0.74

		10		6.24		1.92		0.48
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		Tempo		Caso 1 (simulação I - tabela III)		Caso 2 (simulação I - tabela III)		Caso 3 (simulação I - tabela III)

		0		74		74		74

		1		63.97		55.04		47.93

		2		53.84		40.94		31.04
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