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Summary

The recycling industry responds to an environmental challenge in order to conserve and reuse secondary materials. In special copper and precious metals have suitable characteristics related to maintain their specific parameters even after several recycling processes. 

Secondary materials such as scrap metals, alloys or copper residues are processed to produce copper, precious metals, nickel sulphate, mixture of lead oxides, tin and zinc and copper compounds.

As the first step of the process the shaft furnace is the basic unit in the secondary copper production.  This investigation provides a complete characterization about the shaft furnace itself and the behavior of its products when the operating conditions are modified.

Theoretical aspects, statistical data and experiments at industrial scale were used in order to optimize this unit of the smelter area.

The main conclusions of this project are: 

· The dusts carried out must be recycled into the furnace but agglomerated before
· Enriching the air with oxygen in 1 % the throughput of the furnace increases in 600 (Kg/h), the metal tapping temperature about 50 °C and the slag tapping temperature in 20 °C

· Charging heterogeneous size distribution of the burden assists in an uneven air flow distribution within furnace which also produces variations in the coke burning rate.

· Charging only recycling slag, the copper losses cannot be off set by the advantages.

Summary
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1 Introduction

This project was developed in the framework of the Alfa Program II 0309–FA-FCD-FI-FC “Clean Technologies in the Mining-Metallurgical Industry”. The investigations were developed in the secondary copper smelter Montanwerke Brixlegg AG located in Tyrol, Austria.

With 250 workers the company is able to treat approximately 130.000 tones per year of copper-bearing secondary material producing about 100.000 tons of pure copper. Montanwerke Brixlegg AG is the only one copper producer in Austria and its main products are copper cathodes, copper billets, nickel sulphate, precious metals (Ag, Au, Pd and Pt), filter dusts, copperoxychloride and fayalite slag.

With the objective to optimize the whole smelter area this project was developed at the shaft furnace analyzing the theory involved on it, beside of data information of the last years and the investigations were made at industrial scale. The shaft furnace is the first step of the secondary copper smelter area and is able to treat low-grade secondary copper material. The optimization process requires well understanding of the process itself and high compromise and cooperation of the operators of the area. 

The main goals of this project are to optimize the shaft furnace by means of theoretical knowledge, statistical analysis of data information and investigations experiments.

The points to study to get the optimization are:

· Increasing the yield of the furnace

· Recovering metals with commercial value

· Lowering process costs

In order to achieve these main objectives investigations were developed related to the transport of material out of the furnace, effect of increase the oxygen content in the total input air injected, measurements of the air distribution at tuyère level and behavior of the furnace when special input material was charged.

2 Theoretical Aspects

2.1 General process description

The production process in Montanwerke Brixlegg consists of two parts. The first one is the pyrometallurgical refining where the cleaning of the copper at high temperature takes place. The second part of the process is the refining electrolysis where electrochemical principles are used for removing impurities.

[image: image1]
Figure 2‑1 Process Secondary Copper Smelter

The last Figure shows the flow sheet of Montanwerke Brixlegg from the feeding of low copper-bearing material to the final cathode product.

Comparatively valuable metals, such as copper, lead, tin, and zinc must be separated from the negative associated elements such as aluminium and iron. The reduction process serves to produce, beside of metal with high copper content, slag to be used as a blasting grit or building material. Metals from shaft furnace (lead and zinc) and converter (tin) are enriched in the filter-dust produced during the reduction in the shaft furnace and oxidation in the converter.

2.1.1 Shaft Furnace

The shaft furnace is the first step in the secondary copper production, where low copper-bearing material is charged beside of shredder scrap metals, oxide raw materials such as dusts, slag and sludges from other sources. [5]

Typical final products of the shaft furnace are: 

Table 2‑1 Black Copper in Shaft Furnace Secondary Copper Industry
	Cu
	Ag
	Fe
	Ni
	Pb
	Sn
	Zn
	As
	Sb

	78,21
	0,07
	3,28
	3,9
	4,32
	6,94
	2,28
	0,06
	0,23


Table 2‑2 Slag in Shaft Furnace Secondary Copper Industry
	Cu
	Ni
	Pb
	SiO2
	FeO
	Al2O3
	ZnO
	CaO
	MgO
	Sn

	1,18
	0,2
	0,44
	23,33
	49,07
	7,72
	4,74
	3,83
	2,40
	1,59


Table 2‑3 Dust in Shaft Furnace Secondary Copper Industry
	Cu
	Ag
	Pb
	Zn
	Cl
	Ni

	7,68
	0,005
	14,29
	37,18
	0,79
	0,26


This process will be explained in details later on.

2.1.2 Converter

The black copper from the shaft furnace is charged together with alloy scraps and shredder materials (10 % Fe and 75 % Cu approximately). The copper is concentrated by slagging and volatilizing of impurities, increasing to approximately 95% in metal. Iron, tin, lead, and zinc are oxidized or volatilized by blowing air into the furnace through tuyères under addition of coke after the first blowing period. The copper content in the raw materials input into the converter varies from 50 – 80 %, producing a product called “raw copper” which copper content reaches between 94 – 98 %. [10]

It is important to point out the content of Fe (5 – 8 %) present in the converter process which delivers the main part of the necessary heat when oxidized like in the primary copper converter process, there are two important steps in this process; slagging and copper blowing.

After the first blowing (slagging) slag is taken out of the converter and afterwards coke is charged in the second blowing where the reduction of tin oxide takes place. The reactions involved in the process are:

Step 1 

4Cu + O2(g) ( 2Cu2O 


(Reaction 2‑1)

Fe + Cu2O ( FeOX + 2Cu 

(Reaction 2‑2)

Cu2O + M ( 2Cu + MO


(Reaction 2‑3)

M: impurities (Ni, Fe, Sn)
Step 2 (addition of coke)

Sn + O2(g) ( SnO2  


(Reaction 2‑4)

2SnO2 + C(s) ( 2SnO + CO2(g) 

(Reaction 2‑5)

The following table shows the behavior of the different elements involved in the converter process. [4] 

Table 2‑4 Elements in Converter Secondary Copper Industry
	Element
	Behavior

	Fe
	Slagged

	Zn
	90 % volatile

	Pb
	90 % volatile

	Sn
	one third evaporated and the remaining slagged

	Ni
	75 % slagged depending on blowing period

	Precious Metals 
	98 % remain in the raw copper


Typical products of the converter process are:


Table 2‑5 Raw Copper in Converting Secondary Copper Industry
	Cu
	Ni
	Pb
	Sn
	Zn
	Fe
	As
	Sb

	95,14
	1,94
	0,79
	1
	0,02
	0,01
	0,06
	0,225



Table 2‑6 Slag in Converting Secondary Copper Industry
	Cu
	Ni
	Pb
	Sn
	Zn
	Fe
	As
	Sb
	SiO2
	Al2O3
	CaO
	MgO

	23,48
	4,52
	5,45
	10
	16,47
	16,47
	0,019
	0,11
	7,63
	3,17
	1,47
	0,63



Table 2‑7 Dust in Converting Secondary Copper Industry
	Cu
	Ni
	Pb
	Sn
	Zn
	Fe
	As
	Sb

	1,41
	0,035
	25,45
	19
	36,69
	0,14
	0,07
	0,02


The slag from the converter is recycled in the shaft furnace together with the anode furnace slag.

2.1.3 Anode Furnace

In this furnace high quality copper scraps (higher than 80 % copper content) and raw copper from the converter are refined into copper anodes to produce cathode with high copper content by electrolytic refining. The first step of the process is to saturate the molten copper with oxygen by blowing. Impurities are slagged and a part of them are volatilized. The formation of slag is given by means of sand and iron additions and concentrating the oxidized impurities. After removing the slag, the molten copper has to be deoxidized. The excess of oxygen is removed by reduction and the copper is cast in an anode. For this purpose wood logs are immersed in the molten copper. [10]

Chemical Reactions

Step 1 (Oxidation)
Raw copper and scraps + Oxygen ( slag / dust


Cu2O + M ( 2Cu + MO



(Reaction 2‑6)

M: impurities (Ni, Fe, Sn)

Step 2 
Oxidized copper + wood ( anode copper
C (s) + [O] ( CO (g) 



(Reaction 2‑7)

CO (g) + [O] ( CO2 (g)



(Reaction 2‑8)

H2 (g) + [O] ( H2O (g)



(Reaction 2‑9)

4[O] + CH4(g) ( CO2 (g) + 2H2O (g)

(Reaction 2‑10)

2CH4 (g) + O2 (g) ( 2CO (g) + 4 H2 (g)
(Reaction 2‑11)

Nickel is one of the metals which is removed partially by pyrometallurgical refining. The Nickel content in the in the anode shall be below 0.4%. Pb is slagging by an intensive oxidation and the addition of quartz. The main products of the anode furnace are anodes with 99% Cu and all the precious metals. The slag has a copper content of 30-50% and has to be recycled in the shaft furnace. [4]

2.1.4 Refining Electrolysis

The anodes are dissolved in a sulphuric acid electrolyte by means of direct current. At this stage nickel is recovered as nickel sulphate which is one of the final products of the company. The elements which are more noble than copper are not dissolved. Precious metals accumulate in the anode slime together with the compounds of low solubility and are recovered. 

Table 2‑8 Elements Refining Secondary Copper Industry
	Element
	Behavior

	Ni (Zn, Fe)
	The behavior is depending on the oxygen content in the anodes and up to 95 % is solved in the electrolyte.

	Sn
	More than 94 % is deposited in the anode slime

	Pb
	99 % deposited in the anode slime

	As
	Goes into the slime and the remaining is solved in the electrolyte

	Sb
	80 % deposits in the anode slime


The products are cathodes with above 99.99% Cu of quality; anode slime containing precious metals; spent electrolyte for NiSO4*6H2O production. [4]

2.1.5 Anode Slime Plant

This plant is able to treat the slime from the electrolytic refining. Here hydrometallurgical principles are used to recovery precious metals and other with commercial value such as Pb, Cu, Ni. Chemically are separated Cu, Ni, Pb, Sn, and Sb, then Se and Te are recovered as a composition metal. Ag is extracted and reduced to metallic silver. The remaining metals are solved in a special reactor to be recovered by selective precipitation. The product of this plant is gold with 99.99 % of quality, silver with 99.97 % of quality, platinum (90 % approximately) in form of spongy platinum as well as palladium (spongy form) with 90 % of quality. [4]
2.2 Primary Copper Industry 

2.2.1 
General Process Description 
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Figure 2‑2 Process Primary Copper Smelter

This process is the most important method for extracting copper from sulphide minerals and consists of 3 big steps: smelting, converting and refining. There can also be included the electrolytic refining step at the end, like in the secondary copper smelter located in Brixlegg, but at this stage of the process the differences in the products are insignificant. [18]

2.2.2 Matte smelting 

The aim of the smelting process is to produce matte from copper concentrate. The concentrate comes from froth flotation process and its copper content is about 20 to 30 %. This concentrate is processed together with flux and air (with oxygen enrichment) to produce matte with copper content between 50 – 78 % which goes forward to the converting process.

Concentrate + Flux + Oxidant = Matte + Slag + Off Gas

CuFeS2 + SiO2 + (air + O2) = (Cu2S + FeS + Cu2O) + 2FeO*SiO2 + (SO2 + N2) (Reaction 2‑12)

This process can be carried out in blast, reverberatory, electric and flash furnaces. In recent years the use of flash furnaces has become of many smelters, inasmuch the environmental problems with gases emissions that they have to face. Actually in Chile no reverberatory furnaces are running. The copper content in the slag can be recovered by electric cleaning slag furnace or by froth flotation of solidified slag. The most important environmental issue is to capture as much as possible amount of SO2 and to take control of the fugitive emissions. [18]

2.2.3 Converting

Matte coming from the smelting is processed with flux and enriched air to produce blister copper which content reaches 98.5 %, slag and off gas.

(Cu2S + FeS) + SiO2 + (air + O2) => Cu°blister + (2FeO*SiO2 + Cu2O) + (SO2 + N2) (Reaction 2‑13)

The converting process consists of two main steps:

Step1 – Slag Blowing

Matte + Flux + Oxidant => White Metal + Slag + Off Gas

(Cu2S + FeS) + SiO2 + Air => Cu2S + (2FeO*SiO2 + Cu2O) + (SO2 + N2)      (Reaction 2‑14)

Step 2 – Copper Blowing
Cu2S + Oxidant => Blister Cu + Off Gas

Cu2S + SiO2 + Air => Cu°blister + (SO2 + N2) 


(Reaction 2‑15)

This process is carried out by means of a Pierce-Smith furnace which is a cylindrical reactor of 4.5 meters of diameter and 11 meters of length approximately. This kind of furnace is able to treat the coming products from the smelting stage and produce copper with high purity. The main issues in the converting process are copper grade of the products, continuous process, fugitive emissions and, like in the smelting process, the most important is to capture as much as possible SO2. [17]

2.2.4 Refining 

The production of anodes requires that the blister copper must be refined to remove the dissolved sulphur and oxygen. The content of dissolved sulphur in blister copper reaches 0.05 % and 0.5 % the oxygen dissolved. The oxygen and sulphur combine each other during solidification to form blisters of SO2 forbidding the casting of strong, thin, smooth-surfaced anodes directly from blister copper.

The process proceeds as:

· Oxidation of sulphur with air, to a level of 0.001 or 0.003 % S in the copper

· Elimination of oxygen dissolved during converting and first step of this refining

The anode refining process includes several steps to produce the final product.

Step 1 – Residual Sulphur Elimination

Blister Cu + Oxidant = Cu-O Solution + Slag + Off Gas

(CuS-O) + Air = (Cuo) + Cu2Oliquid slag + (SO2 + N2)


(Reaction 2‑16)

Step 2 – Impurity Elimination

Cu-O Solution | impurities + Flux = Cu-O + Slag | impurities
(Cuo) | impurities + NaCO3 = (Cuo) + (NaCO3 – Na2O – CuO – Cu2O) | impurities     (Reaction 2‑17)

Step 3 – Residual Oxygen Elimination
Cu-O Solution + Reductant = Anode Cu + Off Gas + Soot

(Cuo) + (H2/CH4) = Cuo99.5 + (CO-CO2-H2O) + C 


(Reaction 2‑18)

Step 4 – Impurity Elimination

Anode Cu + Flux = Cu-O + Slag | impurities
Cuo | impurities + NaCO3 = Cuo + (NaCO3-Na2O-CuO-Cu2O) | impurities 


(Reaction 2‑19)

Like in the secondary copper anode furnaces, wood is added and by means of its ignition oxygen is captured to produce CO2 which goes to the atmosphere. The main issues of the refining are the anode uniformity and desulphurization process. The next step of the primary copper industry is the electro-refining process which works in the same way that in the secondary copper industry. [17] [18]

2.2.5 Acid Plant 

The biggest problem of the primary copper smelters is the production of SO2 which pollutes the atmosphere. In Chile the near zones where the smelters are located, are saturated by SO2, therefore the environmental legislation has become a priority in the copper production by pyrometallurgical process. The gases from smelting and converting first are cooled and cleaned using cooling tower and electrostatic precipitator respectively. Then proceeds the drying of gases with is carried out using a drying tower, heat exchanger and acid tank. The next step is the conversion of SO2 to SO3 which is helped by the effect of catalyzer. The last step of the process is the absorption of SO3 to produce H2SO4 with quality of 98.5 %. [17]

2.3 Shaft Furnace Process 

2.3.1 General Description

Processing approximately 200 tones per day of secondary raw materials, the shaft furnace is the first stage of the secondary copper smelter and is able to treat low grade secondary copper material. The main goals of the furnace are to smelt economically miscellaneous residues, slags, irony copper and low-grade metallic materials and to control the metal losses in the final slag produced. This furnace is known as one of the most complex system in extractive metallurgy when it is used to treat such miscellaneous secondary materials, thus is a big challenge to the metallurgist and workers to take control of the process and avoid the metal losses into the slag and temperature losses of the furnace. For smoothing out some of the wide variations of compositions of the materials, it is strictly necessary to blend and to classify the burden before charging. [2]

This vertical furnace, also called sometimes cupola, can be described as counter-current reactor where the input materials are fed at the top of the furnace, the reducing carbonmonoxide and all other gaseous reaction-components rise from the bottom to the top. Therefore it is very important that the charging column offers sufficient gas permeability. The input raw materials are mainly Cu–Fe scraps, slags (from market and recycled from converter and anode furnace), Cu residues, brass scrap and mixed material (refining oxide, shredder coarse, shredder fine, dust and sludge reverts). Beside of raw materials are also charged reducing agents, flux and slag former silica and limestone. The typical reducing agents are coke, iron (-copper). Beside of “black copper” and slag there is a third and very important product of the shaft furnace called “filter dust” and this product is mainly Zn and Pb evaporated for being recovered and sold to the marked. This topic is very important for this project because one point of the optimization is to recover metals with economic value. 

For understanding the shaft furnace process, it is necessary to know the thermodynamic and metallurgical conditions within furnace. These reactions, optimal conditions to operate and typical products compositions are described later on. When furnace operation is exceeding its limits, it is necessary to make corrections of following input materials. Continuously samples of slag and black copper are taken and are analyzed to avoid these problems. A wrong operation of the furnace leads into loosing temperature and failure to oxidize iron into the slag. [1, pp 180-185]

2.3.2 Design of the furnace 

This furnace can be simply described as a rectangular box but it is a complex system and is depending on many parameters to operate and to assure optimal conditions. To achieve the necessary penetration of the air to the center the width should not exceed 1.5 m. The cross-sectional area of the shaft furnace at Montanwerke Brixlegg AG is 3.2 m2 and the height of the furnace is 4,5 m. Above the hearth the furnace consists of water jackets. It is very important to use conditioned water to avoid sediment deposition fouling the water gaps. The temperature of the water is approximately 60°C. The water outlets must be situated correctly to assure filling the jackets successfully to avoid air accumulation at the top of the jackets. The shaft furnace consists of two lines of tuyères situated uniformly (6 each side) where air is injected. In the case of Montanwerke Brixlegg AG the tuyères are about 100 mm in diameter.

Next to the shaft furnace the “holding furnace” is placed, where the metal and slag are stored and allowing a complete separation of metal and slag. The following Figure shows the shaft furnace schematically. [1]

 SHAPE  \* MERGEFORMAT 



Figure 2‑3 Shaft Furnace Secondary Copper Industry [9, pp 555]

In the Figure 2‑3 “a” shaft, “b” hearth, “c” crucible, “d” water jackets, “e” air system, “f” tapping hole and “g” tuyère.

2.3.3 Charge system

The burden materials must be classified and blended before charging (it takes place in the preparation of the burden heap) to smooth out wide variations in the input material composition. Coke and secondary raw materials are charged separately creating intercalated layers of material. It is important to point out that the burden material must offer and guarantee necessary permeability to the ascending gases. While the burden descends into the furnace, it is reacting with the gases produced in the bottom, by means of interactions of air injected and coke remaining.

2.3.4 Coke combustion 

The most important thermodynamic part of the system is given by the coke combustion. Coke is charged to react with the oxygen contained in the input air and it is represented by two equations:

C + O2 = CO2 


(Reaction 2‑20)

CO2 + C = 2 CO 


(Reaction 2‑21)

After the first reaction (exothermic) the theoretical composition of the gas produced is 21% CO2 and 79% N2, it means that the whole oxygen injected reacts with coke to produce CO2, being an idealized view of the oxidation coke process. On other hand, CO2 is not stable when there is remaining carbon after the first reaction and they react to produce CO (endothermic). This second reaction will produce theoretically 34% CO and the balance of nitrogen. Finally the system tends to equilibrium and the gas contains a mixture of CO2, CO and N, depending on the temperature. [3, pp 283-335]

[image: image5.emf]
Figure 2‑4 Shaft Furnace Gas Analyses: Ideal System [1, pp 182]

Without oxygen enrichment (21 % oxygen) the input air reacts immediately with carbon at high temperature to produce CO2. The oxygen content decreases rapidly to almost 0% and at the same time CO2 reaches 21% of the total gas (equation 1). While the oxygen content decreases the reaction of CO2 and remaining carbon increases in rate. The highest temperature is reached when CO2 reaches its maximum and O2 reaches its minimum. On other hand the temperature decreases as the CO increases and the gas ascents into the furnace. After the Boudouard’s reaction the final gas composition is a mix of CO2, CO and N2. Therefore the ratio CO2/CO can be calculated which indicates the oxygen potential for oxidizing or reducing metals and their oxides. One of the biggest advantages of the thermodynamic conditions is the possibility to reduce and oxidize different metal oxides at the same time. It can be observed in Richardson and Jeffe’s [9] diagram with their respective CO2/CO ratio and oxygen pressures or potentials, standing out that these reactions are under standard conditions. Unlike iron blast-furnaces, the short shaft of the secondary copper furnace does not allow the equilibrium of CO2/CO/C to be achieved. One of the biggest problems of that kind of furnace is called “wall effect”, when the air injected does not reach the center of the furnace producing the gas passing up the walls and not through the coke bed and charge. [6]
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Figure 2‑5 Boudouard’s Reaction Effects [6]

The last Figure shows that the zone of the highest temperature in the furnace resembles a V-shape. Due to as the air enters through the tuyères and reacts with the coke bed forming a channel of gas with increasing amounts of CO2 until it reaches the middle of the furnace. The gas proceeds up the shaft and the CO2 is reduced as it leaves the tuyère zone with lowering oxygen content. The operating conditions of the coke combustion must be optimal. When the oxygen input is too low the maximum CO2 will not occur near to the tuyères and much CO will be formed resulting in low temperatures. 

While the burden descends the shaft, the temperature and the oxygen potential (CO2/CO) increase until the tuyères are reached. Below the tuyère zone there is no gas flow and the conditions tend to equilibrium with a very high CO content in the gas, lowering considerably the oxygen potential.

2.3.5 Coke burning rate 

Controlling the temperature of the slag and the metal is one of the most important aspects of a secondary copper shaft-furnace. It controls the smelting capacity and the oxygen potential (CO2/CO) as well. When using a high coke rate the main chemical reactions of the charge constituents will occur freely and the temperature will maintain at 1300 – 1350 °C. This increases the slag fluidity, and hence metal losses are reduced. In the same way iron solubility in black copper is increased and the possibility of iron settling out in the furnace, is reduced. The limitation of high coke rate is producing the combustion of the next upper layer of coke and copper-bearing material smelting up the shaft. This can be reached with approximately more than 76 m3/ per m2 air input. [6]

A big problem is when the products of smelting pass through the cold zone across the furnace at the tuyère level and producing uneven smelting conditions which leads to the freezing of the hearth contents. The theoretical coke burning rate should be between 6,5 – 8,6 t/m2 per day which can be reached with approximately 9,43 m2/Kg of coke and with a blast rate of about 50,28 m3/min per m2 of cross-sectional area. [1, pp 183]

2.3.6 Coke quality

Coke is used as fuel to generate the biggest part of the necessary energy to the endothermic chemical reactions. It generates the reducing gas and helps to support the charge bed. The quality of the coke is given by its reactive capacity, mechanical properties and its permeability. The theoretical coke quality should assay 91 – 92 % fixed carbon, 7 – 8 % ash, 0.75% sulphur and 0.7% volatiles and be of low reactivity. High reactivity of coke leads to encourage the first of the Boudouard’s reactions and, hence, produce too much CO lowering the oxygen potential in the shaft and the metallic oxides will be reduced and oxidation of iron will be inhibited. Acceptable coke size is about 100 – 150 mm so that the surface contact-area per lb of coke is minimized. If the coke has very small size its reactivity will be increased because its surface contact-area is higher. [2]

One important aspect is that the coke should not oxidize high in the shaft before its function of replenishing the coke bed which takes place on the hearth of the furnace to a height of 76 – 120 above the tuyère level. A very low height brings with copper and tin losses in the final slag due to incomplete reaction of some oxides. On other hand, a high bed height will increase zinc removal into the furnace fume and will volatilize tin into the fume as well. The coke bed must offer a good permeability for the ascending gas into the furnace as well as necessary mechanical properties to support the total charge bed and to keep space in front of the tuyères free of other materials. Typical bad qualities of coke are those of high reactivity, low crushing strength, high volatile matter, high ash content, and low fixed carbon. [6]

2.3.7 Material Movement

As in the shaft furnace the counter-current flow method is applied the burden is descending while the gases rise from the bottom to the top. The material descends due to:

· Coke burning in front of tuyères

· Decrease in the material volume to disposition of fines between coarse pieces

· Transformation of phases of materials in the bottom (solid-liquid-gas) accompanied by volume reduction

· Tapping of metal and slag

The residence time (hours) of the material within furnace is given by [19]:
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(Equation 2‑1)

VSF: working volume of shaft furnace (m3)    P: furnace productivity (t/24h)

Vm: charge material consumption (m3/tHM)

The descending velocity is depending on the burden distribution on the top and raw material quality. The maximum velocity of descending burden is usually observed above the tuyères and the average is about 3-4 m/h. The burden descends due to the gravity but there are opposite forces which must be defeated.
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(Equation 2‑2)
Pa: gradient of forces 

P: gravity effect


F1: friction force of materials at the furnace walls 

F2: carrying capacity of the gas flow


F3: carrying capacity arisen accumulation of liquid product of melting

The burden material descends if Pa > 0, else the movement of materials will be stopped and hanging of the stock will occur. 

The value F2 is proportional to static gas pressure drop: 
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(Equation 2‑3)
Pt: top gas pressure

Ph: gas pressure in the hearth at the tuyère level

For calculation of ΔP the following equation for drop of the gas flow in a packed bed can be used:
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(Equation 2‑4)
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: resistance coefficient


H: packed bed height (m)

D: equivalent grain diameter (m)

[image: image12.wmf]e

: voidage (m3/m3)


w: gas velocity (m/s)
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Where:  Re: Reynolds number 


c, m depend on the character of the movement (laminar or turbulent)

The pressure drop is mainly determined by the velocity and density of the gas, the grain size, the packed bed height and voidage. High gas permeability and low pressure loss is reached with high
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, high D, low w and low 
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. [19]

2.3.8 Gas Flow and Permeability

The productivity of the furnace can be increased as the blast volume per unit of time increases. However, it leads to a respective increase in the pressure drop and to decrease the active weight (Pa) of a stock. 

The rise in the gas pressure contributes to decrease in the gas volume and its velocity. High top gas pressure assists in a rise in the residence time of gases, more even gas distribution and low dust amount. The voidage of the packed bed has considerable influence in the pressure drop.

The permeability of the burden depends on the grain sizes, content of fines and blast velocity. In zones with high permeability the gas volume per unit of burden material is more than the necessary. On other hand, in zones with low permeability, the gas volume is insufficient for thermal and chemical operating conditions. 

The minimum cross-section area available for the gas flow is reached with 28 – 30 % of fine material. Thus the fine material must be avoided. [19]

[image: image17.emf]
Figure 2‑6 Permeability within furnace
2.3.9 Metallurgy of the Shaft Furnace

To optimize the furnace, one operating consideration is the classification and blending of the charged materials to control the metallurgical conditions within furnace. It is also necessary to avoid an excess of any element or compound that cause operation problems in the furnace. The copper bearing materials must be weighed and charged in between layers of coke. The ability to oxidize metals or reduce oxides is given by the oxygen partial pressure which varies along the furnace. In the upper zone of the furnace the oxygen pressure is about 10-7 atm and at the tuyère zone 10-2 atm. below tuyère level and in the hearth the pressure reverts suddenly to 10-7 atm. [6]

The input materials enter at the top of the furnace at approximately 400 – 600°C ascending gradually to 1400 °C while the charge is descending until reaching the tuyère zone. The content of iron in the charge is very important inasmuch its reducing function and influences the thermodynamic conditions. The solubility of the iron is affected by the temperature and the tin and zinc content of the metal. Accepted is 14 % of iron content in the burden. Lower contents than 9 % lead to copper and tin losses and the process is not satisfactory. The physical quality of the iron is also important since small pieces will oxidize easily into the slag, but heavy iron will reach the hearth being difficult to remove.

The CO2/CO ratio controls the amount of oxidation and reduction within furnace, so it is important to obtain a balance between coke and injected air. When too much CO is produced, beside of lowering oxygen potential and taking out of the furnace temperature, it is not possible to reduce the oxides of copper, tin, nickel, lead, zinc, etc.

The temperature and the chemistry vary along the height of the furnace and so it is possible to define the following zones:

Zone 1

This zone is on the top of the furnace where the moisture of the material is driven out the furnace. The temperature is between 500 – 800 °C and a very low amount of O2 exists and therefore very low oxygen potential and consequently a reducing atmosphere. Since still almost all existing components are not molten Fe or coke cannot react and so no reduction of oxide metals occurs.
Zone 2

The temperature at this zone is between 800 – 1000 °C. Zinc fume is formed through the smelting of brass. Additionally, the decomposition of possibly existing limestone begins to CaO and CO2, which is added to improve the slag-viscosity and substitution of the metal-oxides (SnO, Cu2O, PbO, and ZnO) from the slag. On other hand the reduction of metal-oxides begins with the help of CO.

Zone 3
In this zone the conditions assist the reaction Fe + CO2 = FeO + CO which is at equilibrium with a CO2/CO ratio of 0.35. In this part of the furnace the highest temperatures are reached, which are between 1300 – 1400 °C attributed to the exothermic reaction of C + O2 = CO2.

Zone 4

The iron plays a very important function in the reduction process. Although carbon and carbon monoxide play some part in the reduction, but the most efficient and reactive component is the iron. The formation of fayalite-slag is achieved using silica. In this zone the main reactions of the shaft furnace take place.

Fe + Cu2O = FeO + 2Cu 


(Reaction 2‑22)

Fe + ½ SnO2 = FeO + ½ Sn 


(Reaction 2‑23)

Fe + ZnO = FeO + Zn 



(Reaction 2‑24)

Fe + PbO = FeO + Pb



(Reaction 2‑25)
 FeO + 2/3 Al =
Fe + ½ Al2O3


(Reaction 2‑26)

These reactions assume standard conditions and unit activities that are not reached, but the process functions with satisfactory efficiency. The last reaction indicates that in presence of significant quantities of aluminium, the iron will be reduced from its oxide. 


Unlike to the bottom of the furnace iron and oxides of tin, copper and other elements are in solid phase and therefore they are not reacting until melting near to the coke bed. Afterwards they contact with the iron and are reduced. In the charge the iron is present as steel and it will have been partly oxidized in the furnace. Those constituents with lower melting point will trickle over the steel and will be reduced to metal. The equation 6 indicates that in presence of significant quantities of Al, it will reduce iron from its oxide and hinder its oxidation into slag.
Mass Balance
The mass balance is presented with the purpose of describing theoretically the reactions previously described. 
Theoretically 180 tons of burden = 100 tons recycling slag (converter + anode furnace) + 50 tons of scrap + 15 tons residues smelter area + 10 tons of SiO2 + 5 tons of refractory.
Shaft furnace’s products = 100 tons of slag + 70 tons of black copper + 7 tons of dust

The composition of the scrap was assumed as 60 % Fe, 35 % Cu, 3% Zn, 1% Pb and 1 % Sn.

The distribution of the main elements in the refractory was assumed as 10 % Cu, 30 % Zn, 15 % Fe, 5 % Pb and 1 % of Sn.

The distribution of the main elements in the residues smelter area was assumed as 30 % Cu, 10 % Fe, 10 % Zn, 3 % Pb and 1 % Sn.

Table 2‑9 Oxidized Elements in Slag
	Compound
	Converter
	Anode Furnace
	Average

	Cu2O
	37,91
	39,89
	38,90

	PbO
	4,63
	2,31
	3,47

	SnO2
	10,03
	3,38
	6,71

	ZnO
	1,7
	6,46
	4,08

	Al2O3
	2,34
	6,11
	4,23

	FeO
	25,73
	9,31
	17,52


The Fe present in scrap reacts (theoretically) as follows:



          
     Cu2O      +     Fe      =      FeO 
+
 2 Cu

Molecular Mass (g/mole)     143.08          55.85          71.85
        127.08

Mass (tons)

 
      38.9
 x = 15.18       y = 19.53       z = 34.54


         
          
    ½ SnO2   +    Fe      =      FeO 
+
 ½ Sn

Molecular Mass (g/mole)      75.35          55.85           71.85
         59.35

Mass (tons)


     6.71
   x = 4.97        y = 6.39 
z = 5.28



          
      ZnO
+    Fe      =      FeO 
+
 Zn

Molecular Mass (g/mole)        81.37         55.85          71.85
         65.37

Mass (tons)


      4.08
   x = 2.80       y = 3.60 
        z = 3.28


          
         
      PbO
+    Fe      =      FeO 
+
 Pb

Molecular Mass                   223.19        55.85           71.85
        207.19

Mass (tons)


      3.47
   x = 0.87      y = 1.12 
        z = 3.23

Balance of Cu
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Cuinput = 34.54 tons

Cu produced by reduction of Fe = 34.54 tons

Cu in scrap = 17.5 tons

Cu in residues = 4.5 tons

Cu in refractory = 0.5 tons

Cu input = Cu output = 57.04 tons

Mass of Cu losses in slag = 0.01 x mass slag = 1 tons

Mass of Cu in dust = 0.07 x mass dust = 0.49 tons

Mass of Cu in black copper = 57.04 – 1 – 0.49 = 55.55 tons
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Fe input  = 30 + 1.5 + 0.75 = 32.25 tons

Fe output  =  ∑Fe Reductant
Fe total  = Fe input  - Fe output =32.25 – (15.18 + 4.97 + 2.8 + .87) = 6.18 tons

Fe in Black Copper = 70 x 0.046 = 3.22

Remaining Fe = 6.18 – 3.22 = 3.58 tons, which are distributed into the slag and dusts.

Balance of FeO

FeO input = 0.1752 x mSlag

FeO formed = 19.53 + 6.39 + 3.60 + 1.12 = 30.64 tons

FeO total  = FeO input + FeO formed  = 30.64 + 17.52 = 48.16 tons

Due to 100 tons of slag are daily produced the FeO content in slag is 48.16 %.

Balance of Zn
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Zn input  = 3.28 + 1.5 + 1.5 + 3 = 9.28 tons

Zn in black copper = 70 x 0.022 = 1.54 tons

Zn in dust = 7 x 0.4 = 2.8 tons

Remaining zinc = 9.28 – 1.54 – 2.8 = 4.94 tons, which are oxidized into the slag and coarse dust.

Balance of Pb
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Pb input = 3.23 + 0.5 + 0.45 + 0.25 = 4.43 tons

Pb in Black Copper = 70 x 0.04 = 2.8 tons

Pb in dust = 7 x 0.15 = 1.05 tons

Remaining Pb = 4.43 – 2.8 – 1.05 = 0.58 tons, which are oxidized into the slag and coarse dust.

Balance of Sn
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Sn input = 5.28 + 0.5 + 0.15 + 0.05 = 5.98 tons

Sn in Black Copper = 70 x 0.06 = 4.2 tons

Sn in slag = 100 x 0.015 = 1.5 tons

Remaining Sn = 5.98 – 4.2 – 1.5 = 0.28 tons 

2.3.10 Shaft furnace slag

The shaft furnace slag has a very big importance in the operation of the furnace controlling the metal losses and carrying away otherwise infusible materials out of the furnace. To minimize the metal losses the slag must be fluid and of low density. The slag must also be chemically adjusted to reduce the retention of valuable metals and is essential for the transport of elements and compounds through the reaction zones. To assure a successful viscosity the temperature of the slag must be between 1300 and 1350 °C.

The typical components which form the slag are ferrous oxide, silica, lime and alumina. [1, pp 184- 185]

· Ferrous oxide: It is assumed that iron is in a form of FeO. There is evidence that copper and tin are related to Fe3O4, so it is expected that it is present in small quantities. A lower iron content than 27 % indicates an incomplete reduction process.

· Alumina: has direct influence in the viscosity and fluidity of the slag. Up to 8 % improves the fluidity and higher amounts (until 16 %) increase the viscosity.

· Silica: The slag will be fluid with a content of 20 – 25 %, but the copper and tin contents are higher. Contents between 25 – 27 % show the optimum range and more than 30 % tends to increase the viscosity.
· Zinc: is one of the indicators of the slag quality. The content of zinc should reach a value between 2.5 – 4 %. A higher content indicates an incomplete reduction by iron. 

· Calcium oxide: reaching a content of 16 % reduces the metal losses.

2.4 Topics for Optimization

The optimization of the shaft furnace is a complex process which needs a good understanding of the process and cooperation of the company’s workers.

The main topics of the investigations are:

· Carry Over: analysis of the gas velocity and the transport of fine material in the off-gas stream

· Oxygen enrichment: investigations with different values of oxygen content in the total input air and analysis of the coke rate used

· Air distribution: analysis of the flow rate and velocity of injected air into the furnace and burden distribution

· Special input materials: investigations with only recycling converter slag, less fine material, particle size distribution and weight of the charge

2.4.1 Carry Over 

One of the shaft furnace's products is the filter dust which has a high content of zinc (~37 %) and lead (~15 %). Beside of the filter dust, daily more than 3 tons of coarse dusts are carried away of the furnace by mechanical phenomena, specifically by means of the off-gas stream.

The filter dust is sold after treatment and the coarse dust is recycled in the shaft furnace again without pre-treatment. Therefore the coarse dust is probably running in a closing cycle, leaving the furnace and being charged again.


[image: image26]
Figure 2‑7 Carry Over

The Figure 2‑7 shows the possible origin of the filter dust and coarse dust. While the filter dust is produced in the bottom of the furnace as consequence of the chemical reactions of the process itself, the coarse dust is dragged outside of the furnace by mechanical phenomena. The feeding door is placed in the upper zone of the furnace, therefore probably the coarse dust doesn't go down within the furnace and thus goes directly to the collecting bins. When the velocity of the off-gas is very high the transport of material is higher because the dragging effect is higher too. The velocity of the off-gas is depending on the cross-sectional area and the freedom where the gases ascend to the upper zone of furnace. It says that if the flow Q is constant, the velocity is only depending on the cross-sectional area. This area is affected by two effects which have occurrence in the narrowness. In the following sequence it is possible to observe the effects:
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Figure 2‑8 Carry Over Effects

Depending on the case the cross-sectional area is:

Case 1:
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Case 3:
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Case 1:

This is an ideal situation and the gas goes up freely and its velocity is only depending on the flow (Q).

Case 2:

The first effect which takes place in the narrowness of the cross-sectional area is produced by the accumulation of materials in the walls of the furnace during the journey. This effect was identified with the letter ε.

Case 3:

Beside of the material accumulated on the walls of the furnace the velocity of the off-gas is affected by the size of the burden (e.g. the recycling slag) as well. When big lumps of slag are charged into the furnace the cross-sectional area is reduced and the velocity of the off-gas is higher in as much the flow (Q) is constant.

At case 3 the velocity is very high and the mechanical transport or carry over of fine material is higher resulting in a pollution of the filter dust and a high accumulation rate of material into the bins which collect the coarse dust.

In consideration of that, the “feed door” is in the upper zone of the furnace where the off-gas has reached a very high velocity, a big amount of fine material goes directly to the bins without being molten. So these materials are possibly running in a closed cycle and it results in a high energy loss and the production costs are increased. [20] 
The final velocity for a particle is given by the Stoke’s Law, which is shown in equation 2-5 [16]:
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(Equation 2‑5)

V: velocity

g: gravity acceleration

d: particle diameter

ρ: density

µ: viscosity

The final composition of the off-gas is depending on the volume of injected air and the oxygen enrichment. 

Table 2‑10 Typical Values Blast
	Parameter
	Typical Values

	air
	6000 m3/h

	oxygen
	120 m3/h

	coke rate
	10% (of burden)


With the final composition of the gas it is possible to get the density of the final gas and its viscosity. 

With the intention to determinate the theoretical velocity of the off-gas, plots were built using the Stoke’s Law. It is important to define the particle itself which is transported by the off-gas stream and its respective size because the velocity has a strongly dependence with both parameters.

In the upper zone of the furnace the temperature is approximately between 400 – 800 °C and the range of the density for the particle is mainly between 2.5 – 8.92 g/cm3. 
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Figure 2‑9 Critical Velocity 0 – 2 mm
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Figure 2‑10 Critical Velocity 0 – 0.5 mm

The average off gas speed is less than 15 m/s. However due to channeling in the burden column this value can locally increase approximately 2 times.  The plots shown say that the critical velocity has high dependency with the density of the particle and lower with the temperature – conditions above the respective curves indicate carry over. While the particle size increases, and if its properties make it possible, the critical velocity increases as well.  
In the second plot a short range was used, because more than 80 % of the coarse dust is smaller than this size (Figure 2‑10) and so this plot is more representative of the real situation within furnace.

2.4.2 Oxygen Enrichment

The oxygen enrichment of the air input has become a feature of many smelters in order to improve the working temperature within furnace. [1]

The increase of temperature is due to the fact that a faster combustion reaction is brought by the concentration of oxygen in the blast and a respective decrease in nitrogen volume. [3]

Therefore when oxygen enrichment is applied less coke should be used. [1] With increasing the oxygen enrichment the metal temperature and the melting rate of the furnace increases and so the throughput of the furnace increases too. The negative effect of using oxygen enrichment is the increase of the metal losses in slag which are produced by higher oxidation within furnace. [12]

The economic advantages can be lost when low coke ratios are used due to the metal losses of copper and tin increase. [1]

Normally the theoretical composition of the air is 79 % nitrogen and 21 % oxygen, therefore when oxygen enrichment is applied the content of nitrogen in the total air decreases.
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Figure 2‑11 Nitrogen Content in Oxygen Enrichment

The effect of the nitrogen is due to does not help to the combustion and absorbs heat.

The ratio CO2/CO is given by the reactions between coke and oxygen, therefore when higher oxygen enrichment is used this ratio changes. The importance of this ratio will be explained later on.
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Figure 2‑12 CO2/CO in Oxygen Enrichment

The plot says that when increasing the oxygen enrichment the CO2/CO increases as well. The highest ratio is reached using 10 % coke rate due to the carbon reacts with oxygen to produce CO2 (exothermic reaction). CO2 which reacts with the incandescent carbon to produce CO and therefore using enough or not excess of carbon only the production of CO2 will be encouraged and low amounts of CO will be produced. Much CO formed brings low temperature within furnace, and hence, low oxygen potential in the shaft. [1]

Experiments of several investigators show that adding 2% more oxygen to the air (23% total) increases the metal temperature by 50-100 °C (1234 to 1328 °C approximately). [13] 

2.4.2.1 Physical factors [3, pp 293]

The heat transfer takes an important relevance while oxygen enrichment is used due to the heat provided to the system. The most important principles which must be considered in order to evaluate the heat transfer within furnace are described as follows.

· The rate of heat transfer increases while the gradient (difference) of temperature increases

· The rate of heat transfer is faster for materials with greater coefficients of thermal conductivity.

· For materials with equivalent thermal conductivities, the rate of heat transfer to a solid depends upon the volume-to-air ratio of the solid. It is to say large chunky pieces of material (recycling slag) take longer to melt down than thin or small pieces.

· The amount of heat transferred will increase when the time of contact is longer

· The size and shape of burden materials and their distribution in the stack assists the formation of voids and thereby the flow of gases up through the stack

· The heat content of gases is a function of temperature and weight and not volume

2.4.2.2 Formation of Carbon Dioxide [3]

The reaction between carbon and oxygen to produce carbon dioxide is the summation of two successive reactions which proceed rapidly at the temperatures existing in the furnace. Therefore the two successive reactions can be considered one. The weights, volumes and heats involved in the reaction at conditions of temperature 15.56°C and 1 atmosphere of pressure are shown in the following table.

Table 2‑11 Heat Carbon Dioxide

	
	   C    +     O2      +     3.76 N2      =    CO2    +           3.76 N2

	lb mols
	12
	32
	105
	44
	105

	lb/lb C
	1
	2.67
	8.75
	3.67
	8.75

	ft3 gas/ mol C
	-
	380
	1430
	380
	1430

	ft3 gas/lb C
	-
	31.7
	119
	31.7
	119

	heat of reaction (Btu)
	173.570 Btu per mol carbon
	14.452 Btu per pound carbon

	Heat of Reaction (cal/Kg)
	43.738.905 cal per mol carbon
	1.651.912 cal per kg of carbon


The positive value 1.650 kcal per kg of carbon indicates that this reaction is the heat-producing part of the process. This table also shows the fact of the nitrogen which, although does not enter into the reaction, its presence has great influence on the results achieved from the combustion because provides by far greatest weight and volume of materials associated with the reaction.

2.4.2.3 Carbon Monoxide [3]

The remaining coke reacts with the carbon dioxide formed to produce carbon monoxide.

The weights, volumes and heats involved at temperature 15.56°C and pressure 1 atmosphere are shown in the following table.

Table 2‑12 Heat Carbon Monoxide

	
	  C   +   CO2    +        3.76 N2      =      2 CO      +       3.76 N2

	lb mols
	12
	44
	105
	56
	105

	lb/lb C
	1
	3.67
	8.75
	4.67
	8.75

	ft3 gas/ mol C
	-
	380
	1430
	760
	1430

	ft3 gas/lb C
	-
	31.7
	119
	63.3
	119

	heat of reaction (Btu)
	-34.960 Btu per mol carbon
	-2.910 Btu per pound carbon

	Heat of Reaction (cal/Kg)
	-8.809.772 cal per mol carbon
	-332.622 cal per kg carbon


The negative value -332 kcal per kg of carbon indicates that this reaction extracts heat from the product gases.

2.4.2.4 Water [3]

Water enters into the furnace from several sources such as humidity of the blast air, sludges, organic components, metallic charges, damp refractories and leaking cooling water. The water absorbs heat and reacts with coke under temperature 15.56 °C and 1 atmosphere of pressure as follows.

Table 2‑13 Heat Water – Carbon Reaction

	
	        C          +            H2O            =          CO          +          H2

	lb mols
	12
	18
	28
	2

	lb/lb C
	1
	1.5
	2.33
	0.17

	ft3 gas/ mol C
	-
	380
	380
	380

	ft3 gas/lb C
	-
	31.7
	31.7
	31.7

	heat of reaction (Btu)
	-52.210 Btu per mol carbon
	-4.352 Btu per pound carbon

	Heat of Reaction (cal/kg)
	-13.156.699 cal per mol carbon
	-497.448 cal per kg carbon


The last table shows that the water assists in consume heat within furnace. It is important to point out that the weight and volume of the total gases products (CO and H2) are two times greater than the weight and volume of the original water vapor.

Although these values of the heat reaction are at temperature 15.56 °C and 1 atmosphere of pressure, it is possible to observe the contribution of each reaction to the total heat. In 1 kg of carbon and after the reactions of combustion, the contribution of heat to the system is 821.842 cal.
Energy Balance in the Shaft Furnace
The input material is not preheated; therefore, the temperature was assumed as inlet 298 K. Due to the short of the shaft furnace the gases leave the furnace at 1073 K and the metal, in average, at 1473 K. 

In

Solids 298 K

Air     298 K

Out

Gases 1073 K

Products 1473 K

[image: image35.png]20K

solids.

air

SaHg

gases

073K

procucts
473K

ar,

)
208k

3




Picture 2‑13 Energy Balance
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Σ ∆HR,298 = sum of heats of reaction at 298 K to form the output products and gases

∆H’loss = net heat loss to surroundings

The calculations were done using HSC Chemistry software and data information of one day.

The input heat is given by the combustion of coke and the heat provided after the combustion of the oxide elements in slag:

∆H’coke = - 93559049 kcal

∆H’Cu2O = - 367817 kcal

∆H’NiO = - 134496 kcal

∆H’PbO = - 80140 kcal

∆H’SnO2 = - 339936 kcal

∆H’ZnO = - 4676864 kcal

∆H’FeOx = - 152875 kcal

∆H’As2O3 = - 6935 kcal

∆H’Sb2O5 = - 6806 kcal

∆H’Ag2O = - 408 kcal

∆H’metal combustion = - 42150563 kcal

The heat output is given by the delta temperature needed to heat up the scrap, melt down the scrap, reduce the slag from converter and anode furnace, heat up the coke, heat up the air and with oxygen enrichment, get volatilized elements in dust, heat up the cooling water, heat up the quartz, heat up the water in coke and the water in the smelter residues.

∆H’heat up scrap = + 10814728 kcal

∆H’melt down scrap = + 4127116 kcal

Reduction of oxide compounds in slag
∆H’Cu2O = + 950609 kcal

∆H’NiO = + 1925062 kcal

∆H’PbO = + 595609 kcal

∆H’SnO2 = + 4309492 kcal

∆H’ZnO = + 5042893 kcal

∆H’FeOx = + 9142436 kcal

∆H’As2O3 = + 19506 kcal

∆H’Sb2O5 = + 65155 kcal

∆H’Ag2O = + 432 kcal

∆H’total recution = + 30606795 kcal

Heating up the slag lumps

∆H’slag lumps = + 16151161 kcal

Heat up the coke

∆H’ heat up coke = + 8182994 kcal

Heat up the enriched air

∆H’enriched air = + 38073982 kcal

Volatilize elements in dust

∆H’Pb = + 243987 kcal

∆H’SnO = + 56225 kcal

∆H’Zn = + 1213635 kcal

∆H’As = + 2322 kcal

∆H’Sb = + 1523080 kcal

Heat up the cooling water

∆H’cooling water = 786385 kcal

Heat up the quartz

∆H’quartz = + 2437019 kcal

Heat up wet coke and smelter residues

∆H’wet coke = + 545346 kcal

∆H’wet residues = + 491716 kcal

Balance 

∆H’input = - 135709613 kcal

∆H’output = + 113740323 kcal

∆H’difference = - 21969290 kcal

The main heat losses are given by the losses in refractories, shell of the furnace, bottom of the furnace and by the feeding door.
Mass and Heat Balance of Coke combustion
Mass Balance
Was assumed that are charged 10 tons in 1 hour of secondary materials with a coke rate of 10 % of the burden. The effective carbon in the coke is 87.5 %.
The composition of the gases produced after the coke combustion depends of the amount of air injected and oxygen enrichment used.
Amount of carbon to react with oxygen = 0.875 x 10000 x 0.1 =875 Kg.

Amount of O2 to react with carbon = enrichment + 6000 x 0.21 
Case 1
Oxygen Enrichment = 120 Nm3/h
Amount of O2 to react with coke = 120 + 6000 x 0.21 = 1380 Nm3/h
1 m3 = 1000 L ( 1380 m3/h = 1380000 L/h

1 mol ( 22.4 L ( 32 g = 0.032 Kg

In 1 hour 1380000 L ( 1971.4 Kg 
Mass of O2 to react with carbon = 1971.4 Kg



        C      

+       O2            =  
CO2
PM (g/mol)         
       12              

32         
         44

 

Initial Mass (Kg)           875    
   

1971.4  

0




       875 - 739.3

Final Mass (Kg)            135.7                      0    
                 2710.7 

O2 is the restrictive reactant therefore the remaining carbon reacts with the CO2 formed.




        C                 +       CO2                 =           2CO

PM (g/mol) 

       12                          44                                 56
Initial Mass (Kg)           135.7                     2710.7
                  0









2710.7 – 497.6 

Final Mass (Kg)             0                           2213.1                          633.3

Amount of CO2 produced = 2213.1 Kg = 2213.1 / 44 = 50.3 Kmole

Amount of CO produced = 633.3 Kg = 633.3 / 56 = 11.3 Kmole

CO2/CO = 50.3 / 11.3 = 4.45

Case 2
Oxygen enrichment = 300 Nm3/h

Amount of O2 to react with coke = 300 + 6000 x 0.21 = 1560 Nm3/h
1 m3 = 1000 L ( 1560 m3/h = 1560000 L/h

1 mol ( 22.4 L ( 32 g = 0.032 Kg

In 1 hour 1560000 L ( 2228.6 Kg 
Mass of O2 to react with carbon = 2228.6 Kg



        C      

+       O2            =  
CO2
PM (g/mol)         
       12              

32         
         44

 

Initial Mass (Kg)           875    
   

2228.6

0




       875 – 835.7

Final Mass (Kg)            39.3                       0    
                 3064.3 

O2 is the restrictive reactant therefore the remaining carbon reacts with the CO2 formed.




        C                 +       CO2                 =           2CO

PM (g/mol) 

       12                          44                                 56
Initial Mass (Kg)           39.3                      3064.3
                            0








        3064.3 – 144.1 

Final Mass (Kg)             0                          2920.2                          183.4

Amount of CO2 produced = 2920.2 Kg = 2920.2 / 44 = 66.4 Kmole

Amount of CO produced = 183.4 Kg = 183.4 / 56 = 3.3 Kmole

CO2/CO = 66.4 / 3.3 = 20.1
Heat Balance of Coke Combustion

For C + O2 = CO2 


(Reaction 2‑20):
∆HR1 = ∆Hf,CO2 - ∆Hf, O2 - ∆Hf, C 

The formation heat is the heat evolved when one mole of a pure compound in its most stable form at the temperature in question is formed at 1 atm and the same temperature.

The formation heat of an element at any temperature must equal zero, since the product and reactant are the same, it means the pure element in its most stable form at the temperature in question and 1 atm. [16]
Therefore, at 298 K and 1 atm:

∆Hf, O2 = ∆Hf, C = 0

∆HR1 = ∆Hf, CO2 = -94.052 Kcal/mole

On other hand, for CO2 + C = 2 CO 


(Reaction 2‑21):

∆HR2 = 2x∆Hf,CO - ∆Hf, CO2 - ∆Hf, C
At 298 K and 1 atm of pressure:

∆Hf, C = 0

∆HR2 = 2 x (-26.416) – (-94.052) = 41.22 Kcal/mole

Now in order to determine the heat evolved to the system when the oxygen enrichment in the injected air increases:

Case 1

Mole CO2 formed = 2710.7 / 44 = 61.606 Kmole
∆HR1 = - 94.052 (Kcal) x 61606 (mole) = - 5794168 Kcal

Mole CO formed = 633.3 / 56 = 11.309 Kmole

∆HR2 = 41.22 (Kcal) x 11309 (mole) = 466157 Kcal

∆HTOTAL1 = ∆HR1 + ∆HR2 = -5794168 + 466157 = -5328011 Kcal

Case 2

Mole CO2 formed = 3064.3 / 44 = 69.643 Kmole

∆HR1 = - 94.052 (Kcal) x 69643 (mole) = - 6550063 Kcal

Mole CO formed = 183.4 / 56 = 3.275 Kmole

∆HR2 = 41.22 (Kcal) x 3275 (mole) = 134996 Kcal

∆HTOTAL2 = ∆HR1 + ∆HR2 = -6550063 + 134996 = - 6415067 Kcal

And finally:
Heat 2 – Heat 1 = - 1087056 Kcal
Theoretically, when the oxygen enrichment increases from 120 m3/h to 300 m3/h, the heat evolved to the system is 1087056 Kcal. 
2.4.3 Wind Distribution

The total air is injected into the furnace via 12 tuyères (6 each side) to react with the coke bed and produce the thermodynamic conditions to operate the furnace. The most important topic is to obtain a homogeneous distribution of the gases inside of the furnace to assure a successful melting process of the materials.

An uneven distribution or different flows and velocities of the air leads inevitably into creating heterogeneous thermal conditions and producing wide differences in the time to melt down the burden.

[image: image38.emf]
Figure 2‑14  Ideal Burden Distribution

The Figure 2‑14 shows that the air goes freely into the furnace and is distributed in equal ratios of flow and velocity for each pipe in both sides, but the situation changes when the burden goes descending. It is possible to keep on the homogeneous distribution of the air injected, when the distribution of the descending burden is homogeneous as well.

With an uneven distribution of the burden at the tuyères level, the air will enter in the tuyères with lower back pressure. Due to Boudouard’s reactions (C + O2 (g) = 2 CO (g)) the heat transfer will be higher in preferential places (more air injected) of the furnace at the tuyères level. 

[image: image39.emf]
Figure 2‑15 Real Burden Distribution

The theoretical velocity of the air injected into the furnace via 12 tuyères is given by the theoretical value of air flow rate injected (QT) and the cross-sectional area of the pipes. [16]
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(Equation 2‑6)
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For each tuyère the respective flow rate is Qi and area (Areai).
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Therefore the theoretical air velocity for each tuyère is:
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2.4.3.1 Blast Penetration [3]

The blast is introduced through tuyères located in two sides of the furnace. The blast tends to rise along the walls of the furnace. More void space near to the wall of the furnace due to geometric effects. Heat losses through the shell tend to reduce the temperature of the gases near to the wall and the consequent volume contraction attracts interior gases in order to equalize the pressure. All these phenomena assist in produce the called “wall effect”. Furnace which operates with low blast velocities and large diameters are most susceptible to poor operation caused by wall effects and the air does not penetrate to the center or the oxygen is consumed before reaching the center. It results in a relatively cool area in the center of the cupola sometimes called “dead man” that can accumulate a large lump of metal and slag.

When hot blast is injected into the furnace the air reacts rapidly with the coke and reduces the probability that oxygen will reach the center of the furnace. With cooling water lining system more air tends to flow next to the wall because it is cooler resulting in less volume of gas per burden and easier passage.

The blast velocity is increased by reducing the number and size of the tuyères. Increasing the tuyère velocity provides significant increases in temperature of the tapped material. Such high tuyère velocities result in appreciable pressure losses and higher pressure blowers might be required to maintain the same burden stack pressure and weight of air previously delivered at lower velocities with more or large tuyères. 

2.4.4 Special Input Materials

Known as one of the most complex system in the extractive metallurgy industry, the shaft furnace is characterized by processing a wide range of many kinds of materials. However this range of materials is well known and of course each one has its own property and function within furnace and therefore it is not advisable to make considerable changes in the current composition of the burden.

There are minimum amounts of material which must be charged to assure a successful operation of the furnace. 

Table 2‑14 Input Material Shaft Furnace
	Material
	Objective in the furnace
	Size 

	slag from market
	raw material
	very coarse 

	mixed slag reverts from smelter
	internal recycling stream
	very coarse

	Cu - oxide
	raw material
	fine

	Cu - residue
	raw material
	very fine

	Cu - Fe scrap
	raw material + reducing agent
	middle - coarse

	coke residues
	reducing agent
	coarse

	mixed cooler scrap
	raw material
	coarse

	brass turnings
	raw material + zinc
	fine

	mixed smelter residues
	internal recycling stream
	very fine

	residues containing precious metals
	raw material
	fine

	broken glass
	silica, slag former
	middle

	mixed shredder coarse
	raw material
	coarse

	mixed shredder fine
	raw material
	middle

	mixed refining oxide
	raw material
	coarse + fine

	break out material from furnace refractory or accretions
	internal recycling stream
	coarse

	brass scrap
	raw material + zinc
	coarse

	mixed sludge reverts
	internal recycling stream
	very fine


very Coarse: 
0.5 – 1.5 m


coarse: 
0.05 – 0.5 m

fine: 


0.005 - 0.05 m

very fine: 
< 0.005 m

The Table 2‑14 Input Material Shaft Furnace shows the current materials of the burden and describing their respective goals in the furnace and sizes. Those materials or kind of materials that can be changed, avoiding a faulty operation of the furnace, are:

a) Origin of recycling slag: in the secondary copper industry the recycling slag to the shaft furnace is a mix of converter and anode furnace slag but they have different properties which have considerable influences in the process itself, changing the composition of the final product and the operating conditions as well. Investigations with only converter slag were made to determinate what is the behavior of the furnace and the recovery improvement of the elements involved in the process.

Table 2‑15 Converter – Anode Furnace Slag
	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	Compound
	Converter
	Anode Furnace
	Average

	Cu2O
	37,91
	39,89
	38,90

	NiO
	9,00
	2,85
	5,93

	PbO
	4,63
	2,31
	3,47

	SnO2
	10,03
	3,38
	6,71

	ZnO
	1,70
	6,46
	4,08

	FeO
	25,73
	9,31
	17,52

	SiO2
	5,91
	14,51
	10,21

	Al2O3
	2,34
	6,11
	4,23

	CaO
	0,58
	1,79
	1,18


b) Amount fine material: daily approximately 30 tons of fine material is charged such as copper residues, mixed smelters residues, mixed sludges, brass turnings and residues containing precious metals.

c) Size of recycling slag: it is well known that a big lump of slag (converter or anode furnace) takes longer time for being molten than a smaller lump.

d) Total weight of a charge: approximately every 30 minutes the furnace is fed with burden after the respective coke charge. The weight of this burden charge is 4.500 - 5.500 kilograms. An improvement in the yield of the furnace is reducing the weight to 4.000 kilograms and increasing the frequency of the charge (for example every 20 minutes) and thus leads in processing more material per day.

2.4.4.1 Size and Weight [3]

The melting stock should be sized according to the diameter (cross-sectional area) of the furnace in order to avoid mechanical bridging or handing. The maximum theoretical dimension of metal pieces should not exceed one-third of the inside diameter of the cupola at the melting zone. When rectangular shaped pieces are used the diagonal length must be considered. The cross-sectional area of the shaft furnace at Montanwerke is 3.2 m2 which is equal to a diameter of 2 m approximately and, hence, the maximum metal pieces should not exceed 66 cm diameter. 
Material with a thick cross-section will heat up and melt down more slowly than one with a thin section. Excessively thick pieces slow down heating rates and excess of thin material will oxidize more readily.

From the standpoint of furnace operation and charging convenience the following table shows the suggested metallic charge weights for furnaces according to the cross-sectional area.

Table 2‑16 Theoretical Weight per Charge
	cross-section area (m2)
	Weight (Kg)

	0,66
	181 - 363

	0,89
	363 - 544

	1,17
	544 - 680

	1,48
	680 - 907

	1,82
	907 - 1361

	2,63
	1587 - 2268

	3,58
	2494 - 3402

	4,67
	3628 - 4535

	5,91
	4535 - 6350


MODDE SOFTWARE

MODDE SOFTWARE is a program for the generation and evaluation of statistical experimental designs. The experimental design is how to conduct and plan experiments in order to extract the maximum amount of information from the collected data in the presence of noise, in the fewest number of experimental runs. The basic idea is to vary all relevant factors simultaneously over a set of planned experiments, and then connect the results by means of a mathematical model. This model is then used for interpretation, predictions and optimization.

The data collected by the experimental design is used to estimate the coefficients of the model. The model represents the relationship between the response Y and the factors X1, X2, etc. MODDE uses multiple linear regression (MLR) or Partial Least Squares (PLS) to estimate the coefficients of the terms in the model. MODDE recommends PLS when you have more than 3 responses and/or missing data, and/or uncontrolled factors in the model.

Multiple Linear Regressions (MLR)

With Multiple Linear Regression the coefficients of the model are computed to minimize the sum of squares of the residuals, i.e. the sum of squared deviations between the observed and fitted values of each response. The least squares regression method yields small variances for the coefficients and small prediction errors. It is important to note that MLR separately fits one response at a time and hence assumes them to be independent.

Partial Least Squares (PLS)

When several responses (3 or more) have been measured it is important to develop a model representing the relationship of all the responses to the factors. PLS deals with many responses simultaneously, taking their covariance's into account. This provides you with an overview of how all the factors affect all the responses. 
3 Investigations

The experimental part of this project was done at commercial scale at the shaft furnace in two journeys separated by the monthly maintenance. The first journey was between 20th May and 10th June and the second journey was between 15th June and 8th July.
3.1 Carry Over

This investigation was done along both journeys until the end of all experiments. The main objective of this investigation is to characterize the dust which carried away out of the furnace. This characterization of the dust means to analyze the size distribution and chemical composition, identifying clearly which are the main elements of the course dust and to estimate its origin.

The first step of this investigation was to take daily samples of the coarse dust (left and right bin) and to register the filling frequency of the collecting bins. These samples were sieved for knowing the size distribution and compared to the filter dust.

Table 3‑1 Sieving Analysis
	Sieve (mm)
	Weight (g)

	2,8
	M1

	1
	M2

	0,5
	M3

	0,25
	M4

	<0,25
	M5

	Total
	MT


Beside of the sieving, pictures were taken for every sieve with the aim of identifying some special input materials which can be recognize after leaving the furnace. 

[image: image46.jpg]



Figure 3‑1 Test Sieve Shaker

The filling frequency was registered with the help of the operators filling the following table:

Table 3‑2 Carry Over Analysis
	
	Left Bin
	Right Bin

	Date
	Empty (Kg)
	Full (Kg)
	Beginning Time
	End Time
	Empty (Kg)
	Full (Kg)
	Beginning Time
	End Time

	
	
	
	
	
	
	
	
	


3.2 Oxygen Enrichment

The specific goal of this investigation was to determine the optimal oxygen enrichment in the total input air; therefore, different values were used and the effects in the furnace’s behavior were studied. The optimal oxygen enrichment means do not inject more oxygen than necessary to process successfully the burden, maximizing the yield of the furnace and minimizing the operating costs. 
Any problem in the furnace for the high temperature reached during this investigation leads inevitably to make changes in order to recover the current operating values of the furnace for assuring successfully quality of the products and avoiding serious problems in the furnace structure.
The investigation schedules are shown in 
Table 3‑3 Schedule Oxygen Enrichment
:

Table 3‑3 Schedule Oxygen Enrichment
	Date
	Time
	%Coke
	O2 m3/h
	Wind m3/h

	30-05-2005
	Running
	8,5
	120 
	6000

	31-05-2005
	8:00
	9,5
	200
	6000

	01-06-2005
	8:00
	10,5
	300
	6000

	02-06-2005
	8:00
	10,5
	350
	5500

	03-06-2005
	8:00
	9,5
	200
	6000

	04-06-2005
	8:00
	8,5
	200
	5500

	05-06-2005
	8:00
	8,5
	120
	6000


However due to problems in the operation during the investigations, the schedule had to be modified, which is shown as follows. 
Table 3‑4 Schedule Weight per Charge
	Date
	Time
	%Coke
	O2 m3/h
	Wind m3/h

	30-05-2005
	Running
	8-9
	120
	5500-6000

	31-05-2005
	8:00
	9-10
	180-200
	5500-6000

	01-06-2005
	8:00
	10-12
	180-200
	5000

	02-06-2005
	8:00
	10-12
	250-350
	5500

	03-06-2005
	8:00
	9-10
	200
	5500-6000

	04-06-2005
	8:00
	8-9
	120
	5000-5500

	05-06-2005
	8:00
	8-9
	120
	6000

	06-06-2005
	8:00
	9
	100 - 150
	6000

	07-06-2005
	8:00
	9
	100 - 150
	6000

	08-06-2005
	8:00
	9-10
	250 - 300
	6000

	09-06-2005
	8:00
	10-11
	270 - 300
	5000

	10-06-2005
	8:00
	10-11
	250 - 300
	5000


Oxygen Enrichment = 120 m3/h = 23 %

Oxygen Enrichment = 300 m3/h = 26 %
At the same time measurements of the tapping temperature were taken as part of the experimental procedure of this topic. The investigations oxygen enrichment were done during the first journey, however the tapping temperature measurements were taken also at the second journey to observe the influence in the furnace even when regular oxygen enrichment is used.
3.3 Wind Distribution

The distribution of the wind was determined measuring the velocity of the wind in both sides of the furnace with an anemometer. Due to the operating restrictions it was only possible to take measurements in 4 of the 12 tuyères.
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Figure 3‑2 Tuyères Configuration

This Figure shows the tuyères (in circles) where was measured the wind velocity. Obviously in the tapping zone it was not possible to take measurements of wind velocity however with the data information from the other measuring points it is possible to describe the behavior of the total wind distribution within furnace.

[image: image48.jpg]3




Figure 3‑3 Wind Measurements Points

The Figure 3‑3 shows the tuyère and the white arrow the point where the measurement takes place. The wind distribution is not only given by the velocity of the wind and thus investigations with measuring the pressure of the wind and the cooling water temperature were done. Heterogeneous wind distribution leads into inevitably heterogeneous conditions in different zones of the furnace such as different in the temperature within the furnace or more molten material, due to differences in the thermodynamic conditions. To measure the wind pressure and cooling water temperature, the furnace was divided in two zones (left and right side).

[image: image49.jpg]



Figure 3‑4 Cooling Water and Pressure Measuring Points

3.4 Special Input Materials

This investigation was done in the second journey and was carried out with the preparation of several special “heaps” of burden materials. These special input materials were charged along the current charge process and the effects were observed in the routine samples. The special heaps were:

Table 3‑5 Schedule Input Material
	Date
	Description
	Normal Value

	20-06 / 22-06
	Weight per charge 4000 - 45000 Kg
	5000 Kg

	22-06 / 24-06
	Preparation of 2 heaps with 15 tons of fine material (50 % less)
	30 tons

	24-06 / 27-06
	Weight per charge 5000 - 5500 Kg
	5000 Kg

	27-06 / 29-06
	Preparation of 2 heaps with slag lumps smaller than 50 cm diameter
	1 meter diameter approx.

	03-07 / 06-07
	Preparation of 2 heaps with only converter slag
	Anode furnace slag + Converter slag


3.5 Detailed results

3.5.1 Carry Over

The aim of this topic was to characterize the coarse dust accumulated in the processing of fine secondary materials. This characterization consisted in sieving analyzes of the coarse dust, chemical analyzes and finally a comparison between these dusts and filter dusts.

Sieving Analyzes

The sieving was carried out using the following sieves:

Table 3‑6 Sieving Investigations
	Sieve (mm)
	Weight (g)

	2,8
	M1

	1
	M2

	0,5
	M3

	0,25
	M4

	<0,25
	M5

	Total
	MT


The typical materials collected in the bins are shown in the next Figures with their respective sizes.
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Figure 3‑5 Sieve 2.8 mm

[image: image51.emf]
Figure 3‑6 Sieve 2.8 Monthly Maintenance

In the Figure 3‑5 typical material bigger than 2.8 mm which can be observed are mainly fabric cloth from the bags, light grain with low density, brass turnings and fine copper wire. The occurrence changes closer to the maintenance period because the carry over is higher and more material is transported by the off-gas stream.

The Figure 3‑6 shows the high amount of the material transported which is depending on the fine material charged. In this case it is mainly broken glass which is charged as slag former.
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Figure 3‑7 Sieve 1.0 mm
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Figure 3‑8 Sieve 0.5 mm

The Figure 3‑7 main materials observed as product of this sieve are brass turning, fine copper wire, light grains (low density) and also small pieces of clothes (fabric).

The materials observed in the Figure 3‑8 are mainly fine copper wire and fine brass turnings but both in higher amounts than in the bigger sieves. 
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Figure 3‑9 Sieve 0.25 mm

  [image: image55.jpg]



Figure 3‑10 Sieve <0.25 mm

The fine materials shown in the Figure 3‑9 which are often selected by this sieve are copper wire and brass turnings. Due to in this Figure is hard to distingue these materials microscopy Figures were taken ( REF _Ref121542288 \h 
 \* MERGEFORMAT ).

The finest material transported by the off-gas stream (Figure 3‑10) is mainly small grains which must be analyzed chemically to identify its composition. 

The finest materials were analyzed by means of microscopy with the objective to identify the materials which compose them.
In the Figure 3‑11 and  REF _Ref121542288 \h 
 is possible to observe in white circles the metallic copper present in the dusts which are mainly transported out of the furnace. 
Due to in the    Figure 3‑13 was not possible to observe metallic copper wire, it is concluded that they are bigger than 0.25 mm.
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Figure 3‑11 Microscopy 0.5 mm           Figure 3‑12 Microscopy 0.25 mm
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   Figure 3‑13 Microscopy <0.25 mm

As part of the characterization of the coarse dust the fraction for each size was calculated and the results are the following.
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Figure 3‑14 Coarse Dust Fraction 0.5 mm – 1.0 mm
In average the amount bigger than 0.5 mm represents about 13 % of the total amount.
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Figure 3‑15 Coarse Dust Fraction 0.25 mm – 0.5 mm
This plots shows that in average more than 30 % of the dusts are in this range.
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Figure 3‑16 Coarse Dust Fraction <0.25 mm

The finest material reaches in average almost 50 % of the dusts collected.
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Figure 3‑17 Coarse Dust Fraction < 0.5 mm

This plot indicates that more than 80 % of the coarse dust is smaller than 0.5 mm, so for the comparison between coarse dust and filter dust, only smaller fraction than 0.5 mm must be used. The filter dust is sold due to its high content of zinc and lead, therefore the comparison between coarse and filter dust must be oriented to analyze the commercial possibilities or an optional treatment. Actually the coarse dusts are recycling to the shaft furnace again with any treatment.

The comparison was carried out analyzing 3 main topics:

· Chemical composition

· Mineralogical composition

· Detailed size distribution

3.5.1.1 Chemical Composition

The result of the chemical composition analyzes are shown in the next plots.
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Figure 3‑18 Composition Filter Dust

This is the typical composition of the filter dust. It is characterized by its high content of zinc (~40 %), high amount of lead (~15 %) and significant amount of copper (~7%).
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Figure 3‑19 Composition Coarse Dust

Unlike the filter dust, the coarse dust is characterized by the high amount of copper (~25 %), low (comparing with filter dust) amount of zinc (~10 %) and very low amount of lead (~3 %). As summary the differences in the chemical composition are shown in the following table.

Table 3‑7 Comparison Coarse and Filter Dust
	
	Coarse Dust
	Filter Dust

	% Cu
	20 - 40
	< 10

	% Zn
	~ 10
	30 - 40

	% Pb
	< 5
	10 - 16


3.5.1.2 Mineralogical Composition

Samples of 3 days were taken with the objective of to analyze the content of copper oxides, iron oxides, zinc oxide and quartz.
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Figure 3‑20 Mineralogical Composition Coarse Dust
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Figure 3‑21 Mineralogical Composition Filter Dust

3.5.1.3 Detailed Size Distribution

The size distribution analyzes were made comparing the finest size of the coarse dust and the filter dust for the same days. 
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Figure 3‑22 Size Distribution Coarse Dust

The Figure 3‑22 shows the low content of material smaller than 30 (µm) and the different size distribution of 9th June (high carry over).
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Figure 3‑23 Size Distribution Filter Dust

The Figure 3‑23 shows that the grain size distribution is more homogeneous than the coarse dust. Like in the Figure 3‑22 distribution of 9th June (high carry over) has different behavior than the other days. However, the effects are opposite and the difference between both grain size distributions is wider.

3.5.1.4 Accumulation Rate of Carry Over

The accumulation rate of the collecting bins and the variation of the weight accumulated are shown in the following plots.
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Figure 3‑24 Carry Over First Journey Left Bin

According to the tendency line shown, the accumulation rate of the carry over decreases close to the monthly maintenance but it must be analyzed in detail (Carry Over). The amount of dust carried over varies in short ranges around 1.5 tons per day.
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Figure 3‑25 Carry Over Coarse Dust Second Journey Left Bin

The accumulation rate is high close to the monthly maintenance and the amount of dust carried out varies between 0.7 and 1.5 tons per day.
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Figure 3‑26 Carry Over Coarse Dust First Journey Right Bin

The accumulation rate of carry over and amount of dust increased gradually. 
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Figure 3‑27 Carry Over Coarse Dust Second Journey Right Bin
The tendency shown in the Figure 3‑27 is very clear and reveals that the accumulation rate increases gradually close to the monthly maintenance. The amount of dust carried over is continuously shifting but increases close to the end of the journey as well.

3.5.1.5 Origin of the Coarse Dust

The chemical analyzes of the coarse dust is shown in the following tables. The Table 3‑8 Slag Formers Coarse Dust shows the contribution of the slag formers and Table 3‑9 Elements Coarse Dust the contribution of other elements.

Table 3‑8 Slag Formers Coarse Dust
	
	SiO2
	FeO
	MgO
	Al2O3
	CaO
	Sum

	03.Jun <0,25
	11,56
	14,69
	1,36
	4,74
	2,90
	35,25

	06.Jun <0,25
	11,48
	24,57
	1,50
	4,73
	2,04
	44,32

	09.Jun <0,25
	11,03
	16,76
	1,34
	5,09
	2,28
	36,50

	10.Jun <0,25
	15,33
	24,29
	1,54
	5,04
	2,41
	48,61

	22.Jun <0,25
	15,65
	20,06
	2,11
	5,38
	2,93
	46,13

	25.Jun <0,25
	20,01
	13,81
	1,78
	8,45
	4,59
	48,64

	05.Jul <0,25
	15,01
	19,43
	4,01
	7,97
	3,42
	49,84

	06.Jul <0,25
	11,57
	14,55
	2,13
	13,11
	2,66
	44,02

	03.Jun 0,25
	14,66
	17,94
	1,37
	5,10
	2,47
	41,54

	06.Jun 0,25
	16,67
	26,35
	1,89
	5,83
	2,74
	53,48

	09.Jun 0,25
	16,80
	19,80
	1,67
	7,29
	2,79
	48,35

	10.Jun 0,25
	20,47
	26,84
	1,70
	6,84
	3,33
	59,18

	22.Jun 0,25
	15,97
	21,86
	2,15
	5,85
	2,75
	48,58

	25.Jun 0,25
	22,67
	15,42
	1,68
	8,46
	4,51
	52,74

	05.Jul 0,25
	16,08
	19,34
	3,45
	6,96
	3,69
	49,52

	06.Jul 0,25
	17,25
	19,11
	1,74
	7,70
	3,10
	48,90

	03.Jun 0,5
	9,35
	13,35
	1,01
	4,76
	2,77
	31,24

	06.Jun 0,5
	10,49
	21,83
	1,06
	4,68
	2,32
	40,38

	09.Jun 0,5
	11,51
	13,61
	1,13
	6,10
	2,65
	35,00

	10.Jun 0,5
	15,13
	21,79
	1,50
	7,11
	3,53
	49,06

	
	
	
	
	
	Average
	45,56


Table 3‑9 Elements Coarse Dust

	
	Ag
	Pb
	Sn
	Zn
	Cu
	Sum

	03.Jun <0,25
	0,05
	2,77
	1,43
	9,99
	27,76
	42,00

	06.Jun <0,25
	0,05
	2,47
	1,94
	8,62
	28,60
	41,68

	09.Jun <0,25
	0,05
	3,44
	1,97
	11,81
	30,73
	48,00

	10.Jun <0,25
	0,05
	2,43
	1,48
	10,93
	23,77
	38,66

	22.Jun <0,25
	0,05
	3,29
	1,74
	11,09
	26,44
	42,61

	25.Jun <0,25
	0,04
	3,90
	1,59
	8,46
	22,62
	36,61

	05.Jul <0,25
	0,05
	3,84
	1,79
	10,15
	17,08
	32,91

	06.Jul <0,25
	0,05
	5,90
	1,75
	11,55
	22,26
	41,51

	03.Jun 0,25
	0,04
	1,77
	1,06
	7,50
	33,12
	43,49

	06.Jun 0,25
	0,04
	2,06
	1,48
	7,92
	17,83
	29,33

	09.Jun 0,25
	0,04
	2,49
	1,47
	11,18
	22,11
	37,29

	10.Jun 0,25
	0,04
	2,02
	1,36
	8,93
	16,38
	28,73

	22.Jun 0,25
	0,04
	2,47
	1,67
	8,94
	25,23
	38,35

	25.Jun 0,25
	0,04
	2,58
	1,29
	6,66
	21,20
	31,77

	05.Jul 0,25
	0,04
	3,12
	1,76
	11,83
	25,88
	42,63

	06.Jul 0,25
	0,05
	3,87
	1,59
	11,09
	21,35
	37,95

	03.Jun 0,5
	0,04
	1,43
	0,88
	7,42
	45,21
	54,98

	06.Jun 0,5
	0,04
	2,04
	1,03
	11,90
	32,69
	47,70

	09.Jun 0,5
	0,04
	2,63
	1,09
	9,95
	23,82
	37,53

	10.Jun 0,5
	0,04
	2,28
	1,28
	10,45
	22,18
	36,23

	
	
	
	
	
	Average
	39,50


3.5.2 Oxygen Enrichment

The results of the oxygen enrichment investigations were calculated according to the expected effects in the process.

During the tapping of the furnace the temperature varies according the material and operating conditions. The tapping process takes approximately 5 minutes while the temperature changes depending on the product. For example while the metal (first product) is tapped the temperature is 1200 °C, but when the slag (second product) is tapped the temperature reaches its maximum value about 1300 – 1400 °C. This temperature gradient is given by the heat loss through the bottom of the furnace.
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Figure 3‑28 Tapping Temperature
This plot shows the variation of the metal tapping temperature during oxygen enrichment investigations and was built joining together the metal temperature measurements when the oxygen enrichment reached 25 – 27 %. Same method was used for the measurements with normal oxygen enrichment 120 (m3/h). 

It is important to point out the role of the coke. According to the theory the balance between exothermic and endothermic reactions is positive providing heat to the furnace, but this effect is lost with an inadequate using of coke (Coke combustion ). 
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Figure 3‑29 Coke Rate Investigations Oxygen Enrichment

The tendency line shown in the Figure 3‑29 is almost a straight line at 10 % of coke rate, however the values vary between 8 and 12 %. Due to coke rate is continuously shifting is not useful to use a daily average, because it is not representative. So the behavior of coke and oxygen together was studied with using a shorter range of measurements in order to use the real coke rate used while the oxygen changes. 
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Figure 3‑30 Maximum Tapping Temperature – Coke - Oxygen

The relationship between oxygen enrichment – coke rate and tapping temperature is correlated.
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Figure 3‑31 Variation of Maximum Tapping Temperature

This chart shows the dependency of the maximum tapping temperature with the coke rate and oxygen enrichment. The relationship between these two parameters can be quantified using the following equation.
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(Equation 3‑1)
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Figure 3‑32 Throughput of the Furnace
The tendency between throughput and oxygen enrichment is very marked. When oxygen enrichment is used the furnace is able to process more material. 
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Figure 3‑33 Specific Value Throughput

This plot shows the dependency of the throughput with the oxygen enrichment in order to quantify this correlation. 
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(Equation 3‑2)
This equation says that without oxygen enrichment the throughput reached is 5600,8 Kg/h = 134.4 tons/day. 
When the oxygen enrichment is 120 m3/h the throughput reached is:

Throughput = 9.659 x 120 + 5600.8 = 6760 Kg/h = 162 tons/day 
When the oxygen enrichment is 280 m3/h the throughput reached is:
Throughput = 9.659 x 280 + 5600.8 = 8305 Kg/h = 199 tons/day
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Figure 3‑34 Metal Losses in Slag

The previous points are concerning to the advantages of increasing the oxygen enrichment, but sadly, there are also disadvantages related to this experiments. More oxygen injected induces more oxidation of metals and the losses are increased. Only copper losses were observed in both investigations with high oxygen enrichment and the lead losses only in the first period of experiments.
3.5.3 Wind Distribution
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Figure 3‑35 Detailed Wind Velocities

The results of the measurements of air velocity are shown in the Figure 3‑35. The range of velocities varies between 10 m/s and 60 m/s.

[image: image85.emf]
Figure 3‑36 Wind Pressure Shaft Furnace
This plot shows the wide range of pressure changing every time. Although no correlation is possible observing the wide range shown is an indictor of the uneven distribution of the burden within furnace. An uneven distribution of the burden affects the permeability of the packed bed and the distribution of the wind.
[image: image86.emf]
Figure 3‑37 Cooling Water Outlet Temperature
The Figure 3‑37 shows that the temperature of the cooling water outlet changes between 54 – 66 °C. It also indicates that there is a temperature gradient within furnace.

3.5.4 Special Input Materials
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Figure 3‑38 Black Copper Composition

This plot shows the behavior of the main elements present in Black Copper when special materials were charged.
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Figure 3‑39 Throughput Second Journey

The throughput reaches higher values with low weight per charge and converter slag only.
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Figure 3‑40 Accumulation Rate Coarse Dust

This plot shows the accumulation rate of coarse dust in the left bin.

The results of the charges with converter slag only are shown in the next table. Investigations with converter slag were done in 2004 as well, and so it is possible to do a comparison with the current results. Standard indicates the normal operation where mixed slag is charged.
Table 3‑10 Analysis when charging Converter Slag
	Black Copper
	% Cu
	% Pb
	% Zn
	% Sn
	% Ni

	July 2004
	Investigation
	76,64
	4,68
	1,60
	9,15
	5,64

	
	Standard
	78,46
	4,37
	2,19
	6,89
	4,61

	
	Difference
	-1,82
	0,31
	-0,59
	2,26
	1,03

	
	Change
	-2,32
	7,09
	-27,08
	32,80
	22,34

	July 2005
	Investigation
	73,30
	4,78
	2,02
	8,22
	5,73

	
	Standard
	75,03
	4,04
	2,51
	7,20
	4,49

	
	Difference
	-1,73
	0,74
	-0,49
	1,02
	1,24

	
	Change
	-2,31
	18,32
	-19,52
	14,17
	27,62

	Filter Dust
	
	% Cu
	% Pb
	% Zn
	% Sn
	

	July 2004
	Investigation
	6,58
	15,90
	34,01
	2,24
	

	
	Standard
	7,73
	15,42
	36,12
	1,66
	

	
	Difference
	-1,15
	0,48
	-2,11
	0,58
	

	
	Change
	-14,88
	3,11
	-5,84
	34,94
	

	July 2005
	Investigation
	5,79
	15,41
	37,16
	1,86
	

	
	Standard
	7,39
	13,98
	37,04
	1,90
	

	
	Difference
	-1,60
	1,43
	0,12
	-0,04
	

	
	Change
	-21,65
	10,23
	0,32
	-2,11
	

	Slag
	% Cu
	% Pb
	% ZnO
	
	

	July 2004
	Investigation
	1,28
	0,59
	5,54
	
	

	
	Standard
	1,30
	0,46
	5,46
	
	

	
	Difference
	-0,02
	0,13
	0,08
	
	

	
	Change
	-1,54
	28,26
	1,47
	
	

	July 2005
	Investigation
	1,36
	0,79
	3,02
	
	

	
	Standard
	1,41
	0,65
	5,02
	
	

	
	Difference
	-0,05
	0,14
	-2,00
	
	

	
	Change
	-3,55
	21,54
	-39,84
	
	


The values corresponding to the standard operation for 2005 were calculated considering only the months January, February and March.
3.5.5 Reactions in the Holding Furnace

The results of the chemical composition analysis of the tapping samples and routine samples for the same period are shown in the following plots.
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Figure 3‑41 Copper in Black Copper Tapping Samples
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Figure 3‑42 Copper in Black Copper Holding Furnace Samples

The Figure 3‑41 and Figure 3‑42 show that the content of copper in black copper is higher in routine samples than in the tapping samples. 
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Figure 3‑43 FeO in Slag Tapping Samples

[image: image94.emf]Content of FeO in Slag Holding Furnace Samples

45,63

0

10

20

30

40

50

60

01-Jun 02-Jun 03-Jun 05-Jun 06-Jun 07-Jun 08-Jun 09-Jun 11-Jun 15-Jun 16-Jun 17-Jun 19-Jun 20-Jun 21-Jun 22-Jun 23-Jun 26-Jun 27-Jun 28-Jun 29-Jun 30-Jun

03-Jul 04-Jul 05-Jul 06-Jul 07-Jul 08-Jul

Average

Content (%)


Figure 3‑44 FeO in Slag Holding Furnace Samples

 The Figure 3‑43 and Figure 3‑44 show that the content of FeO increases in the holding furnace. 
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Figure 3‑45 Holding Furnace versus Tapping Samples 

The Figure 3‑45 shows the behavior the variation in the chemical composition of black copper in the holding furnace and in the tapping.

4 Model calculations by MODDE

5 MODDE was used in order to find the correlation between the investigations and data of the shaft furnace since January 2003 until March 2005. 
6 MODDE analyzes the input, output and chemical analyzes of the shaft furnace’s products. After processing the data information this program is able to show the effect of the input material in the output material and its chemical composition.
7 When are correlated 2 variables of the input in one of the output MODDE shows the tendency and real values, therefore it is useful for comparing these results with the investigations. 
8 The 2 variables selected were coke and oxygen in order to compare with the investigations of oxygen enrichment. These 2 variables selected were correlated in order to find their effect in the copper content in black copper, iron content in black copper, copper losses in slag, lead losses in slag, zinc oxide losses in slag, amount of black copper produced and amount of slag produced.
9 In 2003 low amount of irony copper scrap was normally charged, in 2004 for and now are charged normally high amounts of irony copper scrap (50 tons with 60 % Fe approximately). The metal losses in slag decrease with higher amount of irony copper scrap charged. Therefore, plots for both cases (high and low amount of irony copper scrap) were built by MODDE.
9.1 Metal

9.1.1 Copper Content in Black Copper
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Correlation 4‑1 Coke – Oxygen - Copper in Black Copper
This correlation shows that the content of copper in black copper reaches its maximum with high content of oxygen is used and low amounts of coke. 
9.1.2 Iron Content in Black Copper
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Correlation 4‑2 Coke – Oxygen – Iron in Black Copper 
The content of iron in black copper is increasing while lower oxygen is injected in presence of high contents of coke.
9.2 Metal Losses in Slag

9.2.1 Copper Content in Slag
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Correlation 4‑3 Coke – Oxygen – Copper in Slag Normal Irony Scrap
This plot shows that when oxygen enrichment is used beside of low coke rate the content of copper in slag is gradually increasing.
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Correlation 4‑4 Coke – Oxygen – Copper in Slag High Irony Scrap
The Correlation 4‑4 shows the copper losses in slag when high amounts of irony cropper scrap was charged.

9.2.2 Lead Content in Slag
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Correlation 4‑5 Coke – Oxygen Lead in Slag Normal Irony Scrap
Although this tendency is not very clear, it indicates while increasing the oxygen content, not affected by the amount of coke, the amount of lead in the slag is increasing.
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Correlation 4‑6 Coke – Oxygen – Lead in Slag High Irony Scrap
The Correlation 4‑6 shows the content of lead in slag when high amounts of irony-copper scrap was charged.

9.2.3 Zinc Oxide Losses in the Slag
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Correlation 4‑7 Coke – Oxygen – Zinc Oxide in Slag High Irony Scrap
The Correlation 4‑7 shows the zinc oxide losses in presence of high amounts of copper irony scrap.
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Correlation 4‑8 Coke – Oxygen – Zinc Oxide in Slag Normal Irony Scrap
The Correlation 4‑8 shows the zinc oxide losses in presence of normal amounts of irony copper scrap.

9.3 Throughput

9.3.1 Input Material
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Correlation 4‑9 Coke – Oxygen - Throughput
The Correlation 4‑9 shows the influence of coke and oxygen in the specific value of throughput in tons per day.

The specific value of throughput is the amount of burden in tons per day.



9.3.2 Mass of Black Copper
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Correlation 4‑10 Coke – Oxygen – Mass of Black Copper
This correlation shows that a high amount of coke and high oxygen enrichment increases the mass of black copper.

9.3.3 Mass of Slag
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Correlation 4‑11 Coke – Oxygen – Mass of Slag
In this correlation it is possible to observe while the coke amount remains constant and the oxygen is increasing, the mass of slag produced increases as well.
10 Discussion of Results

10.1 Investigations

10.1.1 Carry Over


The Figure 3‑5 and Figure 3‑6 show the difference in the amount of material carried over. It is because close to the monthly maintenance the accumulation of material in the walls of the furnace lowering the cross-sectional area and therefore lowering the voidage. The Figure 2‑8, case 2 represents this effect clearly. High voidage assists in lowering the pressure loss and, by the same way, a high top gas pressure assists in high residence time of the gases, more even gas distribution and low amount of dust carried over:
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(Equation 2‑4). 
Therefore low voidage helps to increase the amount of dust carried over (Gas Flow and Permeability).

Coarse materials (>0.5 mm) transported by the off-gas stream are mainly fine copper wire (Figure 3‑11), brass turnings, fabric (pieces of clothes) and material with low density. The results of the sieving are shown in the following table.

Table 5‑1 Sieving Results
	Sieve (mm)
	Fraction (%)

	> 0.5
	5

	0.5
	~13

	0.25
	~35

	< 0.25
	~47


The results of the comparison of the chemical composition between coarse and filter dust say that the coarse dust, due to its low content of zinc and lead and significant content of copper, must be recycled to the shaft furnace. The Table 3‑7 Comparison Coarse and Filter Dust shows clearly the wide difference in the distribution of zinc, lead and copper in both dusts.

Coarse dust distribution (Figure 3‑22) shows that, approximately, only 20% of particles are smaller than 31 µm and the filter dust distribution (Figure 3‑23) shows that more than 70% of particles are smaller 31 µm too. In both plots the yellow line has a different behavior than the other ones. This day (09.06.2005) is one day before the monthly maintenance and the furnace’s variables change. About grain size distribution of the coarse dust, only 20 % of the particle reached 50 µm, and about filter dust almost 100% of the particles reached 30 µm. It can be explained by the same way as before, close to the monthly maintenance brings with low voidage which encourages a high pressure loss producing high amount of dusts and only the finest particles can avoid the stream going into the filter dust (Gas Flow and Permeability). The remaining particles are dragged and go out with the coarse dust.

The results of mineralogical composition are described in the following table.

Table 5‑2 Mineralogical Composition Results
	Element /

Compound
	Coarse Dust
	Filter Dust
	Conclusion

	Cu
	Low presence copper oxide such as CuO and Cu2O is observed but not in a high frequency
	Similar presence of both copper oxides is noted in filter dust
	Well known is that copper oxides come from the slags (recycling and extern). Small particles can be transported by the off-gas stream which after crushing, metallic copper in turnings and fire wire.

	Fe
	Low presence of hematite and magnetite observed
	Although the presence of hematite and magnetite is higher in these dusts, it is still of low frequency
	Hematite and magnetite are present in both dusts in low frequency. Variations of the temperature and working oxygen potential can help the formation of these compounds.

	SiO2
	Low presence observed. Higher presence close to the monthly maintenance (09.06)
	Similar behavior observed in filter dusts
	Important is to point out the increase closer to the monthly maintenance. Typical silica bearing materials are easily broken and very fine particles are carried by the off-gas.

	ZnO
	Very low presence of oxide zinc in coarse dust is noted
	Very high presence of zinc oxide
	The content of oxide zinc is the biggest difference between coarse dust and filter dust. The formation of zinc oxide is assisted by suitable conditions of temperature and oxygen potential.


Although the accumulation rate of carry over increases close to the monthly maintenance because the effects which can be observed before (Figure 3‑24 Carry Over First Journey Left Bin) shows that according to the tendency line it decreased, however comparing the four days before, 5th June until 8th June, with 9th June and 10th June, the accumulation rate markedly increased and the behavior is according to the theory. The amount of dusts carried over per day is continuously shifting but in average is about 3 tons per day.

The origin of the coarse dust is not easy to predict due to the wide differences in size and composition of the secondary materials charged into the furnace. However with the help of the Table 3‑8 Slag Formers Coarse Dust it is possible to observe the high contribution of the slag formers reaching 45%. By the same way the Table 3‑9 Elements Coarse Dust shows the high presence of the other elements such as copper, zinc and lead, reaching 40%. On other hand, the Figure 3‑40 shows that during the fine material experiments (Special Input Materials) the lowest value for the accumulation rate in the left bin in both journeys was reached.  Although it is not possible to assure a composition or fractions of charge materials which produce the carry over, it is possible to say that fine material bearing copper, zinc, lead, and slag formers, has a high probability to go into the coarse dust.

Finally, it is possible to indicate that with high carry over (9th June) the pollution of filter dust by coarse dust does not increase (Figure 3‑18), but the difference in the size distribution between coarse dust and filter dust is wider than periods with low carry over (Figure 3‑22 and Figure 3‑23).

10.1.2 Oxygen Enrichment


The first product of the tapping is the black copper which normally is tapped at 1200 – 1250 °C with normal oxygen enrichment 120 (m3/h) and during the investigations the average of metal temperature was 1234 °C which fits exactly with the expected. By the same way, when oxygen enrichment was applied the temperature reached by the metal was in average 1328 °C (Figure 3‑28). It is to say that increasing the oxygen enrichment in approximately 2 % the metal temperature increased in 94 °C. It fits exactly with the theory concerning to this topic (Oxygen Enrichment).

The Figure 3‑31 shows the relationship between oxygen and coke with maximum tapping temperature. In order to quantify this effect the following equation is given 

y = 0.0345*x + 1323.3

y: temperature; x: oxygen*coke

This equation indicates that with 10 % of coke rate and increasing the oxygen in 1 % (60°C) the maximum tapping temperature increases in 20°C.

On other hand, due to the temperature within furnace is high, it must be able to process more material and, hence, increase the yield of the furnace. The results are very clear and indicate that increasing the oxygen content in the blast, more secondary material is molten down per day (Figure 3‑32). In order to quantify this effect the (Figure 3‑33) shows the variation and the following equation is given

y = 9.659*x + 5600.3

y: throughput; x: oxygen enrichment (m3/h)

This equation indicates that increasing the oxygen enrichment in 1 % (60°C) of the blast the throughput increases 600 (Kg/h).

The copper losses during the investigations are marked and it must be considered at the moment to evaluate the behavior of the process when more oxygen is injected into the furnace. The copper content in slag during the normal operation is about 1 % and when oxygen enrichment was applied maximum contents of 1.7 % (Figure 3‑34) are reached. It is not possible to quantify or calculate how much copper is lost per unit of percentage of oxygen enrichment, because the copper losses are calculated using the routine samples (daily) and the daily average of oxygen enrichment is not an indicator due to along the day was changed (but around high values). However, the highest value of copper in slag (1.7%) was reached when oxygen enrichment higher than 330 (m3/h) was applied. 

Concerning to the lead losses, the theory according to reference [1] indicates specifically that when oxygen enrichment is applied using low coke rates, only losses of copper and tin are observed. However, references such as [12] only refer to metal losses and any metal in special (Oxygen Enrichment). Considering the previous points the losses of lead are not strictly expected and the results shown in Figure 3‑34 reveal that although the lead losses reach high values during the experiments (0.7 %) these are not relevant in order to identify as metal losses. The normal value for lead in the slag is about 0.4 % and the range of values is continuously shifting reaching in several times values higher than 0.7 %. The tin losses could not be analyzed due to the content of tin in slag is not in the schedule of chemical analysis.

10.1.3 Wind Distribution

The results show a wide range of blast velocities. The Figure 3‑35 shows red points when the respective tuyère was cleaned by the operator using a push rod and the velocity increased. It is an indicator that the material placed in front of the tuyères has direct influence in the blast velocity. In the Figure 3‑35 it is also possible to observe that the couple of tuyères 6 and 4, and 1 left and 1 right, have a similar behavior because they are close to each other. It is another indicator that the burden distribution determines the velocity of the blast.

The Figure 3‑36 shows a wide range of pressure. The rise in the gas pressure helps in decrease the gas volume and its velocity. 
High top gas pressure assists in an even gas flow distribution and it is reached with high voidage, high equivalent grain diameter, low velocity and high resistance coefficient (Equation 2-4).
The Figure 3‑37 reveals the variation of the cooling water temperature within furnace. The changes are significant because the inlet temperature is only 54°C so the temperature gradient is between 2 and 12°C and in the same proportion varies the heat removal which is an indicator of the coke burning in the corresponding area. With an uneven distribution of burden the blast takes preferential places for ascending (Gas Flow and Permeability).

10.1.4 Special Input Materials

Due to the converter slag and anode furnace have different compositions (Table 2‑15 Converter – Anode Furnace Slag) the final product must change when only converter slag is charged. 
The results shown in Figure 3‑38 and in the Table 3‑10 indicate that the content of copper in black copper decreased 2.31 %, the content of lead increased 18.32 %, the content of zinc decreased 19.52 %, the content of tin increased 14.17 % and the content of nickel increased  27.62 %.  In the filter dust the content of copper decreased 21.65 %, the content of lead increased 10.23 %, the content of zinc increased 0.32 % and the content of tin decreased 2.11%. The content of nickel in filter dust is not analyzed. In the slag the content of zinc oxide decreased 39.84 %, the content of copper decreased 3.55 % and the content of lead increased 21.54 %. The contents of tin and nickel in the slag are not analyzed. It is not expected a precise balance between input and output because during the normal operation is charged a mix of both slags and not only anode furnace slag. It is to say, for example, the content of tin in the converter slag is 4.86 % higher than in the anode furnace slag but is not expected that the content of tin in black copper be 4.86 % smaller than the standard results, because during the normal operation is also charged converter slag but mixed with anode furnace slag.

The comparison with the investigations done in 2004 reveals differences in the effects in lead, tin and zinc in black copper, lead tin and zinc in filter dust and zinc oxide in slag, where the effects were more marked. 
Concerning to the throughput in second journey the Figure 3‑39 reached high values when less weight per charge was charged. The theory concerning to this topic is shown in the Table 2‑16 Theoretical Weight per Charge. The cross-section area of the shaft furnace is 3.2 m2 therefore the theoretical weight per charge of metallic materials must be smaller than 2500 Kg. Normally the weight per charge is about 5000 Kg, hence, the fact that the throughput increased during the investigations of 4000 Kg is an indicator that there is a connection with the theory. According to the existing theory (Size and Weight [3]) the throughput should show an increase during the investigations with slag lumps smaller than 50 cm, but the results shown in the Figure 3‑39 indicates that it was only around the average 7183 (Kg/h). However when only converter slag was charged the throughput reached high values. The converter slag lumps normally have a smaller size than the anode furnace slag lumps which diameters reach even 1 meter, the converter slag lumps are about 0.7 m of diameter.

The accumulation rate of carry over was affected by the special input materials as well. The fine material assists in a reduction of the permeability of the burden and in a reduction of the cross-section area (Gas Flow and Permeability). The results shown in the Figure 3‑40 shows clearly the decrease in the accumulation rate of carry over.

10.1.5 Reactions in the Holding Furnace

Comparing the tapping samples with the routine samples taken in the holding furnace it was demonstrated that the final separation between slag and metal takes place there. The contents of copper in black copper and FeO in slag are higher in the holding furnace than in the shaft furnace tapping. On other hand small amount of zinc is also separated and its content in black copper is increased. In average in the holding furnace the content of copper in the black copper is 76.55 % and in the tapping 74.54 %. On other hand, in average the content of FeO in the routine samples is 45.63 % and in the tapping 41.23 %. This means that metallic iron in black copper, which reduces oxide copper compounds, increases the content of copper in black copper. It can be seen clearly in the Figure 3‑45 where the content of iron in the tapping is 7.84 % and in the holding furnace 5.72 %. Therefore the reaction 2-23 takes part in the holding furnace. Other elements vary as well, but not in relevant amounts.

10.2 MODDE Correlations

10.2.1 Metal

Although the Correlation 4‑1 shows clearly that the content of copper in black copper increases when the content of oxygen increases and coke decreases, it is a wrong tendency. The oxygen enrichment increases the energy input but beside of adequate coke rate used (Coke combustion )

The content of iron in black copper is high with high amounts of coke charged among lower amounts of oxygen. When the oxygen content reaches its minimum (2800 Nm3 per day = 120 Nm3/hour) and in presence of high amounts of coke, much CO will be formed (Coke combustion ). The CO reacts with the oxide elements (reducing oxide materials) in the upper zone of the furnace. Due to CO reduces the oxide materials the iron does not take place in the reduction process and is going directly into the metal. This effect fits exactly with the results of the investigation. 

10.2.2 Metal Losses in Slag

The correlations concerning to the content of copper slag show that the content increases while higher oxygen is injected and lower coke rate is used. It fits exactly to the theory (Oxygen Enrichment [1]) due to higher oxidation of these elements is produced when the coke rate used is low. The comparison between Correlation 4‑3 and Correlation 4‑4 indicates that, although the tendency shown is similar, increasing the content of irony copper scrap the metal losses of copper decreases. With normal irony copper scrap charged and oxygen enrichment among inadequate coke rate used, the metal losses of copper are about 1.6 % and in presence of high amounts of irony copper scrap the metal losses are around 1 %. It is in regard to the theory presented which indicates that a deficiency iron in the system causes copper losses (Metallurgy of the Shaft Furnace) 

The investigations of oxygen enrichment during 31/05 – 03/06 were made using 20 tons per day of coke (high amount) and during 08/06 – 10/06 with 14 tons (normal), however in both cases copper losses in slag were observed (Figure 3‑34). 
The Correlation 4‑5 is not very clear but it is possible to observe while increasing the oxygen enrichment in among different amounts of coke, the lead losses increase. It fits exactly with the results of the investigations (Figure 3‑34) because, although are not very clear like copper losses, it is possible to observe that during the investigations of oxygen enrichment the lead losses increase. However if the Correlation 4‑5 is compared with the Correlation 4‑6 it is possible to observe that in presence of high amounts of irony copper scrap the content of lead decreased to 0.2 %. The tendencies shown by the Correlation 4‑7 and Correlation 4‑8 indicates that the amount of iron in the scrap has high relevance in the content of zinc oxide in the slag.  About the theory it is also not very clear related to the lead losses in slag. While the references [12] and [13] indicate that the metal losses are increased (any metal in special), the reference [1] indicates specifically that during the oxygen enrichment among low coke rates the metal losses of copper and tin increase.

10.2.3 Throughput 

As indicators of the throughput the mass of black copper and slag produced were analyzed. While more black copper and slag are produced by the shaft furnace more material is charged. The results of the MODDE correlations fit exactly with the theory (Oxygen Enrichment [1]) and investigations (Figure 3‑32). When higher oxygen is injected in addition to higher coke amount charged the content of black copper increases markedly. It is because the working temperature increases and the furnace is able to process more material due to an easier melting process. However this correlation is lost while the amount of coke decreases.

The Correlation 4‑9 indicates that increasing the oxygen enrichment and the coke rate the specific value of throughput increases. The specific value is defined as:

Sum of (scraps + slag + quartz (excl. coke)) [t]

---------------------------------------------------------- x 24 = [t/d]

Duration [h]

The results of the Correlation 4‑9 fits exactly with the results of the investigations (Figure 3‑33). The maximum value of specific value is 181.5 (tons/day) is equal to 7562.5 (Kg/h) and was reached using 5400 (m3/day) which is equal to use 225 (m3/h) of oxygen enrichment. 
On other hand using [image: image109.wmf]8
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(Equation 3‑2) the necessary oxygen enrichment in order to achieved 7562.5 (Kg/h) of throughput is 203.1 (m3/h). Therefore the (Equation 3‑2)  has been validated by MODDE.
11 Conclusions and Recommendations

11.1 Carry Over

Conclusions

The carry over is produced by mechanical phenomena. More than 80 % of the coarse dust has a smaller size than 0.5 mm. Therefore this range of material was used to compare with the filter dusts. 

The off-gas stream assists in carrying over material out of the furnace which comes down to the collecting bins by effect of the gravity. The accumulation rate in the left bin is between 1 – 3 Kg/min and in the right bin is between 0.3 – 0.8 Kg/min. The carry over is high close to the monthly maintenance due to the variation in the voidage of the cross-section area. 

The coarse dust must be recycled to the shaft furnace, due to its content of copper and also important amount of zinc and lead.

The comparison between coarse dust and filter dust indicate a wide range in their chemical composition and size distribution.

A high carry over brings with wide difference in the size distribution between coarse dust and filter dust, however an increase in the pollution of filter dust by coarse dust was not observed.

Recommendations

The coarse dust must be recycled after being agglomerated. The possible agglomeration processes are pelletizing and briquetting, but the economic benefits must be studied.

The products of the agglomeration process must be suitable to the operation according to the theoretical requirements shown in this investigation. It is suggested to agglomerate the coarse dust into blocks.

In order to minimize the amount of dust carried over, it is suggested to control the pressure loss within furnace. Concepts such as voidage, packed bed height, gas velocity and gas density must be considered.

The gravity effect must be used in regard to recovery the fine copper wire seen after sieving the material (< 0.5mm). 
11.2 Oxygen Enrichment

Conclusions

In regard to increase the throughput of the furnace the oxygen enrichment is a useful method. Increasing the oxygen enrichment in the blast the temperature of the furnace is increased because less nitrogen volume passes through the furnace. 

Increasing the total content of oxygen in 1 % the tapping temperature increases in average by 50 °C. 

The oxygen enrichment and coke rate used have direct influence in the maximum tapping temperature. The correlation found indicates that using 10 % of coke rate and increasing 1 % the oxygen enrichment, the maximum tapping temperature (slag tapping temperature) increases in 20 °C.

Increasing the oxygen content in the total injected air the throughput of the furnace is increased. The correlation found indicates that increasing the oxygen enrichment 1 % the throughput increases in 580 (Kg/h).

The content of copper in metal increases from 1 % to 1.7 % approximately when high oxygen enrichment is applied. Due to the short range of change the copper losses can be absolutely offset by the increase in the throughput.
Recommendations

Although increasing the oxygen enrichment the copper losses increase as well, the economic effect of increasing the throughput of the furnace is predominant. Therefore it is suggested to use oxygen enrichment as method of increasing the throughput of the furnace. It is based in the fact that the highest value of copper in slag (1.7 %) was reached using oxygen enrichments higher than 300 (m3/h). Therefore it is expected that using values of oxygen enrichment about 240 (m3/h) the copper content in slag would be lower than 1.7 % and, according to the results, the throughput will be around 8000 (Kg/h).

It is also suggested to study an optional method to increase the blast temperature, for example pre-heating of the air.

Due to the high temperatures reached when oxygen enrichment is applied, it is suggested studying the capability of the furnace to support such as temperature. The cooling water system and the shell must be strong enough in order to assure successfully the normal operation of the furnace.

11.3 Wind Distribution

Conclusions

An uneven distribution of the blast was observed. The velocity of the input air is depending on the burden distribution. 

After of cleaning the tuyères with a push rod, the velocity of the wind increases due to more free spaces in front of the tuyères are created.

The gas pressure has a direct influence in the distribution of the flow within furnace. The wide range shown by the pressure measurements is an indicator of the uneven distribution of size and packed bed materials within furnace.

The cooling water temperature varies between 56 °C and 66°C which is another indicator of the uneven distribution of burden within furnace. The blast ascends for preferential places burning the coke first in one side of the furnace. The range of variation is about 12 °C therefore the heat removal varies in the same proportion which is an indicator of the coke burning rate.

Recommendations

Due to an uneven distribution of the burden produces an uneven distribution of the air and so it is very important to get a homogeneous distribution of material. 

It is suggested to homogenize the burden distribution of material, it means the fine material must be agglomerated and the coarse material must be crushed in order to minimize the wide range of sizes existing in the burden. According to the theory before the maximum size allowed should not exceed the 50 cm.

11.4 Special input material

Conclusions

When only converter slag is charged different effects were observed. The content of copper in black copper decreased, the content of lead increased, the content of zinc decreased, the content of tin increased and the content of nickel increased. In the slag the content of zinc oxide decreased and the contents of copper and lead remained constant. In the filter dust the content of copper decreased, the content of lead increased and the contents of zinc and tin remained constant. However the quantified changes are not successful in order to assure high recovery of metals such as tin, zinc and lead and the decrease of copper in black copper cannot be offset.
The experiments of low weight per charge (4000 Kg) reveal that the throughput of the furnace increased to 8000 (Kg/h). However it can be increased due to 4000 Kg is still higher than the theoretically recommended which must be smaller than 2500 Kg of metallic materials.

Charging less fine material assisted in lowering the accumulation rate of the carry over of coarse material.

Recommendations

Due to the high influence of fine material in the accumulation rate of coarse material, it is suggested no charging of fine material into the furnace. As was previously described the fine material must be agglomerated. It is suggested to control also the lumpiness of the recycling slag.

In regard to the recycling slag, it is suggested to recycle the converter slag mixed with anode furnace slag into the shaft furnace with a known ratio. It is suggested to do investigations during 2 or 3 weeks continuously in order to observe clearly the effects in the whole smelter area.

About the weight per charge, it is suggested lowering the current weight per charge to 4000 (Kg) in order to increase the throughput. More investigations with lower than 4000 (Kg) can be done in order to know the optimal value. The maximum throughput observed during all investigations was around 8000 (Kg/h) but the upper limit is unknown. 

11.5 MODDE Correlations

Generally the results of the correlations fit very well with the theory and investigations previously described. The MODDE calculations are the confirmation of the results of the investigations using the respective theory. 

With high oxygen content in blast, in addition to high coke rate used, the throughput of the furnace increases. 
The specific value for throughput given by the investigations was validated by MODDE and must be considered in order to increase the throughput of the furnace [image: image111.wmf]8
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(Equation 3‑2).

It is concluded that the correlations fit very well with the theory and investigations due to the total amount of black copper and slag produced by the shaft furnace and has a direct dependency with the oxygen content and coke used.

About the metal losses in slag (e.g. copper), the tendency shown is fitting very well with theory and investigations. The lead and zinc losses take place but not as marked as copper. 

It was demonstrated that the content of iron in the burden assists in lowering the metal losses in slag.
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13 Data Sets

13.1 Symbols and Abbreviations

Table 8‑1 Element’s Symbols
	Symbol
	Element

	Cu
	Copper

	Ag
	Silver

	Au
	Gold

	Pd
	Palladium

	Pt
	Platinum

	Zn
	Zinc

	Sn
	Tin

	Pb
	Lead

	Ni
	Nickel

	Fe
	Iron

	SiO2
	Quartz

	Sb
	Antimony

	Te
	Tellurium

	Se
	Selenium

	S
	Sulphur

	N
	Nitrogen

	Na 
	Sodium

	Al
	Aluminium



	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	


Table 8‑2 Abbreviations
	Variable
	Meaning

	CuFe incl. Ag
	irony copper including precious metals

	RaffOxyd
	refining oxide

	slag CO+AF
	recycling slag from converter and anode furnace

	EM shredder
	mixed shredder scrap containing precious metals

	Cu shredder
	copper scrap shredder

	Cu residues EM
	copper residues containing precious metals


Table 8‑3 Parameter’s Symbols

	Symbol
	Variable

	Q
	Flow

	V
	Velocity

	A
	Area

	G
	gravity acceleration

	Ρ
	density

	µ
	viscosity

	Φ
	diameter

	R
	radio

	∏
	pi
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13.3 Mode Correlations
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