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RESUMO

A siderurgia mundial estd diante de um desafio de descarbonizagdo jamais visto antes, que
implica em necessidades de desenvolvimento técnico e vultuosos dispéndios financeiros. Uma
pesquisa de dados feita na primeira etapa deste trabalho mostrou que, algumas das principais
usinas siderdrgicas da Europa, ja sofrem com um déficit significativo entre as permissdes e
emissdes verificadas de CO. Dentre as iniciativas que visam evitar tais emissdes, foi notério o
destaque para 0 maior uso da rota de Reducdo Direta como por exemplo nos projetos HYBRIT
e SALCOS. Contudo, um aspecto importante para uso dessa rota é a susceptibilidade ao
fendmeno da colagem que pelotas de minério de ferro apresentam, sendo que as pelotas sdo a
principal carga metélica usada nos reatores. Com isso, na segunda e terceira etapa do estudo o
foco foi discorrer sobre esse fendmeno que é critico para a operacionalizacdo técnica do
processo de Reducéo Direta: o controle da colagem de pelotas. A fim de quantificar os impactos
que a colagem causa a operacao do reator, a segunda parte do trabalho foi dedicada a adaptagéo
de um modelo numérico que representasse um forno do tipo cuba e todas as equacgdes de
conservacdo de massa, energia e momentum pertinentes ao processo. O diferencial desse estudo
foi que ele levou em consideracdo outros estudos de simulagdo fisica a fim de promover
equacOes e parametrizacdes que tornassem o modelo apto a simular essa queda de pressdo em
funcdo da formacéo dos cachos. A selecdo da melhor equacgéo e parametrizacdo foi tomada com
base numa referéncia de impacto industrial cuja carga e indice de Colagem eram conhecidos.
Por sua vez, a terceira etapa do estudo contemplou um plano de trabalho laboratorial que visou
identificar quais materiais e processos de aplicacdo de recobrimento para pelotas seriam mais
efetivos no combate a colagem. Foi possivel perceber que o uso da Bentonita combinado com
materiais refratarios propiciou melhor dispersdo nas polpas e menor indice de Colagem.
Adicionalmente, constatou-se que 0 método de aplicacéo a seco na pelota crua foi pouco eficaz
e isso pode ser explicado pela baixa quantidade de material na superficie da pelota apds a
queima. Dentre todos os parametros e testes realizados, obteve-se que o indice de Adesdo e a
soma dos teores de SiO,, Al,03, CaO e MgO foram os mais influentes na variavel resposta de
indice de Colagem. O Indice de Adesdo foi também avaliado como variavel dependente e
observou-se que ha uma relacédo forte entre os seus resultados e o da area superficial especifica
medida por adsor¢do de N2 (método BET). A Bauxita foi o material que teve melhor
desempenho nesse estudo e suas vantagens foram o alto teor de AlOz que lhe conferiu 6timas

propriedades refratarias, confirmadas pelo teste de fusibilidade e a elevada superficie



especifica. Por fim, uma etapa complementar de testes foi realizada a fim de otimizar os
resultados da terceira etapa e conectd-los com a aplicacdo do modelo da segunda etapa.
Percebeu-se que a aplicagcdo de duas camadas de recobrimento, uma na pelota crua e outra na
pelota queimada, seguida de tratamento térmico a 400 °C, propiciou um melhor resultado de
indice de Colagem. Contudo, os valores obtidos nessas otimizagdes ndo foram tio melhores
que o valor de referéncia de uma aplicagdo simples de Bauxita numa pelota queimada. Ao se
comparar o impacto dessas duas situacdes no modelo, uma com aplicagéo de Bauxita simples
e a outra com aplicacdo dupla e tratamento térmico, o ganho de producdo seria de apenas 0,3
t/h.

Palavras-chave: pelotas de minério de ferro; siderurgia; reducdo direta; recobrimento;

colagem.



ABSTRACT

The world steel industry is facing a decarbonization challenge never seen before, which requires
technical development and substantial financial expenses. A data survey carried out in the first
stage of this work showed that some of the main steel mills in Europe already suffer from a
significant deficit between the allowances and verified CO, emissions. The greater use of the
Direct Reduction route like in the HYBRIT and SALCOS projects are some of the highlighted
initiatives aiming to avoid such emissions. However, an important aspect for the use of this
route is the susceptibility to the clustering that iron ore pellets, which are the main metallic
charge used in the reactors, can present. Thus, in the second and third stages of the study, the
focus was to discuss this phenomenon that is critical for the Direct Reduction technical
operationalization process: the control of pellet clustering. In order to quantify the impacts
caused by sticking on the reactor operation, the second part of the work was dedicated to the
adaptation of a numerical model that represented a shaft furnace and all the equations of mass,
energy and momentum conservation relevant to the process. The peculiarity of this study was
that it took into account other physical simulation studies in order to promote equations and
parameterizations that would make the model able to simulate this pressure drop due to the
cluster’s formation. The selection of the best equation and parameterization was based on an
industrial reference value whose burden and Clustering Index were known. Then, the third stage
of the study included a large laboratory work plan that aimed to identify which materials and
application processes for coating pellets would be more effective in preventing the sticking
phenomenon. It was possible to see that the use of Bentonite combined with other refractory
materials provided a better Dispersion Degree in the pulps and a lower Clustering Index.
Additionally, it was found that the dry application method on the green pellet was ineffective,
and this can be explained by the low amount of material on the pellet surface after firing. Among
all parameters and tests performed, it was found that the Adhesion Index and the sum of the
SiO2, Al203, CaO and MgO contents were the most influential in the Clustering Index response
variable. The Adhesion Index was also evaluated as a dependent variable, and it was observed
that there is a strong relationship between its results and the superficial area measured by N>
adsorption (BET method). Bauxite was the material that performed best in this study, and it can
be said that its advantages were the high content of Al>Os that gave it excellent refractory
properties, confirmed by the fusibility test and the high superficial area. Finally, a

complementary test step was carried out in order to seek an optimization of the results of the



third step and connect these results with the application of the second step model. It was noticed
that the application of two coating layers, one in the green pellet and the other in the fired pellet,
provided a better Clustering Index results in the two cases evaluated. Furthermore, the use of a
thermal treatment technique at 400 °C after the second layer was also beneficial to reduce the
Clustering Index. However, the values obtained in these optimizations, although better, were
not significantly lower than the reference value of a simple application of Bauxite in a fired
pellet. When comparing the impact of these two situations on the numerical model, one with
simple Bauxite application and the other with double application and heat treatment, the
production gain would be only 0.3 t/h.

Keywords: iron ore pellets; ironmaking; direct reduction; coating; clustering.
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Capitulo 1. Consideragdes iniciais

1.1. Introdugéo

Varios paises e regides signatarias do Acordo de Paris tém estabelecido metas de reducéo
de CO- que trazem consequéncias muito relevantes para suas respectivas producdes de aco. Na
Europa e alguns paises da Asia, é esperado que até 2050 as economias, incluindo a siderurgia,
sejam carbono neutras. Nesse cenario, varios projetos novos de Reducdo Direta como o
HYBRIT e 0 SALCOS vém sendo langados ao redor do mundo, devido a sua menor pegada de
carbono em relagéo a rota Alto-Forno.

Dados de 2020 da MIDREX apontam que a producdo de DRI (Direct Reduced Iron) no
mundo ja ultrapassou a incrivel marca de 100 milhdes de toneladas por ano, 0 que comprova o
momento de expansdo do segmento. Nesse contexto, pode-se destacar o acréscimo de producéao
em alguns paises como EUA, Russia, Egito, Ird e india. Na grande maioria dos paises ha a
predominancia de producdo de DRI através de reatores de cuba com carga granular como as
tecnologias desenvolvidas e conhecidas como Midrex e HyL. Aproximadamente, 76% da
producdo mundial é oriunda desses tipos de reatores.

Nessa conjectura, o papel das pelotas de minério de ferro € assaz importante, pois elas se
apresentam como o tipo de carga mais indicado para a alimentagé@o dos reatores de cuba. Um
aspecto demasiadamente importante para o processo RD é a susceptibilidade ao fendmeno da
colagem. Vaérios trabalhos ja reportaram sobre esse assunto, retratando ndo apenas a ocorréncia
do mesmo em pelotas, mas também em finos utilizados em leitos fluidizados, onde o problema
¢ ainda maior devido a elevada superficie especifica.

A colagem se resume ao fendmeno de sinterizacdo do ferro metalico, que se forma na
superficie das particulas reduzidas e pode assumir diferentes morfologias, sendo essas as
responsaveis pelas interacdes e ancoragens dessas particulas de maneira a formar aglomerados
maiores e, por fim, causando os problemas conhecidos da colagem. As morfologias de ferro
metalico mais comumente encontradas e, em ordem crescente de resisténcia mecanica, sao: (i)
erodido e poroso, (ii) ferro fibroso e alongado e (iii) ferro recém precipitado de alta energia com
formato arredondado e liso. A temperatura e atmosfera gasosa sdo 0s parametros que mais
influenciam para a determinacdo da morfologia. Em reatores RD de cuba, os cachos se formam
na zona de reducdo, proxima as paredes e a medida que eles se desenvolvem comecam a

aparecer problemas como perda de permeabilidade, instabilidade operacional devido aos
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disturbios do fluxo gasoso, menor produtividade/metalizagéo e em casos extremos leva a parada
do reator para a remogéo mecanica dos cachos e manutengéo corretiva da estrutura interna.

Dentre as contramedidas existentes para minimizar a colagem de pelotas no interior dos
reatores tem-se duas opg¢des praticas: uma € a diminuicdo da temperatura dos gases redutores e
aoutra é o artificio do uso de agentes de recobrimento. A primeira citada é usada em momentos
criticos, principalmente quando ja se detecta a presenca de cachos, porém nédo é aconselhada,
pois, ao se trabalhar com temperaturas menores reduz-se a favorabilidade cinética de reducédo
e, consequentemente, gera-se um produto (DRI) de menor qualidade. Logo, 0 uso de
recobrimento com materiais refratarios, usualmente dito como coating se transforma no
principal subterfugio para mitigar os problemas operacionais sem comprometer a qualidade
final do ferro reduzido. Normalmente, a aplicacdo desse material se d& na forma de aspersao
apos preparacao de uma polpa no momento intermediario onde a pelota se encontra na transigdo
do forno para o patio de empilhamento. Os materiais mais utilizados como coating sdo minerais
oxidos ricos em elementos como SiO», Al,0z e MgO. No entanto, apesar dos desenvolvimentos
e esforc¢os ja feitos, o conhecimento acerca das possiveis interacfes entre materiais refratarios
simultaneamente aplicados com outros aditivos, bem como outras formas alternativas de
aplicacdo do coating ainda ndo foram suficientemente explorados, 0 que impacta
consideravelmente na busca por solugdes mais efetivas. Além disso, a tendéncia futura de
reatores maiores, com temperatura e pressdo mais elevados também séo fatores que endossam
a importancia dessas investigacoes.

Assim sendo, este trabalho visou se aprofundar no entendimento dos mecanismos e
fendmenos envolvidos quando da aplicacdo de agentes de recobrimento sobre pelotas de

minério de ferro que s@o consumidas em reatores RD e seus respectivos impactos no processo.
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1.2.0bjetivos

O objetivo geral do presente trabalho foi de melhor compreender os fundamentos que
impactam na eficiéncia dos agentes de coating e a luz disso buscar quantificar as consequéncias
operacionais no processo de reducdo direta. Logo, uma série de diferentes agentes de
recobrimento e métodos de aplicacdo foram explorados em diferentes testes de caracterizacao
e performance.

Os objetivos especificos deste trabalho foram de avaliar:

= 0 balango das emissdes de CO- verificadas e licencas para emitir de algumas das
principais usinas siderdrgicas da Europa;

= as principais alternativas de reducdo de emissdes que estdo sendo cogitadas pela
industria siderdrgica;

= 0 impacto da formacéo de cachos no desempenho de reator de reducéo direta atraves
de modelagem fluido dindmica;

= a susceptibilidade ao amolecimento e fluidez dos materiais de coating quando
expostos a altas temperaturas;

= 0 nivel de dispersdo das misturas de recobrimento em polpa;

= 0 impacto do método de aplicacdo do coating (na pelota crua ou queimada) na
eficiéncia de recobrimento e prevencéo a formacéo de cachos;

= arelacdo entre as caracteristicas do material de recobrimento, método de aplicacao
e indice de colagem laboratorial.

= O impacto do tratamento térmico pos-aplicacdo de recobrimento no indice de

colagem.
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1.3. Estrutura da Tese e Descri¢édo dos Artigos

A redacdo da presente tese fundamentou-se em trés artigos internacionais: Artigo A
(Capitulo 2), Artigo B (Capitulo 3) e Artigo C (Capitulo 4). Além dessas sec¢Bes, o trabalho
ainda conta com o presente capitulo que introduz o leitor ao tema e aos objetivos do estudo,
com o capitulo de estudo complementar (Capitulo 5) no qual se tem uma etapa adicional do
trabalho que explorou uma nova forma de aplicacdo de recobrimento avaliando sua otimizagéo
ndo apenas pelo viés do ensaio laboratorial, mas também pelo impacto no processo através do
modelo numérico descrito no Capitulo 3 e, por fim, encontram-se os Capitulos 6, 7 e 8 que,
respectivamente, apresentam as consideragdes finais, as principais contribui¢cdes originais do
trabalho e as possiveis investigacdes futuras envolvendo o tema.

A seguir séo citados os artigos que sao corpo principal do presente trabalho:
= Artigo A - The impact of the emission trading scheme on the European steel
industry and the future trends for technologies for obtaining primary iron: Nessa
primeira etapa do trabalho aprofundou-se no contexto da descarbonizacao global que tém
pressionado a industria siderurgica a fazer movimentos significativos de readequacéo de
rotas. Tal contexto, com exemplos de siderurgicas europeias mostra de forma latente a
dimenséo do problema e coloca entre as mais promissoras alternativas o0 maior uso da rota
de reducéo direta e forno elétrico, o que reforca a importancia de se estudar esse processo;
= Artigo B - Evaluation of the impact of cluster formation in a direct reduction shaft
furnace through numerical simulation: Nesse artigo o foco foi ajustar um modelo de
simulacdo numérica para torna-lo apto a estimar o impacto da formacdo dos cachos de
colagem nos parametros de operacdo do forno, em especial na produtividade. A partir da
comparacdo dos resultados tedricos com uma referéncia industrial foi possivel estabelecer
esse refinamento do modelo e calibré-lo para simulacGes de outras cargas e agentes de
recobrimento.

= Artigo C - Effect of Coatings and Coating Methods on Cluster Index in Iron Oxide

Pellets for Direct Reduction Shaft Furnaces: Neste trabalho, procurou-se entender quais

variaveis (materiais de coating e método de aplicacdo) e quais fundamentos e

caracteristicas delas seriam mais influentes no indice de colagem laboratorial. A

abordagem permitiu fazer varias analises e gerou um conhecimento relevante para a selecéo

de materiais e futuros desenvolvimentos.
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ABSTRACT

Climate change is often subject of discussions around the world that implies in several
initiatives that support the reduction of greenhouse gases (GHG). Currently, countries that
signed the Paris Agreement in 2015 have plans to restrict GHG emissions based on the NDC
(Nationally Determined Contributions) established. These reductions are expected to come also
from industries, including the steel one. Some countries and regions are highlighted for having
more developed policies than the rest of the world, such as Europe, which since 2005 has been
implementing an Emission Trading Scheme (ETS). In this context, the European steel industry
has been facing challenges which impose a need for disruptive technology innovation. This
work presents four different European steel mills from different countries. A variety of finished
products were analyzed, and it was found that in all four cases there is a deficit between the
verified GHG emissions and the licenses granted for emission. The specific emissions per ton

of steel and energy efficiency of each plant play an important role in justifying these differences
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in CO2 balance among the plants. Therefore, there are multiple initiatives in progress involving
steel producers in Europe that encourage the use of new technologies and modified routes to
reduce and mitigate the volume of emissions in the steel production chain. The success of these
initiatives from a technical and an economic point of view is the path to sustainability,

competitiveness and value generation for the future industry.

Keywords: greenhouse gases, emissions, ironmaking, steelmaking.

2.1. Introduction
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Climate change has become one of the most important issues in global politics. The Kyoto
protocol, introduced in 1997, was the first international agreement to reduce GHG (Greenhouse
Gases)!. The Paris agreement, signed in 2015 and valid since November 2016, aimed to limit
climate change in this century to below 2 °C above pre-industrial levels and to pursue efforts
to limit the temperature increase even further to 1.5 °C?l, This agreement was ratified by 179
countries, which are in different stages of implementing/developing their policies®!. This global
consensus on the need to take action against climate change implies on the acceleration of
policies and regulations that inevitably bring impacts to the industrial competitiveness of all
countries and their respective economiestl,

In this context, the European Union (28 countries), Norway, Iceland and Liechtenstein have
been committed to a regulated carbon market, the ETS (Emissions Trading Scheme), which
aims to promote the reduction of GHG by 95 % until 2050 (compared to 1990 emission
levels)®!. According to the World Steel Association (2018), the global steel production accounts
for approximately 7 to 9 % of direct CO, emissions® and, as a result, it is irrefutable that
discussions about GHG reduction policies have a direct and deep impact on the steelmaking
chain.

Thus, this work shows an approach of how GHG reduction policies takes place and how they

have impacted steel industry and its competitiveness.

2.1.1 GHG Reduction Policies Around the World

Each of the signatory countries to the Paris agreement is at a different level of policies
implementation that aim to reduce the number of GHG emissions. There are cases ranging from
prohibiting emissions from certain sources, imposing taxes or fines for emissions beyond what
is desirable and what has been most widely accepted in capitalist economies is the creation of
emissions trading schemes. In this context, it is relevant to highlight the role of the ICAP
(International Carbon Action Partnership), which is an international forum for governments and
public authorities to exchange best practices, data and information regarding their carbon
regulation systems and promote the discussions about a global credit carbon market!’.

Nowadays, Asia-Pacific (APAC) is the region that has the largest share of total carbon
emissions regulated by implemented ETS systems, closely followed by Europe and less by the
American continent. ICAP monitors these ETS systems, indexes and consolidates them on its

web page. Through the quotes from January 2020, it is noted that while in some places like
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Korea and Europe each 1 ton of CO is quoted close to 30 USD, in other places like pilots’
markets in China the quotation is around to 5 USD per tont],

Regardless the approach that each country has been following, the Paris agreement through
the NDC established long-term goals that each signatory should honor in order to contribute to
mitigating the impacts of climate changes. It is observed that countries have stipulated levels
of reduction that are quite different from each other. The reduction proposed by Europe is quite
audacious while China's reduction may not be proportionately high, but it will have a significant
impact on the absolute number of tons of CO>. On the other side, Brazil has assumed a goal of

reducing emissions by 37% by 2025, based on the 2005 figures'®l.

2.1.2 Context and Current Stage of European ETS

The European ETS has been implemented by steps. In 2005, it was initially launched as a
pilot plan and now is in its third stage. The fourth stage begins in 2021, with a period extending
from 2021 to 2030. The total regulated volume covers approximately 45% of all emissions in
Europe. Sectors such as steel, thermoelectric, refineries, cement, refractories, glass, bricks,
ceramics, paper and cellulose, electricity generators, combustion plants and airlines are
included, accounting for more than 11,000 industrial installations®.

The EU ETS limits overall GHG emissions of all participants in the system, in any given
year, to a specific amount in tons of CO> equivalent (t CO2e). COze is a metric measure used to
put the emissions from various GHG on similar basis according to their global-warming
potential (GWP). The free allocations are defined each year to the exact the same number as
the total GHG limit set for the year and it is distributed through auctions to participants in the
system, who can also freely trade them amongst themselves. By April 30th of each year,
participants must provide regulators with one allowance to cover each single ton of CO.e they
emitted in the previous year. Non-compliance results in a heavy fine of EUR 100/tCO2e for
each ton of emissions without the corresponding allowancel®!. Since the third stage of ETS
Europe, emission allowances were distributed to Member States using a benchmark formula
applied at the installation level. This calculation considers five components: reference value
(benchmark), historical activity level, exchange factor, carbon leakage and a correction factor.

Each of these factors refers to a specific point of analysis. The benchmark value is based on
the average emission levels of 10% of the most efficient installations in the sector. The level of
historical activity indicates the most common value of production for a given reactor. The

exchange factor is determined by taking into account whether the process fuel or energy is
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convertible to produce heat or mechanical energy to produce an equivalent product. Any sector
that faces a significant risk of carbon leakage from exposure to non-EU competition due to price
on COg2, will receive up to 100% in this factor. Finally, the correction factor is an instrument
that ensures that the total allocation remains less than the maximum limit quantity.

Based on these surveys of installed capacities, free allocations and verified emission
analyzes, it was possible to carry out a diagnosis of Europe's steel mills regarding their GHG
balance.

2.2. Methodology

In order to provide a better understanding of the data collected, the work was divided into
four different topics: (i) GHG policies around the world; (ii) ETS context and current stage;
(iii) Case study of some steel mills in Europe; and (iv) Future prospects for the industry.

The search for bibliographic references that supported this study was wide and included
academic works from journals in the Engineering area, presentations from technical seminars
and congresses, as well as web pages of governmental and institutional parties related to the
GHG and steel industry.

Concerning the choice of the steel mills presented in this work, the following criteria were
taken into account: (i) aspects of location; (ii) owner group; and (iii) mill capacity in terms of
hot metal production. The objective was to select companies that could represent the diversity
that exists in the European steel sector.

With regards to the technologies that were discussed here, it was highlighted those that have
a more promising degree of technical potential and that contribute more significantly to the
reduction of GHG.

2.3. Results and Discussion

2.3.1 Case Study of Steel Mills in Europe

In this section, a series of information was gathered from four steel mills in Europe from
the following countries: Netherlands, Austria, Germany and France. The study data were
consulted through the EU Transaction Log website!*? reports from the Companies and
information from the Power Plants linked to the steel companies. The queries on the EU

Transaction Log website were made in 2019 and focused on the OHA (Operator Holding
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Accounts). This dataset consists of data on all installations covered by the EU ETS at the time
of download, including the operator, ETS main activity and compliance status such as allocated
allowances, verified emissions and surrendered allowances. Three types of facilities were
considered for the analysis: (i) the steelmaking mill itself, (ii) the own power plants and (iii)
third party power plants linked with steel mill. Distant installations such as minimills or other
offsite facilities were not considered.

2.3.1.1 Dutch steel mill

The Dutch steel mill is located on the North Sea Coast of Netherlands and mainly produces
flat products based on BOF route. The plant comprises of 2 coke batteries, 1 pelletizing plant,
1 sinter plant, 3 blast furnaces, 1 basic oxygen shop, 1 hot strip mill and thin strip caster, cold
rolling mill, 3 galvanized lines, 1 pre-finished steel line, hot pickling, annealing and tinning
lines. The steel production of this plant in 2018 was 6.9 Mt*Yl. In Figures 2.1 and 2.2, it is
possible to see the emission flowchart of this plant and the comparison between the verified
emissions and the free license. Based on total CO, emissions related to this mill in EU

Transaction Log and steel production published, it can be estimated that the specific emission

is around 1.80 tCO./t steel.
= Atmosphere
On-Site Use
~50%

Off-Site Process
Use ~50% Gas

Power Plant 1

Natural
Gas

Power Plant 2

Figure 2.1: Emission distribution flow in the chain associated with the Dutch steelmaker.
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Figure 2.2: Balance between verified emissions and licenses for the Dutch steelmaker.

It is noted that half of the emissions produced at the Dutch plant are burnt to heat the
furnaces within the steelmaking site, while the other half is sent to two third-party power plants.
The blast furnace gas that is sent to these third-party plants creates practically the same amount
of energy that is consumed in the steel operation. Another interesting point is that the isolated
emission from the steel plant is less than the emission license. However, when added to the
power plants emissions that should be considered in the whole balance of the steel operation

license, the situation changes and there is a deficit in the carbon allowances.

2.3.1.2 Austrian steel mill

This is an integrated steel plant located in the northern part of Austria, at the Danube river.
The plant has 3 blast furnaces which produce steel used for flat products for the energy sector
and mechanical engineering applications. Its main products are heavy plate, hot-rolled strip,
cold-rolled strip, hot-dip galvanized steel strip, electrogalvanized steel strip and organic-coated
steel strip.

In 2018, this mill reported 4.62 Mt of steel production™?l. Comparing this number with the
total emissions in the mill showed in Figure 2.3 it can be stated that each ton of steel produced

in generated the equivalent of 1.69 tCO..
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Figure 2.3: Balance between verified emissions and licenses for the Austrian steelmaker.

The Austrian power plant is integrated with the steel plant. Since 2013, this company started
to report data from the power plant implicitly within the steelmaker's data, so there is no way
to track the numbers separately. However, it is known that 80% of the steelmaker's energy
demand is provided by this plant, the remaining is purchased on the market. It is noted that the

emissions from this plant also exceed the licenses granted to the company.

2.3.1.3 German steel mill

This mill is located at the Ruhr Valley in Germany. Its products mix includes HRC, CRC,
hot dipped/electrogalvanized coil, tinplate, color coated coil, electrical steel and heavy plate.
Four blast furnaces operate in this site, which produced 9.8 Mt of pig iron in 2018. The steel
production reached 10.4 Mt and the CO intensity were about 1.79 tCO,/t steel, considering

the CO. emitted value in Figure 2.4. Figure 2.5 shows the plant's emissions diagram as well.

20
18 16.2
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o 0 mAllowances
8]
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Lo T O R SN o ) I ¢ ]

8.1 Own Power P.

Emissions Allowances

Figure 2.4: Balance between verified emissions and licenses for the German steelmaker.
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Figure 2.5: Emission distribution flow in the chain associated with the German steelmaker.

The power plant in the context is owned by the same owners as the steelmaker, but the plant
IS not integrated into the site as in the Austrian case. The power plant is supplied with a
combination of gases where 87% comes from the top gas in the blast furnaces, 9% is CO from
the coke plants and 4% comes from external natural gas. The energy generated at the power
plant is preferably sent to supply the steel mill, but there is flexibility to feed the municipal
domestic network. In this scenario, it can be seen that steel mill emission only is lower than the
free allocation, but when adding the value of the emissions from the power plant the balance

turns to shortage.

2.3.1.3 French steel mill

The French mill belongs to a big multinational steelmaking group. The plant has three blast
furnaces and one basic oxygen shop. The company produces both semi-finished and finished
products in the form of slabs and HRC. The main niche of customers of the plant is the
automobile sector. The steel production of this unit was 6.8 Mt in 2018, with a consequent
specific emission level of 1.85 tCO./t steel™. Figures 2.6 and 2.7 show information regarding

the emissions flow and the balance of emissions with licenses.

| — Atmosphere

On-Site Use
~66%
French Mill
Off-Site Process

Use ~34% Gas Integrated Power
Natural HED:

Gas

Figure 2.6: Emission distribution flow in the chain associated with the French steelmaker.
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Figure 2.7: Balance between verified emissions and licenses for the French steelmaker.

Approximately two-thirds of the process gases generated from the steel mill’s reactors are
emitted to the atmosphere, after the usage in heating purposes and flue gases on site. On the
other hand, one-third is destined for a third power plant connected to the plant. This power plant
is adapted to operate with both process gas and direct supply of natural gas. The role of the
electric power is to supply exclusively the operations of the steel plant and according to the data
from the EU Transactions Log, the emission of the plant is 4.5 MtCO.. Therefore, the total
number of emissions related to the steelmaker's operation totals 12.6 MtCO> and is the largest
deficit among the plants presented.

In Figure 2.8, it is possible to observe an overview of the four plants studied, where it is
noted that the Austrian plant is the one that has the smallest deficit between licenses granted
and emissions accounted for, besides it is also the plant with the lowest ratio of CO2 emissions
for each ton of steel produced. One of the reasons that explains the good specific emission ratio
is the low coke rate of its blast furnaces, which can be explained by the use of pre-metallized
burden (HBI). On the other hand, the situation of the Dutch plant and the German plant is quite
similar. Both have the CO; intensity about to 1.8 and the emission deficit are very close. Finally,
the French mill is the one with a slightly higher emission per ton of steel and also has a larger

total deficit, probably due to low energy efficiency.
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Figure 2.8: Comparison of the balance of emissions and emission efficiency per ton of steel

produced.

The negative balance between emission and licenses of these four plants is an indicator of
shortage, but does not necessarily imply that these steelmakers are paying penalties, since there
may be mitigating alternatives:

= Savings: credits not used in previous years could have been applied in 2018 instead of

paying.

= Traded: allowances through the course of the year.

= Transferred: free allowances from other plants owned by them and used to compensate

for these specific mills.

2.3.2 Future trends for the steelmaking industry

Taking global aspect of the need to reduce greenhouse gases and the contribution made by
industrial activity, especially in the steel chain, there is a clear need to seek technological
alternatives for the primary iron routes. Most of the ongoing efforts can be divided into three
different groupst*®!:

= CDA (Carbon Direct Avoidance): directly avoids CO2 emissions, either through an
increase in the use of renewable energy in the manufacture of steelmaking or
replacing carbon in reduction processes.

= CCU (Carbon Capture and Usage): it consists of capturing CO from the industrial

process and reusing it as a raw material for chemical conversion or other usages.
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= CCS (Carbon Capture and Storage): it is based on the generation of a clean and
concentrated CO> gas that can be transported and then stored.

In this context, it can be said that CCU and CCS are palliative resources and due to it they
normally do not tend to generate a significant influence to solve the environmental problem.
On the other hand, CDA related initiatives are naturally more disruptive and have a such greater
potential impact. Among the various CDA initiatives currently being studied for the steel
industry, some are highlighted:

= Routes alternatives to obtain primary iron (e.g. greater use of the DR/EAF and
electrolysis).

= Use of metallic or pre-metallic in the existing routes.

= Use of less polluting fuels (e.g. biomass).

= Use of cold agglomerates as burden.

= Use of electrolysis process.

= Greater use of hydrogen as a reducing agent in processes.

According to the WSA (2018), the BF/BOF route usually emits approximately 1.85 tons of
CO. per ton of steel produced, whereas 1 ton of steel via the DR-EAF route is responsible for
0.81 tons of CO!®!. Factors such as the chemical quality of raw materials loaded in the furnace
and the scrap proportion play an important role on the numbers commented by the WSA.
However, when comparing the two main technically and economically feasible routes for
obtaining steel in the world, it is observed that there is already an important difference on the
emissions related to routes. Basically, the direct reduction route has a considerable use of
hydrogen that transforms into water steam and then is reformed with natural gas. However,
what still limits the expansion of the use of the DR route in many places, remains the low
availability of low-cost natural gas!‘®l. Middle East and North Africa are historical regions with
abundant natural gas reserves, but more recently other countries as US have increased its
production of sponge iron due to the exploitation of new reserves*’l,

Some companies already have plans to partially or gradually replace their current routes to
direct reduction and electric furnace routes. Salzgitter, for example, has the SALCOS® project
(Salzgitter Low CO> Steelmaking) which aims to produce steel with a flexible and increasing
use of H.*8. To achieve this goal, they signed a partnership with Tenova to install the
ENERGIRON-ZR reactor combined with a CO> capture equipment. The expected result is that

with this route replacing the blast furnace there will be a 95% reduction in CO2 emissionst*®l,
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In those circumstances of higher usage of DR route, the HYBRIT project (Hydrogen
Breakthrough Ironmaking Technology) led by three Swedish companies, LKAB (supplier of
ore and pellets), SSAB (steel mill) and Vattenfall (energy utilities) stands out. This project
started in 2016 and more recently in 2018 the proof of concept was completed?”. The goal is
to drastically reduce CO> emissions from ironmaking, eliminating the need of fossil fuel to
reduce ore.

The engineering of this technology initially consists of electrolysis cells that produce H>
and O from water. Then the Ha is stored and before entering the DR reactor, it passes through
a condenser. Inside the shaft it promotes the reduction of the iron oxides present in the burden
and at the upside section the top gases are collected and redirected to the condenser circuit,
where the water vapor is collected and again submitted to the electrolysis cells. Although many
of the components of HYBRIT are already well-known, there are still some challenges such as
process integration, product quality (raw material needs), H> production and storage
technology, steel mill integration with power station supported by renewable sources and low
percentage of carbon (cementite) in sponge iron, which impacts electric consumption in
EAF2U. From an economic point of view, it is estimated that the cost of the steel produced in
HYBRIT will be 20 to 30% larger than steel produced on a conventional route. The feasibility
of this new route is highly dependent on the green hydrogen production capacity and its
associated costs in the future.

Another interesting development, even more disruptive, because it is a completely new
reduction technology, is the project carried out between partners in Austria (VoestAlpine,
University, K1-Met) called SuSteel (Sustainable Steel). The reactor consists of a conical reactor
with refractory lining and a cylindrical upper part with a water-cooling system. While fines
from ores and additives are loaded through the hollow electrode, argon or nitrogen are used as
plasma gas and hydrogen as a reducing agent. Thus, the fed material is pushed directly into the
plasma arc zone, where reduction and melting occur very quickly. The gas flow takes care of
transporting the materials through the tubes and a mass spectrometer measures the composition
of the gas during the test. The process works in a batch model and at the end of the operation,
the liquid iron solidifies in the reactor and after decoupling the electrode, the solid metal
solution is discharged by a cranel*?,

Since most of these projects and initiatives for the development of new routes and/or
intensive use of hydrogen in Europe are medium and long term, there are other actions that are

being evaluated for the short term[??l, Such actions include the injection of Hz into conventional



33

blast furnaces. The rates that have been tested are low due to operational restrictions and caution
that must be taken, for example with the thermal balance. However, the environmental impact
is already well known. A recent study®® showed that under regular operating conditions a
hydrogen injection of 27.5 kg/t hot metal can reduce relative emissions by 21.4 % when
compared to a typical operation using pulverized coal at a rate of 120 kg/t hot metal.

Finally, the promising higher use of hydrogen in the steelmaking chain leads to a major
challenge to generate H> with technical, environmental and economic sustainability, and
competitiveness. The most common route to obtain hydrogen today is through gas reform
reactions that originally consume natural gas as the main input?*?°l. Other cleaner ways, such
as using biomass combined with CO. capture and, as a state of the art, using water electrolysis
with related renewable energy source, are the target of many projects, but persist with the

production cost as main obstacle26],

2.4.Conclusions

In view of the study presented, it can be concluded that:

= The demand for greener products and more sustainable processes in the steelmaking
industry will be increasing. In Europe, a region where the ETS is well established,
the impact of these policies on the steel industry is notable. Four plants from
different countries faced a deficit between the allowances and the verified
emissions. In addition, it is also interesting to note that the efficiency of emissions
per ton of steel produced varied in minor quantities from one plant to another.

= Among the existing approaches to prevent GHG emissions, the CDA causes the
most positive impact and, therefore, it has guided several projects of new
technological routes. Most of the new low-carbon technological routes go through
intensive use of hydrogen as a reducing agent. Existing projects at different maturity
degrees, ranging from the migration from conventional BF/BOF route to DR routes,
to new equipment and routes and the use of hydrogen in conventional blast furnaces.

= Hydrogen production is a critical factor both for calculating the carbon footprint and
for the associated costs. Electrolyzers powered by wind, solar or nuclear generators

would be the most environmentally friendly paths.
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= Fossil-free steel will certainly be more expensive than current steel production.
Assessing market segments that are willing to pay a premium for green steel
products is an important point for discussing projects.

= Studies on sustainable steel production alternatives need to be further explored and
disseminated. In a global and ubiquitous industry such as steelmaking, those who
focus efforts in this line and succeed, will certainly acquire competitive advantages
that may be decisive in the future.
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ABSTRACT

The Direct Reduction (DR) process has been growing worldwide, and there are strong context
suggestions that it will grow even more. One of these factors is the environmental pressure that
occurs worldwide, and there are already projects to migrate Blast Furnace route steel plants to
the Direct Reduction (DR) route, due to its smaller carbon footprint. Considering the
importance of this process and the challenges of carrying out experimental tests on a pilot scale,
an adequate way to evaluate the process and its impacts is through numerical simulations. There
are different techniques applied to models that describe the counter-current reactor in the DR
process, but none of them account for the clustering phenomenon. Clustering occurs because
of the sintering of the metallic iron on the surface of the pellets in such a way that they attach
to each other, forming clusters that hinder the gas flow through the shaft. The present study

attempted to adapt a numerical model of a DR process to account for the effect of the cluster
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formation. Some clustering index equations from literature and some developed as part of this
study were used and tested in the model, as a function of temperature, by varying the solid
volume fraction in the control unit. The equation that resulted in the adjusted output closest to
the current empirical value was implemented in the model and proved to be successful.

Keywords: iron ore, direct reduction, simulation, clustering.

3.1.Introduction

DRI (direct reduced iron) production in 2019 reached 108.1 Mt, representing an increase of
7.3% compared to the year 2018. It was the fourth consecutive year of increase. More than 75%
of this DRI production comes from a reduction process in shaft furnaces (Midrex, 2020). Some
countries such as India, Iran, Algeria, USA and Russia have stood out in this scenario due to
new projects and plant reconditioning. In addition, the need for technologies with lower
greenhouse gas emissions is a relevant driver for new investments in the future. It is estimated
that a DR route with a 100% H, atmosphere may reduce emissions by approximately 80%
compared to a conventional Blast Furnace route (Costa et al., 2013, Arens et al., 2017, Hille,
2018, Ahman et al., 2018, Dorndorf, 2018, HYBRIT, 2018). However, the process has some
challenges in its operation to guarantee dynamic process control and product quality. One of
the challenges is the sintering of metallic iron formed at high temperatures and the associated
reducing atmosphere causing the formation of clusters (Zhang et al, 2012, Yi et al, 2013, Battle,
2014, Alencar, 2016).This condition comes from when some raw material with a high
susceptibility for sticking enters the shaft furnace. So, an increase in the bed pressure is noted,
which tends to increase gradually.

The reduction process that takes place inside a direct reduction reactor is complex, as it
involves a set of thermochemical reactions in a heterogeneous phase system. In this context, a
huge number of models have already been developed trying to represent the DR process. These
models range from single-particle approaches to multiparticle and components models with
topochemical and grain models (Venkateswaran and Brimacombe, 1977, Yu and Gillis, 1981,
Takenaka and Kimura, 1986, Negri, 1991 and 1995, Parisi and Laborde, 2004, Piotrowski et
al., 2005, , Pineau et al., 2006, Thurnhofer, 2006, Valipour et al., 2006, Ajbar etal., 2011, Nouri,
2011, Costa et al., 2013, Shams and Moazeni, 2015, Kazemi, 2017, Castro, 2018, Rocha et al.,

2019). Since the DR process can be summarized as a counter-current bed composed of solid
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and gas into a mass and heat transfer, the most acceptable and useful models correspond to
numerical models that comprise the multi-interaction and multiple phase theory.

The insertion of elements and components that best describe the phenomena associated with
the direct reduction process is a continuous target to achieve better operational predictability
and quality values. A recent example that can be cited is the study of the particle shape factor
charged in a Corex reactor (You et al., 2019). But there are still no models that consider the
phenomenon of clustering formation impacting the bed’s permeability and its stability.

In this sense, the present study used data from other studies (Pereira, 2012, Alencar, 2016,
Griscom et al., 2000) concerning the clustering index in different temperatures to provide
enough data to establish parameters and correlations that could be added in a model based on
transport equations applied to reactive multiphase and multicomponent systems in order to
estimate the impact of cluster formation inside the bed on the operational parameters.

3.2.Methodology

3.2.1. Clustering Index Experiment

The standard test to measure the susceptibility of clustering formation is the ISO11256. This
test is based on an isothermal reduction at 850 °C in a reducing atmosphere composed of CO
and Hz. At the end of the test, the reduced mass is weighed and put into a tumbling cycle. At
the end of each revolution, the mass in the form of a cluster is weighed and subjected to the
drum again (ISO, 2007). Eg.1 shows how the international standard 1SO11256 standard

establishes the clustering index.

100 Z
me : 1M

Where:
my is the total mass after reduction and

“ 2

cmi is the mass (g) of the cluster portion after each revolution
Previous studies (Pereira, 2012, Zhang et al., 2012, Yi et al., 2013, Alencar, 2015 and 2016)
evaluated the metallic iron morphology present at different pellet clusters considering different
reduction temperatures. According to these studies, as the reduction temperature increases, the
clustering index also rises. Based on these data, it was possible to formulate Equations 2, 3, 4

and 5 that correlate with the clustering index (CI) as a function of temperature. Three of these
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equations consider the effect of temperature as linear and one considers the effect as
exponential. All of them were evaluated in this study.

CI1 (%) = 0.38 x T(°C) —308.67  (Alencar,2015) (2)

ClI2 (%) =0.445x T (°C) — 376.75 (Alencar, 2015)  (3)

CI3 (%) =0.435x T (°C) — 347.25  (alencar,2015)  (4)

Cl4 (%) = 0.0004e0.0122 X T(°C)  (pereira, 2012)  (5)

3.2.2. Modeling Concept

3.2.2.1.General Conditions

The mathematical modeling of the DR process in the shaft furnace can be represented by the
transport equation of momentum, energy and chemical species (Melaaen, 1992, Castro et al.,
2018, Patankar, 2018, Rocha et al., 2019). In this approach, two phases can be discriminate, gas
and solid. The gas phase is represented by the reductant gas injected in the reduction zone, the
gas generated in the reduction reaction and reform, the cooling gas, and the carburization
reaction. The solid phase is the metallic burden, that is composed of pellets and lump. The
model can also represent the size distribution, divided into granulometric ranges for the pellets
and lump. In this implementation, Kkinetic constants were assumed to be the same for all
materials. Thus, the reduction rate is different due to physical characteristics, such as size, shape
factor and porosity.

The principle of solid arrangement in the control volume is assumed. Thus, this approach
considers that the gas phase fills the voids. Therefore, as in the rule of continuity, then Equation
6 can be applied.

€g+8s=1 (6)

The term &g in the above equation corresponds to the gas fraction and the & is the solid
fraction in the volume. To calculate the solid fraction in the volume, the mixture rule is applied
according to Equation 7.

E=xtm (7)
The granulometric ranges for pellets and lumps in the solid phase are represented by the

index “m” in the above equation.
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3.2.2.2. Process Governing Equations and Boundary Conditions

For each phase considered in the control volume, the conservation rule is applied. Thus the
momentum, energy and chemical species transport equation can be calculated. To represent the
industrial process, the corresponding boundary conditions are applied in these equations. The
fluxes and volumetric composition to the reduction and cooling gas inlet are assumed to be
known. For the gas phase, the reduction and cooling zone are considered. Due to pressure
difference, the gas does not pass from one zone to another. The solids assume movement against
the upward gas flow and it is allowed to pass through these two zones. In the wall region, the
gas is non-slip, and for the interaction with the solid particles, a friction coefficient is adopted.
To represent the cooling of the refractories, a heat exchange coefficient is applied to the walls.
For the two phases, the flows are assumed to be completely developed at the outlet.

Equations 8 to 11 represent the phase momentum, mass conservation, energy, and chemical

species, respectively.

9(pigiu ; i7 ;
% +div(p; & Uy uj) = div (ei,ul-grad(u]-)) — grad(g;P,) — FF  (8)
9(pigi) + div( U ) = ymreacts RL (9
ot Pi& Ui ) = Ln=1 n (9)
QeiEihd) 4 qiy(p; & Uy hy) = div (<L (h;) | + Erreacts RE AR + E, (10)
ot Pi € Ui iy Cp; 7 n=1 n = t

9(pigi i) . = . i
T + dlv(pi & Ui (Pi,specie) = div (Singelfiegrad((pi,specie)) + er:elacts MspecieR;l
(11)

In the above equations, the index i and j represent the phases and velocity components, and
n represents the chemical reactions. The terms g, ¢, p are the dynamic viscosity volumetric
fractions and phase densities, respectively. U and u are vectors and velocity components. P is
the pressure and F are the exerted strength by other phases. Cp, k and AH are heat capacity,
thermal conductivity and heat due to chemical reactions, respectively. R is the reaction rates

and M is the molecular weight of the species.
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3.2.2.3.Phase Interactions

Regarding phase interactions, the model considers the momentum, energy and mass changes.
The momentum interactions are modeled by semi-empirical equations (Eg. 12 and 13) with
adjusted constants to the shaft furnace process.

Momentum interaction:

Egs = _Fsg = [memFm]ll_jg - l_jsl(ug - us) (12)

2
Fy = 1504, |l7gil7$| ((1_82)’7%%) +1.75p, (u—‘s;m) (13)

The indexes g and s indicate gas and solid respectively, m is the granulometric range of the
solid phase component, f is the volume fraction of the granulometric range of the component in
the solid phase, F is the interaction strength between the phases, d is the mean diameter of the
granulometric range of the component in the solid phase and ¢ is the mean shape factor in the
granulometric range of the component in the solid phase.

3.2.2.4.Convection and radiation energy transfer
Equation 14 is applied to modeling the heat transfer between the solid phase components

and the gas phase.

1

1
6Em P|U | H
ES =—EJ = W«zmwm 2 + 039< = (dp m)> ( gg”g) (Ty —Tn) (14)

The above equation is accountable for convective and radiation heat transfer among the

phases and T is the phase temperature.

3.2.2.5.Phase Properties
Based on its components, the mixing rule is used to calculate the solid and gaseous phase

properties. From the ideal gas law, we can determine the gas-phase density.

P
g = ﬁz Djg M; (15)

In the above equation, the subscript j means the gas species. The viscosities of these
components are determined as follows (Bird et al., 1960, Reid et al., 1988).

6 1 M;T,
Ug = 2.6693 X 10 60— L9

wj gj

(16)



43

The terms that appear in the equation are presented below:

116145 0.52487 0.52487
W] T (7%)014874  exp(0.77320T*) = exp(2.43787T*)

9 17)

Kpolt T,
T* — o zerr;ann g (18)

The Eucken’s polyatomic gas approximation is used to determine the thermal conductivities
for the components (Wilke, 1950, Neufeld et al., 1972).

5R
K=4(C +3) @9

The wilke method (Wilke, 1950) is used to determine the viscosity and thermal code of the

phase.

A = Tjeq [L] (A=wk) (20

ijeg(yjj'.ng,jf)

(0jg/M;)
7 ) V]
79 %jjeg(951.9/M;) 21)

2
X5 = 11+ (A/2;) (Myy/ Mi)1/4} (22)

Where it is possible to determine the binary diffusivity of the gas species according to the

equation below.

e o)

T _ -4
DT, =0.0018583 X 10 (Foi01525) e ons (23)
The terms of the above equation are determined as follows:
Ogve = O.S(O'j + ak) (24)
1.06036 0.19300 1.03587 1.76474

(25)

N =
ave — (7%)0.15610 ' ox5(0.47635T*)  exp(1.5299T*)  exp(3.89411T*)

T* = KBoltzmannTg (26)

Eave
Eave= /Ej€Ek (27)

The above terms are: Boltzmann constant and ¢ and € which are related to the collision gas
types (Bird et al., 1960, Reid et al., 1988).
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The equation below defines the gas temperature as a function of gas composition and
enthalpy.

T,
Hy = Zng Q)j,g [AHJ%ESR + zéggk CPJ' (T)dT] (28)

Cp’](T) = aj + b]T + C]'T_Z (29)
Based on the solid properties, the component’s heat capacity are calculated as a function of

temperature.

Cp,k = Qg + bk + TS + ;_:; (30)

Cp,s = ZkES Cp,kQ)k,S (31)
Hs = ZkEs Dy [Alegsk + 27:;81( Cp*k (T)dT] (32)

Considering the intra-bed radiation and the limit layer convection, the thermal conductivity
is determined (Bird et al., 1960, Reid et al., 1988, Akiyama et al., 1992).

Koerr = (1 —&)(ky + a) + & [k3 + ( o4 b)_l]_1 (33)

0.274

The term es is the emissivity of solid components and the above constants are determined as

follows:
o=alt+ () ()] e

b=a(%) @9

@ = 0.1952d, (i)3 (32)  (30)

100 3600

3.2.2.6.Numerical Solution

The model uses the finite volume method (FVM) to discretize the equation of mass, energy,
momentum and species taking into account a general coordinate system (Piotrowski et al.,
2005, Pineau et al., 2006). These equations are integrated over a controlled volume; thus, a set
of algebraic equations is created. The power-law scheme is used to determine the algebraic
equation coefficients (Pineau et al., 2006). To improve the coupling of the pressure and velocity
fields, the SIMPLE algorithm technique is used iteratively. To efficiently solve the algebraic

equation system, the tridiagonal matrix algorithm based on the line by line solution is used. To
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improve the convergence, the alternated direction implicit is applied in the model solver. The
solution is obtained iteratively to a stationary condition. The solution accuracy is reached by
convergence criteria of 107 for the energy and momentum equation. The convergence target to
the mass balance equation considers a difference of 0.01.

3.2.3. Pellets Clustering Modeling

Taking into account the tests and results mentioned above where it is possible to obtain a
correlation between temperature and clustering index, the model applied the equations to
consider the presence of pellet clusters inside the DR reactor.

All equations formulated were applied in the model considering the increase of the solid
fraction in the control volume and consequently decreasing the gas permeability to the region.
In order to increase the solid volume fraction, the mean diameter dm of each solid component

is recalculated as a function of ClI (Eq. 37), where ClI is the Clustering Index in decimal format.

dy' = dp* (1-CI) (37)

The empirical equations (Parisi and Laborde, 2004) for the solid fraction component em are

actualized according to the new diameter in Equation 38:

&n = 1 —0.403[100d,,]°1* (38)

The sum of solid fraction components is used to determine the gas volume fraction (Eq. 39).

e=1-Y¢e, (39

Figure 3.1 schematically shows the configuration of the control volumes in different aspects.
Scenario A shows a reference situation with the pellets’ average diameter (dm). Scenario B
demonstrates the real aspect of the pellets that, under reduction and high temperatures, faces
softening, deformations, and the sticking phenomena, leading to the gas flow disturbance. On
the other hand, scenario C is the representation of the approach given in the present study, where
the smaller diameter of the pellets generates a greater packing factor and, consequently, greater

pressure drop, resulting in the same practical effect observed in scenario B.
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Figure 3.1 - Schematic representative diagram of the control volume: (A) condition without
clustering, (B) real flow condition with clustering and (C) condition with clustering as
represented in the model.

3.3.Results and Discussion

The evaluation of the clustering equations with different temperatures was validated, aiming
similar results that were achieved in two industrial cases. In both scenarios, the reactor was a
shaft furnace type, and the impact of the clustering index was converted into relative
productivity. After comparing and defining the best prediction equation for Cl and its impact
on solid volume fraction, new temperature scenarios were tested to evaluate the sensibility

related to it.

3.3.1. Validation of the Reference Model with Industrial Data

Before starting the tests involving the new elements in the model, such as the equation that
correlates solids fraction as a function of the clustering index, an initial validation of the model
was carried out based on a shaft furnace's industrial data from a mill located in MENA. Tables
3.1 and 3.2 show, respectively, the main operational data of this industrial reactor and the

predominant gas composition in the reduction and cooling zones.

Table 3.1 - Industrial data from a shaft furnace reactor.
Process Parameters

Solid temperature [°C] 33
Reduction Gas Temperature [°C] 985
Reduction gas Flow rate [Nm3/min] 2764

Cooling Gas Temperature [°C] 30
Cooling Gas Flow rate [Nm3/min] 850

Number of bustle gas inlets 72
Bustle gas diameter [mm] 120

Table 3.2 - Gas composition used in the reactor and model.
Gas composition
\P 0, Cco CO, H, H,O | CHs | CoHs
Reduction gas Composition [vol%] | 3.44 00 | 2898 | 232 | 53.66 | 6.4 4.98 0.1
Cooling gas Composition [vol%] 6.13 0.0 092 | 124 | 6.06 35 8215 | 0.0
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It can be seen in Table 3.1 that the operational practice of the selected reactor is in line with
the typical modus operandi of DR plants, where the raw material pellet enters the reactor at
room temperature, and the bustle gas temperature is around 1000 °C (Atsushi, 2010). In
addition, Table 3.2 shows that the reduction gas composition has an H2/CO ratio of
approximately 1.85, which is a value that guarantees good conditions for reduction kinetics and
thermal balance in the system (Capriotti, 2012). Finally, the cooling gas is very rich in CH4 to
favor the carburization and self-reforming process inside the reactor.

The pellet burden used in this validation step also represented the market share consumed
by this mill studied. Three pellets from different suppliers were simulated according to chemical
and granulometric quality highlighted in Tables 3.3 and 3.4.

Table 3.3 - Raw material chemical composition.

FeT FeO SiO; Al,03 CaO MgO P
Pellet A 67.72 NA 1.61 0.46 0.78 0.07 0.022
Pellet B 67.79 0.13 1.37 0.41 0.84 0.12 0.042
Pellet C 67.81 0.31 0.81 0.17 0.94 0.61 0.027

Table 3.4 - Raw material particle size distribution.

Materials Range 1 Range 2 Range 3 Range 4 Range 5
Pellet A (50% in burden) Size dlstrlputlon (mm) 16 12,5 10.0 8 -5
Fraction (%) 1.6 55.4 35.5 6.5 0.2
Pellet B (10% in burden) Size dlstrlputlon (mm) 16 12,5 10.0 8 -5
Fraction (%) 1.4 53.5 42.1 2.4 0.6
Pellet C (40% in burd Size distribution (mm) 16 12,5 10.0 8 -5
ellet C (40% in burden) Fraction (%) 2.9 36.6 51.7 25 0.6

According to Table 3.3, all pellets in the mix have similar iron content. However, the acid
gangue content is lower in pellet C, which also has the highest values of CaO and MgO.
Meanwhile pellets A and B are very similar in general, but pellet B has higher binary basicity
and higher phosphorus content. In terms of size distribution, Table 3.4 presents in detail the
particle size fractions of each pellet tested in the simulation. These data are one of the model
inputs and are used to calculate the average particle size and consequently the bed porosity.
Through Table 3.4, it is possible to say that pellet A has the distribution of larger pellets, while
pellet C has the distribution of smaller pellets. The most used pellet in the reactor is A (50%),
followed by C (40%) and B (10%).

Table 3.5 summarizes the simulation comparing the results obtained from the model based
on transport equations, multiphase and multicomponent systems with the industrial results

provided by the studied mill. It appears that the key process parameters, such as metallization,
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carburation and production in the model were comparable to the industrial values collected.
There are no values in the remaining parameters similar to the industrial averages but were

within the confidence interval of the industrial values measured over 30 days.

Table 3.5 - DRI and process parameters evaluated.

Average Average Top gas - Top gas - .
Parameters metallization ~ Carburization (CO,/ (H01/ Pres?:{;)lj rop P“’gfﬁ)‘ on
(%) (%) CO+CO2) (%) Ho+H20) (%)
'”‘g‘astt;'a' 93.8 2.3 46.1 44.4 0.97 128
Model Result 93.75 2.35 48.11 46.76 1.09 128

Figure 3.2 shows the temperature profile of solids and gas. The results obtained in the
simulation are aligned with what is expected for a typical industrial operation. First, the
temperatures of solids and gases are close to each other and the highest temperature observed
inside the reactor in both cases is slightly lower than the bustle gas temperature because after
entering the shaft, the bustle gas expands its volume and subsequently experiences a slight
pressure drop. In addition, the regions of higher temperatures in the reduction zone are close to
the walls, whereas the cooling zone presents lower temperatures due to the carburization
reaction with CHs4, which is endothermic.
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Figure 3.2 - Solid and gas thermal profile.
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3.3.2. CI Approach Results

In all tests performed, each of these equations generated a CI that replaced the Eq. 15 and
led to different outputs of the solid fraction and consequently permeability. The Cls that result

from each equation for different temperature ranges are shown in Table 3.6.

Table 3.6 - Temperature and its relative CI for each equation tested.

Temperature °C Cll Cl2 CI3 Cl4
850 14.33 22.50 1.50 12.76
900 33.33 44.25 23.75 23.48
950 52.33 66.00 46.00 43.20
1000 71.33 87.75 68.25 79.52
1050 90.33 109.50 90.50 146.34

All cases/equations had a version called “Adjusted” that represents the return to the base
case's original condition for Dp (pressure drop). This understanding reflects the operational
practices that always aim to work within an ideal range of Dp in order to keep operational safety
and stability. Thus, all four evaluation cases use equations that correct the solid fraction volume,
which decreases the permeability and increases the Dp of the reactor. Therefore, in the adjusted
cases, the Dp is reestablished, correcting gas flow and/or temperature, and thus these adjusted

cases lead to lower productivity, as shown in Table 3.7.

Table 3.7 - DRI and process parameters for each case evaluated.

Base
case

Production (vh) 12800 12800 9650 12800 10400 12800 96.00 12800 100.50

Dp (atm) 1030 136 1029 126 1032 151 0979 128  1.024
Metalization (%) 9328 9389 9380 9384 9370 9393 9339 9373 93.46
COM(CO+COy) (%) 46.00 46.83 4927 4679 4853 46.94 4934 4671  48.87
H,Ol(H+H,0) (%) 4396 4390 4339 4393 4353 4386 4354 4387 43.48

Cl1 Adjusted CI2 Adjusted CI3 Adjusted Cl4 Adjusted

Such numerical simulation results in Table 3.7 were contrasted with the practical experience
based on two real situations involving two DR shaft furnace reactors from different locations.
In one case, a pellet consumes a CI of 10%, which was replaced by another pellet of the same
supplier, but with a ClI of 39%. In the other case, the same pellet with a 10% Clustering Index
was changed by one with a 13% CI. The impacts in both scenarios were similar. It was necessary
to reduce the temperature and flow rate of the bustle gas over a period and, as a result, the
furnace productivity decreased. Even though they are different furnaces, dealing with the data

in both cases led to a correlation, where each additional 1% CI in the burden would result in a
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relative decrease of production around 0.83%. Table 3.8 presents the data from each numerical
simulation based on the four equations formulated. Figure 3.3 shows the decrease of
production-related to each 1% of CI, aiming to highlight the best value compared to the

empirical rule.
Table 3.8 - DRI production loss according to each CI equation.
Equation Decrease of production t/h Relative decrease %
Ci1 31.5 24.61
Cl2 32.0 25.00
CI3 24.0 18.75
Cl4 27.5 21.48
1.20
1.01
1.00 0.92
Industrial Reference; 0.83
IO e
0.74
0.60 0.56
0.40
0.20

0.00
CI1 CI2 CI3 Cl4

Figure 3.3 - Decrease of production for each 1% Clustering Index.

It can be seen from Table 3.8 and Figure 3.3 that the Equations CI1 and Cl14 are the ones that
come closest to the industrial value of 0.83%. However, when observing Table 3.6, it is noted
that extrapolating the Equation Cl4 to temperature values just above 1000 °C would result in
ClI values above 100%, which is something impossible. Therefore, the most suitable equation

considered to represent the impact of the clustering inside the reactor was the Equation CI1.

3.3.3. Temperature Influence on CI

Figure 4.4 depicts the influence of the bustle gas temperature on CI. Each slice of the furnace
represented by the letters in Figure 3.4 refers to a simulation made at a specific bustle gas
temperature in its steady state. As can be seen, the fraction of solids (clusters) increases with
increasing bustle gas temperature, where Equation CI1 was applied to conduct this
investigation. This aspect is in line with the industrial reports of buildup problems (Costa et al.,

2013, Voelker, 2019) because clusters usually concentrate. In more severe cases, these clusters
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can accumulate inside the furnace and drastically obstruct the permeability, requiring a
maintenance cold stop. This is why reactors cannot be found operating at bustle gas
temperatures much higher than 1000°C.

(a) Temperature 985°C  (b) Temperature 1025°C (c) Temperature 1035°C (d) Temperature 1050°C

7.5e-01

' 0.74

0.73

0.72

Solid Fraction (%) Solid Fraction (%) Solid Fraction (%) a Solid Fraction (%)

Figure 3.4 - Evolution of solid fraction according to bustle gas temperature simulated: (a)
985°C, (b) 1025°C, (c) 1035°C and (d) 1050°C.

3.4.Conclusions

The experience of seeking literary references about the temperature impact on the formation
of the clusters and associating these equations with the solid’s fraction volume and their
respective bed permeability was novel and successfully tested using an adjusted mathematic
approach. Based on this study, new evaluations of potential coating agents may be performed
more assertively through laboratory tests and the developed numerical model, saving costs and
time with more complex and industrial tests. In addition, from the data obtained with this study,
it can be stated that:

= The adaptation of a pre-existing model based on the finite volumes’ method focusing
on the RD process was suitable to assess the impact of the cluster formation inside a

DR shaft furnace reactor.
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= From the equations evaluated in this study, the Equation CI1 (CI1 (%) =0.38 x T
(°C) - 308.67) was the one that showed the best adherence to the empirical result of
real case studies.

= These equations for clustering modelling used in different temperatures presented

the same industrial trend, starting with the reactor walls and going towards the center.
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ABSTRACT

Coatings have been used for a significant number of years in the Direct Reduction industry and
the 1SO Cluster Index plays an important role in this context since it allows a better
predictability of pellet performance in the industrial process. The present work developed a
series of tests and characterization in order to better understand which materials, methods and
characteristics would be most relevant to decrease the clustering index. It was noticed that
coating on green pellets is worse as compared to the conventional application method which
coat the pellets after the hardening process in the pelletizing furnace. In an evaluation of
predictive parameters, it was observed that the adhesion index and the sum of SiO2, Al,0s, CaO
and MgO content influence the clustering index response variable. Consequently, it was
observed that the adhesion index is proportional to the microporosity and mesoporosity of the

coating materials. Bauxite was the material that showed the best performance. Its differentials
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were the high content of Al.O3 combined with its high microporosity/mesoporosity, i.e. pores
with diameter up to 50 nm.

Keywords: iron ore pellets; direct reduction; clustering; coating materials.

4.1. Introduction

The world production of sponge iron has been growing and it is already over 100 Mt. In
2019 the highlight of growth was the increase in capacity of coal-based projects in India, added
to the Iran and Algeria projects of reactors based on natural gas. New projects to be concluded
in 2021 are expected to further increase the production capacity of sponge iron by 7.55 Mt in
the world™. The aspects that have led these regions of the Middle East, North Africa and Asia
to be the most prominent promoters of this route come from the availability of inexpensive
natural gas as well as the economic factors of demand for steel®. However, other factors and
regions have also presented longer-term projects that encourage the intense use of the Direct
Reduction (DR) and Electric Arc Furnace (EAF) route. In Europe, where there is a regulated
carbon market with aggressive CO: reduction targets, there are already several projects
underway that involve disruptive technologies and greater use of DR, including hydrogen
usagel®>19,

Iron ore pellets are the main burden component of the predominant DR reactors, gas-based
shaft furnaces. What is expected from the pellets in the shaft furnace is that they have good
chemical quality (low gangue content), high physical quality, high metallization degree and low
clustering index. The sticking phenomenon (clustering) is critical for reactor permeability and
performance. Basically, this phenomenon is defined as the sintering of metallic iron on the
surface of the reduced particles**-*1, Different morphologies can take place depending on the
atmosphere and temperature applied and this leads to the operational problems that can vary
from gas flow disturbances to reactor shutdown for mechanical maintenance. The higher the
reduction temperature, the greater the reduction rate and the greater the proportion of fibrous
iron and fresh precipitated iron[!?1416.18.191 Some studies have shown that the increase of Ha
proportion in gas composition leads to lower lab Clustering Index (CI) due to the fact that the
pore structure of iron obtained by CO reduction is coarser than that by H,*>2-221. However,
WANG et al*®! demonstrated another research where increasing hydrogen led to a higher
sticking and they attributed this to the fact that the reduction diffusion rate of H, was faster,

resulting in more contacts of metallic iron phases on the surface of pellets.
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Among the existing alternatives to mitigate pellet sticking inside the reactors, there are two
practical options: to reduce the bustle gas temperature or using coating agents. The first one is
used at critical moments, especially when the clusters inside the reactor are already larger and
fixed on the walls. But it is not recommended because working at lower temperatures reduces
the kinetics of reduction and consequently decrease the throughput. Then, the use of coatings
becomes the main path to prevent the cluster formation without compromising the productivity
and DRI (Direct Reduced Iron) quality. The most commonly used materials for coating are
Bauxite, Cement, Lime, Limestone, Olivine, Serpentinite, Magnesite, Quartzite, Talc and
Bentonite. All of them are refractory oxide minerals rich in elements such as SiO2, Al,O3 and
MgO. Y1 et al*?l compared two types of coating, one rich in SiO, and the other rich in CaO and
noted that the latter would be more suitable. BASDAG and AROLM! investigated the effect of
the chemical composition of the pellets (basicity), different coating agents and its surface area.
The best CI were achieved with a mixture of Limestone and Bentonite, followed by Serpentinite
and Bauxite. It was possible to notice that the surface area of the materials, which varied
between 5000 and 10000 cm?/g, was not influential on the results. COLLINS and
NORRMANI?® summarized some studies on the evaluation of coatings by LKAB and found
that materials such as Olivine, Magnesite and Cement and its combinations with pozzolanic
materials had higher performance to avoid clusters. PEREIRAP also made a wide survey of
coating materials in two levels of dosage (2.5 and 3.5 kg/t pellet) and the results showed a better
performance for coatings with MgO content like Olivine and Serpentine. Thus, given the wide
range of coating materials and the lack of clarity about which material has the best chemical or
physical characteristics, industrial purchasing decisions has been taken based on economic
parameters. Usually the cheapest available coating is the one used, and its dosage is adjusted
aiming to obtain an DR operation without technical problems.

In addition, there are some patents and studies that describes different methods to apply
coating on the pellets surface?>*. Spraying the coating slurry on the conveyor belt when the
fired pellet is transported to the stock yard is the normal procedure adopted in the industry.

The need to achieve better levels of productivity and temperature inside the DR reactor
continue to impose optimization challenges to mitigate clustering®®-23, In this context, the
present study focused on evaluating different coatings and coating methods on the lab CI in
order to seek a better understanding of which fundamental parameters would be more important

in the whole process.
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4.2 Experimental

The materials used in this study can be divided into two classes: coating materials and iron
ore pellets. The iron ore pellets were produced on a pilot scale from a hematite pellet feed.
Table 4.1 shows the chemical characterization of the materials that comprised the study, while
Table 4.2 demonstrates a quantification of the materials particle size. Regarding the coating
materials, the portfolio is diversified, and some chemical characteristics are notorious, as
highlighted in bold in the Table 4.1. For example, Bauxite and Al Oxides Mix are rich in Al2Os,
while Serpentinite and Magnesite Fines stand out, mainly, for their high MgO content. Verdete
is a rock with a predominance of SiO. Bentonite has high SiO. and Al2Os. These results were
obtained by wet chemical methods, plasma atomic emission spectrometry (ICP-OES) and
thermogravimetry.

The granulometric characterization was performed using the Blaine permeability method
with help of PC-Blaine-Star from ZEB. For Serpentinites, however, analyses needed to be
performed on a Cilas laser granulometer, Model 1064. It can be seen from Table 4.2 that
Bentonite is the material with the highest proportion of fine particles, while Serpentinite and
Bauxite are the coarsest ones.

Table 4.1. Chemical characterization of the samples (wt.%).
Materials Fe Si0, A0z CaO MgO Mn P LOI

Pellet 67.36 1.99 0.48 1.06 0.05 0.04 0.017 0.06
Bauxite 1158 741 5346 0.01 0.02 0.06 0.005 18.58
Serpentinite 512 5054 259 0.11 30.09 0.10 0.013 6.98

Magnesite 0.30 9.74 0.83 041 4287 0.04 0.005 4458
Fines

Al Oxides Mix  0.72 6.97 79.34 0.45 5.70 - - -
Verdete 446 60.02 1512 0.09 289 0.07 0.068 2.86

Bentonite 493 5336 2081 201 294 0.14 0.022 9.30
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Table 4.2. Granulometric characterization of the samples.

Samples %<0.045 mm
Magnesite Fines 84.2
Bauxite 76.3
Verdete 80.5
Bentonite 98.9
Al Oxides Mix 81.8
Serpentinite 75.1

After chemical and granulometric characterizations, the coating materials were subjected to
other investigations to measure properties such as: (i) thermal reactivity, (ii) dispersion degree,
(iii) x-ray diffraction, (iv) Al test and (v) porosity.

The thermal reactivity of the materials was evaluated through a fusibility test, which
consists of an adapted test based on the standard DIN51730 applied to analyze coal. The
fusibility analyzes were conducted in a Hesse Instruments oven, Model HR18. In this case, a
briquette sample with a diameter of 3 mm and a height of 3 mm is prepared with the material
below 45 um. The thermal cycle performed consisted of heating at a rate of 10 °C/min from
room temperature to 1000 °C and after reaching this temperature, the heating rate is reduced to
5 °C/min until the end of the test. The test can be finished either by the criterion of reaching
the maximum oven temperature (1700 °C) or by identifying the fluidity point (1/3 of initial
height). The tests were carried out in duplicate.

The dispersion degree test is a typical test of solid-liquid systems for the evaluation of
aggregation and dispersion phenomena. Knowing the impact of the interaction of electrostatic
charges of solids with the medium is essential to predict slurry behaviors and performances,
including solutions for coating materials. In addition, the density or dilution of the slurry is also
relevant. A slurry density of coating in the industrial process is usually 1.13 g/cms3. The
methodology of dispersion degree used in this test was based on the work of ARAUJO and
GALERY4 where a special glassware is used, with a tap-shaped outlet and at a height above
the bottom of the apparatus. The slurry was prepared with a concentration of solids of 2.5 %.

After 6 minutes of stirring, the system was at rest for 5 minutes. After this, the dispersed
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material and the decanted material were collected, and both were dried to account for the solid
mass. The dispersion degree (DG) is given by:

dispersed material mass
DG =

0,
initial mass added 100% (Eq. 1)

The X-ray diffraction analysis was performed in a PANalytical diffractometer (Empyrean
model) using a Co tube. The diffractograms were obtained within the range of 5-80° (26) with
a step size of 0.013°. The crystalline phases were identified using the High Score Plus software.

Based on the characterization, the best coating samples were chosen to follow to next step
and subjected to the CI evaluation. Before performing the CI test, the materials were analyzed
to determine the Al and the micro and mesoporosity by adsorption of gas. The porosity
parameters reported were determined in a NOVA 1000e device from Quantachrome, which
uses the principle of adsorption of nitrogen gas on the surface of the solid, using the BET and
BJH technique. The overlay map in Al tests is configured in an analysis made through a Zeiss
magnifying glass, with variable and controllable lighting system in synergy with a camera
connected to the Axiovision SE64 Rel. 4.9.1 SP1 software. Digital image processing provides
a covered surface map that estimates the percentage of the covered area.

The coating application was done basically in two ways: (i) conventional method and (ii)
alternative method. The first consisted of producing the pellets in the Pot Grate and then
applying the coating in the form of a slurry by spraying. Meanwhile, the alternative application
method was made at the moment after the consolidation of the green pellets in the pelletizing
disc and before loading into the Pot Grate. The coating agent in this case was applied in the
form of powder, directly on the pellets, taking into account the same dosage than the
conventional one: 3.5 kg of coating per 1 ton of dried pellet. It is important to reinforce that
both iron ore pellet source and the coating dosage were kept constant along the work.

Finally, the samples obtained after the final coating application were directed to the ClI
metallurgical test. The retort and methodology for the reduction followed the same guidelines
as the ISO 11256 standard, but there was a change in the maximum reduction temperature,
which, in this study, was established at 925 °C.
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4.3.Results and Discussion

4.3.1. Characterization of the coating materials

4.3.1.1. Thermal Reactivity

Each coating material was tested in duplicate in the fusibility device. Based on the area,
height, width and shape factor of the sample in the cylindrical shape, it is possible to determine
different temperatures between the beginning of deformation and the melting of the material.
These various temperatures can be summarized in the deformation point and flow point, which
are defined as:

= Deformation point: the moment of beginning of softening, characterized by the
rounding of the sample edges;

= Flow point: it is the temperature at which the height of the sample reaches 1/3 of the
initial height.

The Deformation and Flow points observed are presented in Table 4.3. Deformation point
results were written in a range format; since they are determined by the rounding of the corners
there are more factors that play a role in the measurements, such as the initial geometric
perfection of the specimens. As can be seen in Table 4.3, many materials did not reach the flow
point until the temperature of 1600 ° C. Therefore, it was necessary to draw the relative height
curves shown in Figure 4.1 to better understand the softening and fluidity aspects of these
materials. At each temperature the relative height is measured, which consists of the division
between the current height and the initial height of the cylinder. From these analyses, the
materials that least flowed and changed with exposure to high temperatures were, in order: Al

Oxides Mix, Magnesite Fines, Bauxite, Serpentinite and Verdete.

Table 4.3. Fluidity parameters collected through Fusibility test.

Deformation

Coating Materials Flow Point (°C)

Point (°C)
Magnesite Fines 1337 - 1460 ND
Bauxite 1151 - 1265 ND
Verdete 1123 - 1212 1420

Al Oxides Mix 1562 - 1600 ND
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Serpentinite 1236 - 1335 1453

*ND: Not detected up to the maximum temperature of the test (1600°C)
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Figure 4.1: Relative height variation of the sample tested as a function of temperature.

4.3.1.2. Dispersion Degree

The DG tests were conducted with combinations of the coating materials and bentonite.
Eight refractory materials and two additive conditions (with and without bentonite) were used.
Dispersions using bentonite were made using 80 % of the refractory material with 20 % of the
binder. The DG is important to evaluate aspects of the DLVO theory. In this theory it is defined
that the interaction between particles of colloidal minerals are a function of the VVan der Waals
forces and the forces between the double electrical layers of the particles. When the particle
charges have an identical signal, an electrostatic repulsion occurs which promotes the
stabilization of the dispersiont®:3¢1,

The DG tests were performed in duplicate and the average results were expressed in Figure
4.2. It can be seen that materials which showed better dispersion without additives were, in

order: Verdete, Serpentinite, Al Oxides Mix, Bauxite and Magnesite Fines.
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Figure 4.2: DG of the samples with and without bentonite.

Verdete was the most easily dispersed material, which is explained by the high content of
quartz, which is an oxide mineral that leads to reactions of superficial hydrolysis in contact with
water and thereby increases the level of electrostatic repulsion between its particles.

It is observed that in all experimental points the addition of bentonite provided a significant
improvement in dispersion. This fact was also expected since bentonite is an aluminum silicate
clay that can absorb its own weight of water several times to form a highly thixotropic colloidal
gel. The structure of the gel is derived from the hydrogen bonds that develop between the clay

particlest®,

4.3.1.3.X-Ray Diffraction Analysis
X-ray diffraction analyzes were performed on the coating materials. Figure 4.3 shows the
major crystalline phases observed in each of the materials which are in line with their chemical

composition.
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Figure 4.3: X-ray patterns of the coating materials showing the identified phases.
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4.3.1.4.Adhesion Index

All coating materials were applied at the surface of the iron ore pellets as a mixture of 80

% of the refractory material and 20 % bentonite. The coating was applied using two different
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methods: (i) conventional, applying the coating slurry with a density of 1.13 g/cm? as a spray
on the fired pellets and (ii) alternatively, applying the coating powder directly to the surface of
the green pellet before firing in the pelletizing pilot pot grate. In both cases the established
dosage was 3.5 kg of coating material for each ton of pellet. Once the pellet manufacturing
process and coating application were completed, about 10 representative pellets were collected
and subjected to an evaluation of the covering map via optical microscopy. These results were
compiled and generated an average value of Al (%). A value of 100 % would mean that the
entire surface of the pellet was covered with the coating material. In Figure 4.4, it is possible to
find the values obtained for all samples. Note that in all coating applications on green pellets,
the value of Al was almost zero. Such perception was possible even at the macroscopic level,
because the color of the pellets from this application method was practically the same as the
color of pellets that had not received any coating. It is likely that during the firing process the
coating was adsorbed to the inner layers when the pellet was shrinking. This phenomenon
occurs due to the sintering and densification of the pellet matrix€l. On the other hand, among
conventional applications, it was found that the Bauxite coating was significantly superior to
that of the other materials (Figures 4.4 and 4.5).
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Figure 4.4: Adhesion index of coating materials on pellets.
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Figure 4.5: Microscopy images of the fired pellets after applying the coating materials: (a)
Serpentinite, (b) Magnesite Fines, (c) Bauxite, (d) Verdete and (e) Al Oxides Mix.
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4.3.1.5.Porosity

As shown by the granulometric analyses, all coating materials have over 75 % of their
particles smaller than 45 um (Table 4.2). It is believed that the properties of surfaces are very
important for coating materials, and the measurement of the specific surface area is fundamental
knowledge in the evaluation of new materials; the BET method has been widely used for this
purpose. Generally, the presence of pores in a solid material increases its surface area. As for
the particle size, the larger the number of small pores, the larger will be the surface area. It was
observed on the analyses of the specific surface area of the coating materials (Table 4.4) that
Bauxite has the largest while Magnesite Fines have the smallest.

Table 4.4. Specific surface area measured by nitrogen adsorption (BET method).

Coating materials m?/g
Magnesite Fines 3.4
Bauxite 116.9
Verdete 16.5
Al Oxides Mix 30.0
Serpentinite 14.7

It was observed that there is a correlation between the specific surface area determined by
nitrogen gas adsorption (BET method) with the Al of the coating materials on the surface of
the fired pellets, i.e. the highest Al value was observed for Bauxite which showed the largest
surface area. Among all analyzed coating materials, Bauxite does not present the largest number
of particles below 45 um (see Table 4.2), indicating that the large surface area may be attributed
to high number of small pores present in the particles. This effect specifically associated with
small pores can also clarify why BASDAG and AROL™ couldn’t note any correlation between

Cl and Blaine test results.
4.3.2. Coating Results and Statistical Analysis
4.3.2.1. Clustering Index

The CI tests were performed following the acceptance criteria of the 1SO11256 standard.

The average results are shown in Figure 4.6 and it can be seen that the CI (%) results of green
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pellet coated were always higher than the results obtained in conventional applications (fired
pellets), except for Magnesite Fines. Therefore, the expectation already known from the Al
results was confirmed that this alternative application method was not effective to maintain the
coating on the pellet surface and thus promote a sticking prevention barrier. Regarding the
materials, it is possible to see a sequence of those that showed less susceptibility to cluster in
the conventional way: Bauxite, followed by the Al Oxides Mix, Serpentinite, Verdete and
Magnesite Fines.
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Figure 4.6: CI of the materials evaluated in the alternative and conventional application

methods.

4.3.2.2.Statistical Analysis

Multiple regression tests were performed using the Minitab® software to provide the data
related to the variables studied. The objective was to assess which of the possible variables
would be predictors of the dependent variable CI for cases of conventional coating applications.
Within this context, it was tried to use as predictor variables: chemical composition parameters,
size distribution, relative height values (from the fusibility test) and the Al. It was found that
only the Al value and the sum of the oxides (%SiO2 + %Al>0; + %CaO + %MgO) were
influential in the CI response variable. As can be seen from Table 4.5, as the p-value of both
variables was less than 0.05, it can be said that Al and Sum of Oxides are statistical predictors
of the CI value. Equation 2 shows the linear regression curve, which reached the adjusted R?

value of 97.2 %. Therefore, the model found explains 97.2 % of the variability in the CI.
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Cl = 40.9 — 0.246  Oxides — 0.423 x Al (Eq.2)

Table 4.5. Multiple regression test of the Cl variable in Minitab®.

Predictor Coef SE Coef T P
Constant 40.896 2.837 14.42 0.005
Sum of Oxides  -0.24579  0.03079 -7.98 0.015
Al -0.42304  0.03655 -11.57 0.007

The regression model premises involve the analysis of residuals as to their random
distribution, constant variance, independence and normality®®l. Figure 4.7 shows the graphics
related to the residuals which prove the requirements previously mentioned. Anderson-Darling
method was used as normality test achieving a p-value of 0.057, which confirmed that the

residuals are normally distributed.
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Figure 4.7: Chart of CI analysis regression residuals graphs.

The presence of oxides and its influence on Cl is in line with what other works have already
shown regarding the efficiency of coatings*?*>23-2l. The liquidus temperature and

refractoriness of these materials depends on the proportion of phases and components. The
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higher the ionic bond energy, the higher the liquidus temperature and, consequently, the lesser
the chances of the coating losing its physical barrier effect that avoids the contact between the
pellets surfacel*®41,

Among the predictive values of the CI, we know that the Al is a measurement that is also
correlated with other primary characteristics of the samples. Therefore, a new round of multiple
regressions considering Al as a response variable was performed, considering as potential
predictors the particle size (fraction <0.045 mm), the dispersion degree and the specific surface
area. Finally, it was observed that specific surface area (BET method) was the only parameter
that has shown to be statistically significant for the AI response. Table 4.6 shows the
coefficients found while Equation 3 points to the linear model with adjusted R? equal to 92.1
%.

Al = 14.2 4 0.283 * SSA (Eq.3)

Table 4.6. Multiple regression test of the Al variable in Minitab®.

Predictor Coef SE Coef T P
Constant 14.208 2.251 6.31 0.008
Specific surface area (SSA) 0.28346 0.0410 6.91 0.006

The residual analysis presented in Figure 4.8 confirms the fulfillment of the statistical

requirements. In addition, the p-value obtained in the Anderson-Darling test was 0.0609.
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Residual Plots for AI
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Figure 4.8: Chart of the residual analysis graphs of the Al regression.

The expressive result of correlation between Al and specific surface area is supported by
several studies, since this factor has a strong impact on the contact forces between particles and
wallst*2431, The adhesion force tends to decrease with increasing surface roughness to the point
where the size of the cavities becomes larger or similar to the size of the particles****l, This is
the context of coated pellets, where the pellet substrate cavities are larger or equal in size to
some coating particles. In addition, other works from different lines of study show that the
greater the presence of micropores, the greater the wettability of the structure and this facilitates
the mechanisms of interactions*®4’l. In the case of Bauxite, the higher number of

micropores/mesopores results in a greater opportunity for adhesion on the surface of the pellets.

4.4.Conclusions

Experimental investigations on the coating application process were carried out for
materials with different characteristics. Based on these results and on the comparison of the
available theory on the subject, it is possible to conclude that:

= The attempt to apply coating to the green pellets was unsuccessful, since the pellets after

burning practically no longer presented the coating on their surface. This fact was

verified with image analysis and corroborated by the metallurgical results of CI.
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= The Cl values obtained with conventional method application (fired pellets) showed that
the material with the best performance was Bauxite, followed by the Al Oxides Mix,
Serpentinite, Verdete and Magnesite Fines.

= Among the parameters that were tested as predictors of the CI, only the Al and the total
fraction of the oxides SiO2, Al.O3, MgO and CaO were statistically influential in the
response variable. The multiple regression equation with these two variables showed an
adjusted R? of 97.2 %.

= The Al was also assessed as a dependent variable and it was found that the only
parameter, among those tested, that proved to impact it was the SSA measured by the
nitrogen adsorption (BET method). The regression equation points out that from this
SSA parameter it is possible to explain more than 92 % of the Al variability.

= From these conclusions, it is possible to be more assertive in future product development
in coating materials and optimize the application methods aiming at greater adherence
and refractoriness efficiency that can guarantee low levels of cluster formation under

conditions of high temperature and productivity operations in DR reactors.
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Capitulo 5. Estudo Complementar

Em funcdo dos resultados obtidos nos Capitulos 3 e 4, foi executado uma etapa adicional de
testes que tiveram por objetivo buscar uma otimizagéo da aplicacdo do coating avaliando sua
eficiéncia enquanto mitigador de IC e contrapondo esse ganho com a performance do reator
através da simulacdo numeérica. Devido ao fato da aplicacdo de coating na pelota crua ter sido
abaixo das expectativas, optou-se por explorar alternativas de aplicagdo em dupla camada (tanto
na pelota crua quanto na queimada), além de se fazer uso de tratamento térmico. Na Figura 5.1,
pode-se ver que 0 ponto de partida para estes testes, foram pelotas residuais de aplicacdo de
coating na pelota crua de Verdete e Mix de Oxidos de Al. Posteriormente, estas pelotas que ja
estavam queimadas, receberam coating de Bauxita através de aplicacdo de spray de polpa com
dosagem de 3,5 kg/t pelota, de maneira igual ao que foi previsto para a aplicacdo convencional.
Por fim, cada par de amostras geradas foi dividido em dois grupos, um no qual a massa de
pelotas sofreu tratamento térmico e outro no qual elas seriam armazenadas e destinadas

diretamente para o teste de colagem, gerando entdo um total de quatro novas amostras.

Pelota com coating cru de
Verdete + coating de

Amostra 01

Bauxita e COM tratamento
Pelota com termica

coating cru de
Verdete + coating

de Bauxita

Pelota com
coating cru de
Verdete

Pelota com coating cru de

Verdete + coating de Amostra 02
Bauxita e SEM tratamento
térmico

Pelota com coating cru de
Mix de Oxidos de Al +

coating de Bauxita e COM Amostra 03
Pelota com tratamento térmico
Pelota com . .
: . coating cru de Mix
coating cru de Mix . :
) de Oxidos de Al +
de Oxidos de Al ing de Bauxi
coating de Bauxita Pelota com coating cru de
Mix de Oxidos de Al + Amostra 04

coating de Bauxita e SEM
tratamento térmico

Figura 5.1 - Diagrama de descricdo dos testes de otimizacao.
O tratamento térmico ao qual as pelotas foram submetidas se deu através de um secador

infravermelho a temperatura de 400°C. A Figura 5.2 apresenta um quadro com duas fotografias

desse secador de esteira que era acoplado a um hopper e tinha poténcia maxima das placas
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emissoras de infravermelho de 60 kW/m2. As pelotas, ap6s a aplicacdo de coating, eram
submetidas ao secador num ciclo que durava aproximadamente 2 minutos. Cada amostra passou

pela correia do secador duas vezes, totalizando 4 minutos de tempo total de secagem do coating.

Figura 5.2 — Quadro de fotografias do secador infravermelho: (a) viséo frontal e (b) detalhe
do final de curso da esteira.

Na Figura 5.3 observa-se os resultados aferidos na etapa de otimizacdo compilados junto aos
resultados anteriores dos materiais individualizados. Os resultados de aplicacdo complementar
de coating seguido de tratamento térmico mostraram ser melhores que cada um dos materiais
simples que o compunham. A amostra que tinha aplicacdo de Verdete apenas na pelota
gueimada obteve IC de 14,1%, ao passo que quando essa amostra recebeu a camada
complementar o valor de IC foi para 24,5% e 7,4% nas condi¢des sem e com tratamento,
respectivamente. Por sua vez, a amostra com Mix de Oxidos de Al na pelota queimada atingiu
10,2%, enguanto a amostra que recebeu aplicacdo externa de Bauxita alcancou 5,2% e 3,2%,
esse Ultimo com tratamento térmico. E interessante notar que a aplicacdo da segunda camada
de coating sem tratamento térmico foi benéfica apenas a amostra com aplicacao prévia de Mix
de Oxido de Al, ao que com o tratamento térmico ambas as amostras foram capazes de reduzir

o indice de colagem.
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Figura 5.3 - indice de Colagem ap0és ensaios de otimizag&o.

Nesse contexto, optou-se por comparar no modelo de simulacdo numérica 3 cenarios
envolvendo a aplicacdo de Bauxita: (1) cenario da aplicacdo simples na pelota crua, (2) cenario
de aplicacdo simples na pelota queimada e (3) cenario de aplicacdo da Bauxita como
complemento da aplicagio de Mix de Oxidos com tratamento térmico posterior. Os IC desses
cenarios eram, respectivamente, 13,6%, 5,3% e 3,2%. A Tabela 5.1 apresenta os resultados dos
parametros operacionais do reator de forma analoga a Tabela 3.7. Para estabelecer os casos
ajustados de cada cenario, o parametro de Dp (queda de presséo) foi a referéncia de balizamento

com o Caso Base, também idéntico ao caso base do artigo do Capitulo 3.

Tabela 5.1 — Parametros de saida obtidos na simulacdo numérica dos casos com Bauxita.

Caso Base Cenario 1 Ajustado Cenario 2 Ajustado Cenario 3 Ajustado

Producao (t/h) 1280 1280 1085 1280  110,7 1280  111,0
Dp (atm) 1,030 1,190 1,036 1,170 1,031 1,160 1,030
Metalizacio (%) 9328 9357 9329 9348 9321 9347 93,26

COJ/(CO+COy) (%) 46,00 46,52 48,08 46,43 47,83 4640 47,77
H:O/(H+H20) (%) 43,96 4384 4362 4383 4364 43,82 4364

Pode-se ver que a perda relativa de producdo entre o cenario base e cada um dos cenarios
ajustados fica: 15,23% para o0 Cenario 1, 13,53% para o Cenario 2 e 13,28% para o Cenario 3.
Tais valores remetem a uma reflexdo muito importante, pois, uma variacéo de IC de 5,3% para
3,2% traz um efeito para o processo de RD quase imperceptivel de variacdo de 0,3 t/h de
produtividade. Dessa forma, é notdrio que um esforco de reducdo do IC como este em questao
que teve como origem uma dupla aplicacdo de coating seguida de tratamento térmico néo seria

compensatoria, pois além de prover pouco impacto no processo de reducdo, acarretaria ainda
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em um aumento de custos. Por outro lado, fazer a aplicacdo de Bauxita na pelota queimada
(método convencional) prova-se melhor que a aplica¢do na pelota crua, pois o custo de insumos

seria 0 mesmo, porém com um desempenho quase 2% melhor de produtividade.

Capitulo 6. Consideragdes Finais

O presente trabalho se propds a contextualizar o processo de RD diante do tema da
descarbonizacdo da indudstria siderdrgica e estudar solugdes tecnoldgicas que pudessem ser
aplicadas a fim de diminuir a susceptibilidade das pelotas ao fenémeno de colagem. Através da
combinacdo de levantamentos teoricos, simulacdes fisicas e numéricas, foi possivel alcancar
resultados que apontam para um melhor entendimento das varidveis que impactam o I1C, bem
como prever a interferéncia 1C nos aspectos de operacao e com isso facilitar sua otimizacao de
processo.

O artigo apesentado no Capitulo 2 abordou o contexto das mudangas climaticas e seu
impacto nas criacbes de mercado regulado de carbono que vem pressionando a industria
siderurgica, especialmente na Europa. Atraves dos estudos de caso apresentados nesse artigo
verifica-se que ja ¢ uma realidade o deficit entre as licencas para emissdes de CO2 e o valor real
emitido. Nesse sentido, muitas iniciativas de CDA tém sido levantadas e debatidas com os
agentes da siderurgia. Projetos como o SALCOS e HYBRIT sdo exemplos citados com
investimentos ja correntes e que visam explorar mais a rota de RD como alavanca para a
producdo de aco com menor pegada de carbono. O hidrogénio seria o elemento combustivel
capaz de levar os processos de reducdo a uma emissdo carbono neutra, contudo, seus custos de
producdo e baixa maturidade de escala tecnoldgica ainda sdo obstaculos que precisam ser
superados. Apesar das incertezas ainda existentes em relacdo aos tempos e movimentos das
mudanc¢as mais disruptivas na siderurgia, tem-se que a RD é um processo muito viavel e
conciliavel com a meta de zero emissdes. Logo, espera-se que este processo cresca e seja
comum no futuro e dai a relevancia de estuda-lo ainda mais em relacdo a seus desafios técnicos
como o fendbmeno da colagem.

O Capitulo 3 mostrou o artigo que se concentrou em apresentar um modelo baseado em
equacOes de transporte aplicados a sistemas reativos multifasicos e multicomponentes que
representassem o processo RD levando em consideracdo o efeito da formacdo de cachos das
pelotas. Além das devidas explicacdes acerca dos métodos computacionais que resolvem o0s

sistemas acoplados de equacOes de conservacdo de momentum, massa e energia, o artigo fez
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um levantamento literario de estudos que pudessem fornecer insumos de dados para correlacdes
entre IC e a temperatura. A partir dessa anélise, desenvolveu-se nesse trabalho algumas outras
equacdes que correlacionavam o IC com a fragdo de sélidos dos volumes finitos de controle.
Quanto maior a temperatura, maior o IC e maior seria a fracdo de sdlidos de modo a implicar
numa menor permeabilidade, fendbmeno este esperado na prética operacional. A escolha da
melhor equacdo de IC para aplicagdo no modelo foi feita com base em dados industriais de
perda de produtividade cujo IC da carga era conhecido.

Por outro lado, o Capitulo 4 foi dedicado ao terceiro artigo do trabalho cujo objetivo foi
desenvolver uma série de testes e caracterizagcBes visando investigar com uma maior
profundidade quais métodos de aplicacdo, materiais e caracteristicas sdo mais relevantes para
reduzir o IC laboratorial. Ao se avaliar a reatividade e fluidez dos materiais refratérios,
percebeu-se que aqueles que se mantiveram mais intactos com o ciclo térmico foram o Mix de
Oxidos de Aluminio, Finos de Magnesita e Bauxita. No que diz respeito ao Grau de Dispersio,
todos os casos testados com adigdo de Bentonita tiveram maiores niveis de dispersdo quando
se comparado com os testes pares sem adi¢cdo. O método alternativo de coating cuja aplicagédo
se deu na forma de p6 aspergido nas pelotas verdes se mostrou de baixa eficacia como mitigador
do IC. Por meio das analises de IA foi constatado que pouco se via do material de recobrimento
na superficie das pelotas pos-queima quando a aplicacéo tinha sido feita no método alternativo.
Com relacdo aos resultados de 1A do método de aplicacdo convencional, foi notorio que o
material que mais aderiu foi as pelotas foi a Bauxita. Numa avaliacdo estatistica de parametros
preditivos, observou-se que o 1A e a soma dos teores de SiO;, Al,O3, CaO e MgO foram
influentes na variavel resposta 1IC. Em sequéncia, ao se procurar outras caracteristicas que
pudessem predizer o IA, constatou-se que a uma relacdo diretamente proporcional entre os
valores de micro e mesoporosidade com o IA. Essa observacao € suportada por outros trabalhos
gue apontam que a maior rugosidade e porosidade favorecem as forcas de adesdo quando as
cavidades sdo de tamanhos iguais ou maiores que as particulas aderentes, aléem do fato de que
guanto maior a area superficial especifica, maior a molhabilidade da estrutura e isso facilita os
mecanismos de interacéo.

Por fim, no Capitulo 5 foi avaliado a aplicacdo de dupla camada de coating, a qual mostrou
potencial para menores resultados de IC quando a aplicacdo final era seguida de tratamento
térmico. Todavia, 0s ganhos obtidos com essas otimizacdes de aplicacdo foram relativamente
pequenos e ao contrap6-los com os resultados de impacto na produtividade do forno via

simulacdo numérica foi verificado que tais ganhos néo se justificariam.
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Capitulo 7. Contribuigdes originais ao conhecimento

As principais contribuigdes do presente trabalho para o conhecimento cientifico e

tecnoldgico encontram-se listadas a seguir:

= A criacdo de um modelo multifasico de multicomponentes que pudesse representar o
modelo de RD considerando o fendmeno da colagem foi feita com sucesso e de forma
inédita. Nao se tinha registros de um modelo semelhante que pudesse representar esse
fendmeno de forma quantitativa. As equaces utilizadas foram calibradas e selecionadas de
acordo com dados industriais que tinham IC da carga e produtividade conhecidas.

= O método de aplicacdo de coating seco diretamente na superficie de pelotas verdes foi visto
como de baixa eficiéncia. Por meio das analises de imagens pds-queima € possivel constatar
que ha quase nenhum material de coating remanescente na superficie das pelotas e como
consequéncia ndo ha barreira fisica que evite a formacao de cachos. Praticamente todos 0s
IC obtidos com esse método foram piores do que os pares cuja aplicagéo de coating foi feita
pelo método convencional de polpa aspergida na pelota queimada.

= No contexto da série de materiais avaliados, as duas variaveis estatisticamente influentes
para o IC foram o A e a soma dos teores de SiO2, Al,O3, CaO e MgO. Tal constatagéo é
condizente com as premissas tedricas, pois grande parte dos materiais refratarios séo ricos
em oOxidos dessa natureza e € de se esperar que quanto mais material refratario presente na
superficie da pelota, melhor a barreira fisica e a capacidade de se evitar os mecanismos de
formacdo de cachos. Contudo, um dos éxitos do trabalho foi varrer vérias outras
caracteristicas dos materiais que pudessem justificar os desempenhos desses testes e foi
encontrado uma excelente correlacdo do 1A com os resultados da area superficial especifica
obtidos pela técnica de adsorcdo de N (método de BET).

= Na etapa complementar de otimizacdo do método de aplicacdo foi visto que a aplicacdo de
coating em duas camadas: ora na pelota crua e ora na pelota queimada, seguida de
tratamento térmico, tende a melhorar o resultado de IC. Entretanto, os ganhos obtidos com
essas otimizagOes de aplicacdo foram pequenos, sendo que ndo se justificaria esta aplicacao

em escala industrial devido ao potencial acréscimo de custos de insumo e processo.
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Capitulo 8. Perspectivas de trabalhos futuros

A partir do presente trabalho recomenda-se algumas novas linhas de estudo, como:

Avaliar diferentes niveis de dosagem de agentes de recobrimento combinado com
diferentes niveis de bentonita a fim de otimizar a eficiéncia técnica e econémica de
aplicagéo.

Estudar rotas de cominui¢do de materiais de recobrimento que n&o utilizem apenas
moagem. Por exemplo, simular circuitos que envolvam prensa de rolos para verificar
0 impacto nas caracteristicas fisicas do material e, consequentemente, na aplicagdo
como coating de pelotas.

Correlacionar o parametro de indice de adesdo com a dosagem necessaria de coating
para recuperacdo de niveis de indice de colagem satisfatorios para 0 processo
industrial.

Explorar uma maior gama de materiais refratarios através da técnica sol-gel
objetivando premissas de qualidade quimica e fisica conforme indicado no presente
trabalho.

Avaliar o0 uso de outros eletrdlitos que possam otimizar o grau de dispersao da polpa
com material de recobrimento.

Realizar simulacbes fisicas representativas da reducdo em ambientes néo
isotérmicos, mais préximo do modus operandi dos reatores industriais.

Realizar simulacdes fisicas e numericas representativas do fenémeno de colagem em
atmosferas 100% H., conforme tendéncia industrial de descarbonizacéo, a fim de
entender as consequéncias disso na fenomenologia da colagem e prever solucdes
customizadas.

Realizar simulac@es fisicas e numéricas do processo de reducdo em leito fluidizado
com foco em prever os aspectos relativos a colagem de particulas.

Avaliar a influéncia da basicidade quaternaria da pelota, bem como mineralogia do
feed no indice de colagem.

Abranger desenvolvimentos de coating e métodos de aplicacdo para outros tipos de

aglomerados como, por exemplo, briquetes.



