Hydrogen Burner in EAF: resultsfrom the development plan
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ABSTRACT

To speed up the decarbonization of the steelmagkingess and granting a sustainable production, Sktip, as partner of
the European funded project: Developing and Engl#inBurner Utilization to Produce Liquid Steel in EADevH2forEAF,
designed and tested its own multi-fuel-burner f8FEcapable to work with NG/Hup to 100% hydrogen. Starting from CFD
simulations, testing small prototype burners finstl then a 3 MW burner in a combustion chambeiostsa 4 MW burner has
been tested in production in an EAF. This papesemts the development, the challenges and thetseshthined so far in
various testing and operating conditions.

INTRODUCTION

The steel production trough electric arc furnad®R) play an increasingly important role in modstaelworks concepfs.
For example with 81 % in Italy and 61% in Spairg fnoduction of EAF steel is significantly highkah steel production via
the blast furnace/basic oxygen furnace route.émtlodern EAF, the contribution of the chemical ggdor the scrap melting
and refining is the range of 25-45% of the totargy required. The Natural Gas (NG) burners providde range of 40-80
kwht of energy. This means that the productiof@d tons of steel requires the combustion of 370-N&* of NG with CQ
emission in the range of 0.75-1.5 tons. The suligtit of just 10% of NG with hydrogen in the whaleel production will
bring a remarkable reduction of g@missiong.

Within this frame, the DevH2forEAF project repretsen step forward to independence from fossil &rel bold action to
furtherly cut CQ emissions in steel sectors. The DevH2forEAF ptdgecarried out with support from the Europeandsrs

Research Fund for Coal and Steel (RFCS) reseaodrgm (Grant Agreement Number 101034081) starte®D1, facing
and solving several issues, with the main scogedwee that hydrogen use in EAF is possible andliéas

SMS Group has designed and manufactured a neimjéttor-burner able to work with all the NG/Irhixtures up to 100%
hydrogen. The Hinjector-burner has been designed and manufactieredorking in severe environment, thus ensuring
mechanical and thermal resistance in respect of &#drative conditions.

To achieve the final target of full-scale testingsAF production, a step-by-step approach has lmeplemented.

Simulations by means of CFD have been the stagoigt, with validation by means of small-scale ptgpes of the flame
appearance and the cooling effectiveness. Additiemell-scale prototype has been used for metadargssessment in a
pilot scale EAF (at RWTH-IoB in Aachen, Germany)lliScale unit has then been test and validateddambustion chamber
(at the RINA-CSM experimental station in Dalming]y), before the industrial test in the EAF intiitFerriere Nord (ltaly)
and later in Celsa Barcelona (Spain).

DISCUSSION




1. Design and construction of the Hz injector-burner
SMS Group designed the lihjector-burner, able to burn a mixture of NG withup to 100% with oxygen in order to preheat

and cut the scrap, as well as to inject oxygeretmadburize the steel bath.
CFD simulations have been carried out to analyzdeiail the combustion phenomena of NG andwith the following
method:

1) Reynolds Averaged Navier Stokes (RANS) approachutoerically solve turbulent flows. In RANS approable
Navier Stokes equations are reported in a timeagest form and solved.

2) Discrete Ordinates (DO) model to describe the tagidneat transfet.

3) Eddy Dissipation Concept Model (EDC) to describzefolution of the chemical species during the asstibn. The
chemical reactions are modeled using the GRI-Me6hré&action mechanism, which consists of 325 reastihat
involve 53 species.

The different characteristic parameters of the aastibn of B and NG with oxygen show some important differefreported
in Table £) that must be considered when designing a buhaémiust work with both.

Table 1: Comparison of the main parameters of NGHn

Parameter Natural Gas Hydrogen
Ignition temperature (°C) 556 560
Adiabatic Flame Temperature (°C) 2780 2806
Flammability limit (%) From5.4t0o59 From4to 94
Flame speed (cm/s) 30-40 200-300

Based on the data reported in Table 1 (wideflkinmability limits and higher flame speed), ihdae noted that Hs much
more reactive than NG and this impacts the desigheoburner.

1.1 CFD Hzinjector-burner modeling results
CFD results have shown that the increase of th®&l®l ratio increases the maximum flame temperatue rmoves the
maximum temperature closer to the burner tip. Fidushows the contours of the main thermo-fluidadyit fields of the bl

injector-burner operating at 3 MW with 100%.H
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Figure 1. Characteristics of the 3 MW flame fedhwif0% hydrogen




Thanks to the mixing of oxidant and oxidizer and fast ignition, H combustion is completed in a short distance, with
strong central oxygen jet that improves the flanabiity. Moreover, central oxygen high stabilitffoavs to work with an
elongated flame having a progressive combustiaoutitr the entire jet length.

1.2 Hzinjector-burner structure
Results of simulations of combustion and wateriogdhave been used to define theimjector-burner design. It is a monolithic
structure with openings in the front face for faeld oxygen. Central oxygen is fed through a shapedergent-divergent
nozzle. The copper body is efficiently water cooled

Openings for oxygen and fuel in the front coppeachéncluding the oxygen nozzle) have been desigmedder to protect
the tip from clogging phenomenas; khjector-burner includes inlets for oxygen andlfsteeams and inlet/outlet for cooling
water.

Figure 2 shows the Hnjector-burner, in a 3D model and after manufeoty ready for installation in the steel plant.

Figure 2. H Injector-burner

2. Laboratory scaletests

Tests have been performed with laboratory scal@jelctor-burner prototypes as a complementary itagkarallel during CFD
simulation of flame and cooling. Later, test hasrbperformed in a pilot scale EAF in order to as$les absence of hydrogen
pickup in the steel melt before performing the isttial scale tests. All laboratory scalgiRjector-burners prototypes for tests
have been manufactured by means of metal additarufacturing.

Flame in open environment has been tested at RWBHfl Aachen (as shown in Figure 3) using a 50 k'dtgiype.
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Figure 3. Free flame test




Apart from obtaining a long and stable flame incalhditions, it was observed that the ignition pgot closer to the injector-
burner tip. This result, together with the highanfe temperature obtained when burning hydrogesbkan used as input for
the development of the injector-burner cooling.

After that, another lab scale; khjector-burner prototype (400 kW power) has bewmufactured for testing the effectiveness
of the cooling in a long run test (1600 °C for 2futs) in a lab scale combustion chamber (at GWas Ghd Warme Institute
in Essen). The Hinjector-burner proved the effectiveness of theliog, since at the end of the test it appearedftes
manufacturing (Figure 4).

Figure 4. Small scale prototype for long run test

After all these tests have been completed, aftiassessing the eventual hydrogen pickup has tmwsducted in the lab scale
EAF of RWTH-IoB in Aachen (200 kg capacity —FigusE with the additively manufactured laboratory sc8D kW H
injector-burner prototype. Various tests have hgemormed, operating thezthjector-burner prototype either during boring
phase or during flat bath phase to simulate boghasgos.

After tapping, steel has been subjected to chenaigalysis and microscopic examination. This analgbowed that none of
the samples had any pores that could have beerdtayshydrogen pick-up. The low hydrogen leveleditd in the samples
as well as the microscopic analysis indicate thatuse of a Hinjector-burner does not affect the hydrogen pipkef the
steel.

Figure 5. Lab scale EAF at RWTH-1oB in Aachen

3. Combustion chamber full scale tests

In order to evaluate thezHnjector-burner performance, an experimental cagmpat RINA-CSM combustion chamber in
Dalmine has been carried out. These experimeridds ttepresented a propaedeutic step to verififithetionality of the H
injector-burner at its 4 MW full scale power anddentify optimal operative conditions to be adapét industrial scale tests
in Pittini Ferriere Nord and Celsa Barcelona.

The RINA-CSM combustion chamber (Figure 6) is ayverell established and proven facility having treldwing
characteristics:




- internal section: 2x2 m

- internal length: from 3 to 7.5 m (modular, for tlests the full length has been implemented)
- maximum allowable burner capacity: 3 MW

- maximum fuel flow rate: 300 N#h of NG, 2000 Nr#h for syngas compositions

- maximum comburent flow rate: 3500 Nim of AIR

- maximum working temperature: 1250°C

The combustion chamber has been equipped with twuaples, flow rate and pressure measurementg ¢biiNG, G inlet
lines and off-gas analyzers to monitor the combusgirocess (& CO, CQ, and NOXx). In the lower part of the combustion
chamber a series of thermocouples have been idsgaerg longitudinal axis to evaluate the tempesatlistribution along the
entire length of the combustion chamber. The cottidmughamber has been also equipped with movatldéngplances (to
balance the heat load generated by the flame) @hdawully automatic control system for the relaland precise execution
of the tests.
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Figure 6. Combustion chamber at RINA-CSM in Dalmine

Experimental campaign at RINA-CSM combustion chanfias been performed from 100% NG to 100% hydroigeiyding
mixed configurations of HNG, and feeding pure oxygen as comburent.

To feed and control thea-NG mixture to the burner, a dedicated mixing aggltating valve stand called FSRS (Fuel Supply
and Regulation System) has been installed, re@M@ from the local existing supply and flom a dedicated tube trailer
(see Figure 7).
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Figure 7. Overall scheme and picture of the RINAMC&®mbustion chamber facility

For the feeding of oxygen, a cryogenic tank of 00.0ters and a dedicated valve stand have bed¢allet.




The burner cooling has been guaranteed by a dedicailler, with all the temperature and flow regguirements exactly and
continuously measured and regulated. The chillerdeeen used only for the specific test in RINA-C&bustion chamber
since, for the cooling of the burner in the EAFe tisual water-cooled box is used.

After the installation of all the equipment, a ssrof cold tests with nitrogen have been carrig¢droorder to verify the proper
functionality of each component and to achievena funing of the feeding system and the regulgiemameters.

Once the entire system has been validated, alhdhgilot trials in RINA-CSM combustion chamber kaveen carried out
with the target to verify the performance of thgikjector-burner in preparation for the industtiddls, especially regarding:

- the stability of the burner at high temperaturehvdifferent power level and with different combustiratio
- the thermal field and heat transfer in the furnatcgifferent power output of thezthjector-burner
- the development of the flame, its appearance amitidg.

Moreover, the characteristics of the off gas im®of composition and temperature have been mehsure

The H injector-burner has been tested at various pofs@mn(1 to 3 MW), with various percentage of NG ahd(up to 100%
of H) and with different combustion ratio (1.05 and)l&ways at a chamber temperature of 1250 °CTabé 2).

Table 2. Tests performed in the RINA-CSM combustibamber

Power Combustion ratio H2%
1 1.05and 1.2 0%- 20%- 40%-60%-80%-100%
15 1.05and 1.2 0%- 20%- 40%- 60%-80%-100%
2 1.05and 1.2 0%- 20%- 40%-60%-80%-100%
25 1.05and 1.2 0%- 20%- 40%-60%-80%-100%
3 1.05and 1.2 0%- 20%- 40%-60%-80%-100%

Before the execution of each test, the furnacebkas preheated above the self-ignition temperatsireg two NG auxiliary
side burners. During the test execution, the sam#iary burners have been used to inject air thiemcombustion chamber to
simulate the air inlet in the EAF, for example tgb the slagging door of the EAF.

Figure 8 shows a series of pictures taken fronbtttom end of the combustion chamber, to haverat fscospective view of
the flame appearance changing with the increask pércentage and/or power. It can be seen how theeftands to become
less visible when KHcontent is increased.
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Figure 8. Flame appearance at various power and bftant view

The flame becomes more elongated with the increagmwer due to increase of the impulse (highewflate and high
velocity), while the increasing of the hydrogen o decreases the brightness of the flame, wisidinost disappearing
when H is above 60% (the color of the flame is coveredhtirared emission of the wall).

Figure 9 shows the temperature distribution al@mgitudinal axis of the combustion chamber as fonocdf power and fuel
composition (to be noted that the temperature rimlumnside the combustion chamber, for an incréasjector-burner power,
is caused by the increase of the heat extracteblyng circuit of the furnace in the specific ®st
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Figure 9. Temperature distribution along longitadiaxis of the combustion chamber - Effect of feminposition

The increase of the percentage oefitthe fuel increases the temperature of the tirstmocouple, which means that thei$
more reactive and start the ignition nearest tdtiaer tip.

At 1 MW there is a reduction of the temperaturenglthe furnace while at 3 MW there is an increddb@temperature. This

means that at 1 MW the combustion is completetié@rfirst part of the combustion chamber, while 81\& the combustion
seems to evolve for the whole combustion chambeytie

The trends reported in Figure 10 show the reduafdhe percentage of G@ the off-gas as function of the percentage f H

in the fuel. In order to reduce the percentage ©f @ the off-gas at 50% is necessary to use about 80H; in the fuel
mixture.
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Figure 10. Trend of the CO2 percentage in the aff-pr various %H2 in in the inlet fuel

The experimental campaign was successfully camigdlemonstrating that injector-burner is stablé anrks correctly up to
3 MW and with all the fuel compositions from 100%No 100% H and for all the tested combustion ratios.

4. Industrial test of injector-burner in EAF

At the end, according to the project program, itgedurner has been installed in the EAF of Pitkiatriere Nord in Osoppo
(Italy) for testing in real production.

Ferriere Nord plant produces rebars and cold drgusteel via the EAF-LF-CCM route. With an EAF capaof 155 ton
tapped steel and a tap to tap time around 45'pldnat has a yearly production of 1.5 Mton steel.

The chemical package is composed by several anegiaFocusing just on burners and oxygen injectthrs furnace is
equipped with 8 oxygen-NG burners and 3 injectambrs (used as burners during the first phaseeh#at and as oxygen
injectors during the second phase). (Figure 11)

Figure 11. EAF of Pittini Ferriere Nord in Osopjitaly

The H injector-burner has been installed replacing astieg burner, in the existing water-cooled box o noted that no
modification to the water-cooled box nor to theesidll panel were necessary). As shown in Figuré¢tie2H injector-burner
replaced the first burner on the left side of tlag sloor. In this way it has been possible to kedlame from the slag door, to
make visual assessments and to make the installatisier since the feeding of the gases comes thenfeft side of the
furnace.




Figure 12. Pittini Ferriere Nord EAF chemical pag&dayout and H2 injector-burner installation

The test was performed operating theifjector-burner with the same flame profiles of thurner replaced. The profile had a
first phase of flame to preheat the scrap witheasing power, followed by a phase of oxygen cuttiffgen, during the
decarburization phase, the burner was in standthyfliishing, to prevent from being clogged by sph&ssof steel and slag.

Since the hydrogen was fed by means of a tubetydfile duration of the campaign was defined bytdke available volume
of hydrogen. The industrial campaign had a duratibA days, during which the burner was operateth Wwydrogen only

during the day shift. 20 heats (out of the 84 tajppehe 4 days of test) were performed feedingbgen with the Hinjector-
burner.

Since the effect of the replacement of only onenbumwould be diluted on the overall performanceifigs of the EAF, the
hydrogen ramp up (50%, 75%) was very quick (twdsjeperforming 18 heats with 100% hydrogen. 13$&aut of 20) were
performed using the standard flame profile, whil8 heats the thermal power delivered by thimjdctor-burner was increased
to 4 MW. In 4 of these heats, all other burnersehiagen switched off, and the only operating onetivad+ injector-burner.
(Figure 13)

In blue - heats with all burnersin operation
Inred - heats with only hydrogen injector burner in operation
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Figure 13. Tap to tap time in heats with all busn@prking and in heats with only the kjector-burner in operation

As can be seen from Figure 13, in heat #7 a lotageto tap time (70 min) was obtained because reefiarting the heat, the
flame generated by thesthjector-burner was observed from the slag doajuife 14). In the other heats, the tap to tap time
was in line with the burner fed with natural gas.




Figure 14. H injector-burner flame observed from the slag door

Experimental trials using hydrogen demonstratedetevant impacts on the EAF process. The replaceofemly one of the
eight NG burners with the new-lhjector-burner demonstrated that the fundamergdlopmance parameters as tap-to-tap
time, steel temperature, specific electrical enegysumption and productivity have not undergogaificant variations.

With reference to the burner replaced for the itristest, compared to the standard practice umeé&erriere Nord, the
reduction in CQgeneration is shown in the following chart (Figafs.

To be noted that the residual €@roduction in most of the heats was due to thehihg flame (the low power flame which is
maintained during the periods in which the bursamat required), which was fed with NG. In somehaf heats this flushing

flame was also fed with 100%ldnd this cut to zero the G@roduction, also validating the full operabilititbe H injector-
burner with pure hydrogen.
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Figure 15. C@production by the burner replaced for the indastast

In blue - heats with hydrogen injector-burneroperated with hydrogen
In red - heats with hydrogen injector-burneroperated with natural gas
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From the data analysis related to the residualdififigsible hydrogen content into liquid steel, r@evant influence of the H
utilization on the EAF process in terms of the fiseel quality have been found. More in detaikerevf there is a certain

variability on the results, the hydrogen concemdraboth in the liquid steel and in the finishedghuct is lower than 2.0 ppm
H which is safe enough against metallurgical dafect

After the completion of the test with hydrogen, fhgctor-burner continued to work as per usuatir®it-erriere Nord
production for other 331 heats until the end of paign (390 heats in total). The burner did noteuéiny clogging and by
also examining the front face of the burner, thdedsections of oxygen and fuel were found todtally clean. Figure 16

shows the flow rate used for anticlogging: it caralppreciated that it remained constant througth@utampaign. To be noted
that, since the inlet pressure was fixed, the flate was used as a non-clogging indicator.
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Figure 16. Anticlogging flow rate, with a fixed @tlpressure, during the campaign

In Figure 17 the burner is shown laterally, aftex sand blasting cleaning. Focusing on the froce faf the burner, it can be
appreciated that the color of the copper remaihedame as appeared immediately after burner cetisin. This means that
the material did not undergo metallurgical modifica thanks to the optimized design of the watesliog of the head and
thanks also to the experience and the data obté&ioedthe laboratory scale tests.

=

Figure 17. H injector-burner after sand blasting at the enthefcampaign

CONCLUSIONS

The development of an innovative khjector-burner has successfully followed sevetaps, from early CFD simulations,

through manufacturing of prototypes and their tepih dedicated laboratory facilities, until thaligation of the full-scale
units.

The H injector-burner, designed for a maximum power MW, has been tested and completely characterizédliscale in
a combustion chamber and then installed into aE&& for testing during production.

The EAF tests have proven the reliability of thevi injector burner and its application to the prodaretvithout impacting
the steel quality.

Further testing in a second EAF, replacing an tojeburner, are expected in the first half of 2@@ba further collection of
data and information.
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