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1 Executive Summary

Steel foundries melt recycled scrap in electric furnaces and typically consub@®@&bexcess
energy from the theoretical energy requirement requiredots metal castingsThis excess
melting energy isnultiplied by yield losses during casting and fimhoperations resulting in

the embodied energy in a cast product typically bémgeto six times the theoretical energy
requirement. The purpose of this research project was to stedlyfoundrymelting operations

to understand energy use and requeats for casting operations, define variations in energy
consumption, determine technologies and practices that are successful in reducing melting
energy and develop new melting techniques and tools to improve the energy efficiency of
melting in steel fondry operations.

Earlyin the research projea, comprehensivbenchmarkingstudy of the variability in melting
practices and the associated energy logsges completedThis study showed that there was
significant variation in the energy use between floendries studiedwhich revealed
opportunities forimprovements in energy efiency of all steel foundriesThis research
concentrated on the effects of improved production scheduling, use of technologies to reduce
radiation and conduction losses duringltimg and holding, introduction of supplemental energy

to reduce electrical energy and energy losses during production, and development of evaluation
tools for the industry to estimate the implementation of future melting improvements.

Specifically, thisresearchproject demonstratedhrough laboratory experiments amdlustrial
plant trialsenergy benefits oimproved production schedules-15% improvemenin electrical
energy consumed during meltifgom reduced startip losses on cold furnaces and mor
efficient use of hot furnaces), more efficient use of all@@total alloysavings fromlower
aim chemistries andeduce chemistry variability),reduced radiation losse®% electrical
energysavingsduring meltingfrom furnace and ladle covers)hemical energy additions to the
melting furnace %20% electrical energysavingsduring meltingfrom oxygen, oxyfuel, and
silicon carbide),andladle improvements3(5% electrical energysavingsthrough reduced tap
temperature$rom preheating and impred ladle materials)n addition, newcalculation tools
were developedbr foundries to evaluatéhe potential energy benefits of practiogprovements
(induction furnace and dte).

Near the end of the project, a second benchmarking study was completbdsivbwed the
improvements that had occurred in melting energy efficiency duringghed of this research.
Thesteel foundries participating in this study reported that thep@nreusingan average of %

less energyoday than at the beginning of tpeojectwith approximately 50% of théoundries
implementingat least part of thenergy savings practices recommended by this prdfed0%

of the foundries had implemented at least some of the recommendations from this project, it is
estimated that #haverage savings would be double or approximately 15%grifj@al goalof

the project.The electrical energy savings were calculated per melted ton of steel. Because yield
losses are typically 360% in most steel foundries, energy savings would be ewere
significant if calculated per product to@urrent (2012) annual energy saving estimates, based on
dissemination to the casting industry in 2012 and market penetration of 90% by 2@22, is
trillion BTUOGs/year.



2 Introduction
2.1 Introductionand Background

According to a DOEDIT study completed in 2000 on energy use in the U.S. steel industry, the
wrought steel industry has reduced its energy consumption per shipped ton by 60% during the
last 50 year$ The major improvements in energy congiion are a result of better equipment,
improved melting and casting practices, and increased use of new technologies such as
process/computer controls in the meltingtoag operationsin contrast, a barrier to energy
improvement in the metal casting usdry has been a lack ohajor changes to their melting
equipment, practices, and technologiHserefore, the steel foundry industry Imext experienced

the improvements in energy achieved by the wrought ingdu¥he theoretical amount of
electrical enagy required to melt steel and heat it to a tap temperati8easfF (1649°C) is H0
kWh/ton. Most steel foundries consume 50800 kWh/ton in melting, 35100% in excess of the
theoreticalelectrical energy requiremerEnergy losses during melting are liiplied by yield

losses during casting and finishing which can often be as hidi®%s When including the
energy losses during melting and casting operations, electrical energy used by steel foundries can
be threeto six times the theoretical energy resument. This the opportunities foenergy
improvements in steel foundry melting operations resyfrom this research has the potential

of making a major impact on the overall energy consumgtimhcosts for steel foundries.

Most of the electrical emgy in an induction or arc furnace operation is consumedeiting the

steel scrap chargélowever, significant amounts of electrical melting energy are consumed and
lost to inefficiencies in the electrical system and melting equipment, water cooliregnsyst
conduction through walls and radiation losses, poor scrap selection and blending, furnace delays,
high tap temperatures, sensible heat in the slaggasifand dust, metallic yieldnd in
superheating the steel to high temperatures to make up forfficierecies The initial stage of

the research at thk®lissouri University of Science and Technologiissouri S&T) was to
complete a comprehensibenchmarkingtudy of the variability in melting practices used by the
steel foundry industry and evaluate the effects of this variabilitgrergy consumptiorilhe
purpose of this study was tdetermine practices thatere successful in reducing energy
consumption ash develop new melting practices/technologies to improve the energy efficiency
of melting in steel foundry operationBhe remaining stages of the projéatiuded laboratory
studies at Missouri S&T combined with industrial plant trials at cooperating feta@dries to
demonstrate energy reductions techniques in steel foundries.

2.2 Specific Goals and Objectives
Goals and objectives were divided into a six specific tasks as follows:

TASK 1i Research wrought industry energy usageergyusage during meltop operations in
the wrought steel industiyas researchettrough a combination of literature search, industrial
surveys, and ata gathering in plant visitd'he primary purpose of thiask wasto provide
supporting data and technical information to theelkfoundry industry which will help steel
foundries recognize areas of opportunity for energy savhrgsigh technical improvements.

TASK 21 Research steel casting industry energy usd&iencurrent with Task 1, the team
researchd the current state oénergy usage during melting operatiansthe steel foundry
industry. This benchmarking study was dotigough literature review, comprehensive surveys

of energy use by steel foundry melting operations, and visits to each of the participating



foundries Energy consumption data collected inclddelectrical energy consumed during
induction or arc furnace melting based on factors such as scrap selection and blending,
inefficiencies in the electrical system and melting equipment, water cooling systems, conduction
through walls and radiation lossdgrnace delays, tap temperatures, sensible heat losses (slag,
off-gas and dust), metallic yield and areas of yield loss, and melting/casting schibéusuls

from this studyincluded acomprehensive summary of the variability in melting practices used
by the steel foundry industry and the effects this vditgithias on energy consumption.

TASK 3i Determine opportunities for technical transfewrought to steel casting industryhe
results frontasks 1 and %vere evaluated tdetermine the best prigaes for energy consumption,
areas of opportunity for energy improvement, &fubratory experiments andals to study and
develop new melting practices/technologies to improve the energy efficiency of melting in steel
foundry operations. Foundries fextended melting trials ereselected

TASK 4i Industnal trials. Industrial trials were conductdd determine the effects of making
changes in melting ractices on energy efficiencyWork was completed in botinduction
furnacesand electric arc furnaseSix to eight trialsvere anticipated in therfal two years of the
project. Results from le industry trials were used in combination widgiboratory studies to
develop ad validateanenergymodel calculatofor steel foundries

TASK 5- Laboratorystudy of factors affecting energy consumption during melting in foundries
Original plans were to conducbmtrolled melting studies in the induction furnacevassouri
S&T to evaluate the effects of different types of ferrous scrap and melting pramticaeergy
consumption for steel foundrieBased on the findings in Task 1 and 2, the focus of this work
was made on developing better ladles to reduce energy losses during holdingn bibigvee
furnace and pouringThis work supplemeet the industrial trits and was used with the
industrial trials tadevelop the energy model oest foundry melting operations.

TASK 6- Energy model of steel foundry melting operatioAscomputerspreadsheebased
calculatormodel wasdevelopedo evaluate the effect of mealg parameters on energy usage and
efficiency in stel foundry melting operationsThe modelwas developed using sellts from
research studies in both the laboratory and industrial,taal$ thermodynamic dat@ihe model
wasvalidatedusing data from idustial trials.

2.3Team Members

Dr. Kent Peaslee asthe pincipal investigator and pject managercoordinatingthe efforts in
research of the wrought industry energy usdgendry energy usage ardkterminng the
opportunities for technical transfeetween the wrought indugtand steel casting industrin
addition, he direetdthe efforts in developing the energy model for steel foundry operations and
directed thendustial trials. He is the F. Kenneth Iverson Chaf Steelmaking Technology and
Curators Professor dfletallurgical Engineering aflissouri S&T. He hasl3 yearsof operating

and engineering experience in the steel melting and casting industrgvand0 years at
Missouri S&T doing steel melting andasting research and teachifiis industrial experience,
expertise and research has focused on ferrous scrap characterization, EAF and BOF melting,
modeling and optimization of melting operations, ladle metallustpetrefractory interactions

and environmentaspects of steel mancftaring.

Dr. Von Richards direed efforts in research of the steel casting industry energy usage and the
laboratory foundryexperimentsDr . Richardsd is the Robert

V.



Missouri S&T and has20 years metal castingteaching experiase and 13 years in applied
research and engieeng in the casting industridis research has included DOE funded projects

on ferrous scrap melting, cupola charging, cast iron metallurgy, and investment casting for the
foundry industry.

Dr. Jeffrey Smith ssised with the industrial trials and concentrdten refractory selection and
design for energy reduction melting furnaces and ladld3r. Smith is an Associate Professor

of Ceramic Engineering aflissouri S&T with over 20 years of refractory reseamkperience

and has directed two DOE funded research programs related to refractory development for both
the wrought and foundry steel industries.

Dr. Simon Lekakh is a Research Professor in Metallurgical Engineeridgssburi S&T with
35 yars of steekasting researchHe assisted with the day to day laboratory experiments at
Missouri S&Tand with the industrial trials.



3 Results and Discussion

A summary of the research highlights is included in fimal report by research taskhe full
publicationg(see list in sectioB.1) includemoredetaik from the research.

3.1 TASKS 11 Research wrought industry energy usaged TASK 2 Research steel casting
industry energy usage

3.1.17 Alloy recovery and control in steel foundry melting
3.1.21 Benchmarkingof Steel Foundry Industry

One of the highest areas of cost in a melting operation is alliicas. Therefore, if a foundry

can have a better understanding of the factors that determine alloy recovery and improve control
of the final chemistry, signif@nt costs and energy can be saved while producing moresteons
quality steel casting®\lloy control implies that a foundry has the ability to meet the chemistry
requirements for a given grade cmantly. As illustrated in Figure 1, the typical fourydr
practice is to aim above the minimum alloy requirement, usually at or just slightly above the
mid-specification range, avoidg off-specification castingsAs control is improved, alloy
savings can be realized by targeting a much tighter internal chemsscification at the lower

end of the alloy requirement (see FigdyeBoth alloy recovery and melt practice play key roles

in foundries being able to utilize alloy control.

Contralled

Typical

Frecquency

allaying

S ~ _ % alloy

Specification range

Figure 1 Reduction in alloy use througiontrolledalloyingin steelfoundries

Alloy recovery in industrial operations is affected by many factors. Oxidation of the alloy is
usually the primary caesof poor or erratic recoveriResearch suggests that ferroalloy recovery

is a function of the dissolutionteaof the alloy, density of the alloy, and dissolved oxygen in the
liquid steel (for nitridéforming alloys, dissolved nitrogen must also be includdtyvas found

that increasing the dissolved oxygen in the steel lowered the alloy recovery and dettreased
dissolution rate of alloys with melting points greater than steel. The reduction in dissolution rate
was attributed to the possible formation of a refractory oxide on the alloy surface. Important
sources of oxygen are furnace slag and air contaaf (&rryover and air entrainment during
tapping)® Other sources of oxygen include slag remaining in the furnace (or ladle) from previous



heats, oxygen dissolved in the metal, air carried into the melt by alloy additions, and from
refractorymetal interagbns.

Wrought steel producers typically do not add alloys to the melting furnace andathakeéhe
additionsto the ladleeither during tapor in aladle metallurgy station/ladle furndce By,
moving chemical correction from the melting furnace to lddde, the modern steel mimill
practice of minimizing time and energy consumption in the EAF has been achidvealrse,
the effectiveness of the above described alloyinthaus depends on ladle volunidus, not all

of these techniques can be effeely used in foundries which operate with multiple smaller
ladles. The main aim of this researclubtaskwasto evaluate the recovery of alloying additives
in foundry practices and investigdtee benefits otontrolled alloying

Plant trials were conduad at svensteelfoundries equipped with induction furnaces (IF) and
electric arc furnaces (EAFS5t e e | capacity in theé00lbe.BA range
capacity ranged from , 500 to 20000 Ibs. Melting observatioa and statistical data were
collected toanalye alloying additive recovery and steel chemistry distributiotypical casting
practices. Three to five trial heats were melted and observed in each fowuliscting
information on the rmlting procedurdancluding power practices, wght and composition of
charge materiaJsveightandcomposition of additives, alloying procedwaed steel chemistries.

All of the foundries weighed charge materials and tested the chemistry analysisapef@fter

the alloy additionsHowever, some foudries weighed additives more precisely than others. At
each foundry, an additional 20 to 155 heats were studied by recording the charge weight and
compositions, preliminary and final steel chemistry, and the weight of additives from statistical
data availble at the plant (charge sheets, heat logs, cast logs, computer databases, etc.).

This study showed that there is a vast variety of factors which influence the recovery of
ferroalloys and the ability to tightly cowirfinal chemical compositionfable 1 fows the wide
variation inMn recoveries and alloy control capabilities between six ofiritlastrial foundries
studied,the laboratorynductionfurnaceat Missouri S&T andplanttrials at aladle metallurgy
furnace [MF) in awrought steel facility.The best industriafoundry results were achieved in
Foundry B, where recoveries b, Cr, Ni,andMo were high andhemistry control was tighter.

The laboratory results amMissouri S&T were slightly better tharthe foundry industrial
operations due to thenproved recovery in the ladl8ome of the factors observed in this study
that affected alloy recovery and control (negative and positive) in induction furnaces included:
oxidizing conditions (melting in air, additives with charge, and slag on surfaaegdaltoying)
induction stirring after alloy additiontime of addition (charge, in furnace, or in ladlend
accuracy of weights and additians

Alloying in EAF furnaces was generally less accurate than in induction furnaces resulting in
chemistrydistributions with more scattdsee Figure 2)It was demonstrated that significant
improvemend in the alloyrecovery and contrare possible in foundries whatioys are added

in the ladle.Some of the factors observed in this study that affected edlaywery and control
(negative and positive) in EAFs includddick of intense stirring resulting in less homogeneous
chemistry presence oflag time of addition (with chargeow recovery, in furnace, or in ladle

high recovery) accuracy of weights anddditions and dpping electrodes expensive method of
adding carbon

In summary, steel foundries typically are not controlling alloy additiorteddight levels (see
Figure 2) thatwould reduce costs and energyhis study showed that there ameany



oppatunities for improvements that will save alloying coatsd energy savingas well as
providing customers with steel castings that are more consistent in properties.

Table 1 Recovery and variation &fin in different foundries and seught industry (LMF)

IF \ EAF
% A B S&T C E D G LMF
Recovery| 65 78 92 69-80 83 95

SD 0.093 | 0.037 |0.023]| 0.116| 0.060.17 0.091 | 0.107 | .052

SD/M 0.127 | 0.037 | 0.035| 0.160| 0.0690.198 | 0.121 | 0.181 | 0.043

SR/SD 2.1 8.1 NA 4.3 2.37.1 3.2 3.7 9.3
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Figure 2 Variation of manganese concentration in steel melted in diffesantries
3.1.21 Benchmarking of Steel Foundry Industry

The purpose of thiaspect of the researeh to provide benchmark information on the energy
consunption for steel melting in the steel foundry industry based on the type of charge materials,
melting technologies, furnacé&pe, and operating practiceExperimental measurements,
statistical data, heat transfer calculations, and numerical simulatioesused to evaluate the
energy consumption and heat losses during steel melting in seven different steel foundries
utilizing bothIF and EAFmelting. Three to five ial heats were melted in which detailed energy
data was generated and collected includpogver setting and power on timesdectrical
consumption weights and compositions of all charge materiasights of liquid metal and
amount cast into product and piggeakygen and natural gas consumptiand fequent
temperature measurements using imsio® thermocouples and high temperature infrared
camera.ln addition to the detailed data collected during the melting trials, information was
collected from 20 to 100 additional heats at each foundry ysioductionreports to provide
sufficient data oreach foundry for statistical analysis of the melting time, energy consumption,
chargematerials, and steel chemistry.

One important part of this study was an evaluation of the total energy use during thg melt
operation in each foundry.o evaluate the total energy consumption, an energy balance during



melting was required which included determining the typical energy losses to refractories, water
cooling, eletrical systems, and radiation.P o vod rf 0 e X were compketedioth freeof

slag and under slag allowing evaluation of total and radiation heat msdesthermaholding
experiments provided data on the minimum amount of eleceitalgy required to compensate

for electrical and heat lossebwo IF foundries were equippedith therma@ouplesand flow
meters for eeh of the cooling water line3his allowed for measurements of the conduction heat
losses through the refractory as well as the electrically generated heat (Joule) losses when
combining the water flow and tempearsg measurements with the normal, powty and
isothermal holding experiments. These experiments provided validation for the thermal modeling
required to estimate the losses at facilities noirfgatull instrumentationin these cases, only
cumulative ad operational electrical energy efficignwere measured and calculated.

Figure 3areflects the spectrum of energy consumption for steel melting in induittinaces at
four foundriesThe electrical energy varied from a low of 48@h/ton to a high of 80 kWh/ton
representing 35% to 235% excess energy from the approxim&@kv@h/ton required to melt
room temperature sqraand heat to tap temperatuithere were several factors that helped
contribute to decreasing the energy consumption Indfudirgy melting inafurnace witha hot
lining, shorter melting time achieved by higher density charges, continuous charging of scrap
during melt, and larger power supplies (KW capacity per. tol@iting under slag (coagulant)
decrease radiation losses (high temperature liquid metal not expdsedtmospheneand
furnace lids constructed from low thermal conductivity ceramics decrelhsat loses
(conduction and radiation).

Figure 3 compares the electrical energy consumptiorfivee EAF steel foundryfurnaces
participating in this studyHeat timein these furnacesanged from a low of 40 minutes
(Furnaces #1 and #2 at Foundry E) to a lnjB40 minuteqFoundry Q. The electrical energy
consumption ranged from a low of 3RWh/ton (Furnace #2 at Foundry E) to a high of 780
kWh/ton (Foundry G). The two EAFs with the lowest electrical consumption both employed
chemical energyoky-fuel burnery which significantly decreased the required eleatrenergy

and the heat timaVhen consideéng total energy (chemical plus electrical), furnaces utilizing
oxy-fuel burners weramore efficient (79%) than those without ostyel burners (69%)In
general, accurate energy data was difficult to obtain because most foundriast chave
complete insumentation or measuring devices to monitor energy consumption
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Figure 3 Electricalenergyconsumptiorcomparison fosteelfoundries
3.2 TASK 31 Determine opportunities for technical trasfer - wrought to steel casting

Analyzing tre findings from thestudy of melting practices and energy consumption in the
wrought industry(Task 1)and the study of melting practices and energy consumpiidghe
foundry industry(Task 2) revealed severalpportunities fortechnical transfer andnelting
improvements thatould improve theenergy consumption productivity, and cost in steel
foundry melting operationsThe steel mirmill industry has utilized technologies such as
computerized scheduling to reduce delays and energy/production liussey, slag, heavy use
of chemical energy (oxfuel burners, oxygen during melbwn postcombustion),better
refractories, energy instrumentation arel time omputer monitoring and controlg.able 2
compares the energy consumption in EAFs from foundries with data collécteslesal mini

mills in the US.
Table 2 Comparison of energy (niirave max) for EAFs in foundries and mimills

Data from 6 Foundry EAFs Data from 8 minimill EAFs
Electrical EnergyKWhit) 33071 500- 780 3201 377- 424
Chemical EnergykWh/t) 301 607 120 1497 183- 244
Total Energy (chem. + elec) 4407 56071 820 5351 560-603
Average Heat timéminutes) 547 9071 120 4071 54-73
Poweron-time (%) 30- 60- 75 7671 84-91

Some of the importantrfdings from the initiabenchmarkingstudy(Tasks 1 and 2ed to areas
of research andhdustrial trialspursued in the research proje€heseareasare summarized
below:

1  Starting upcold furnacesincreasd the energy required by as much as5896 on the
first heat.Foundries were encouraged to charsgheduhg (fewer melting days per
week, fewer furnaces, etc.) to maximize the number of hemth day in a single
furnace.

1  Productivity delays resudtlin higher energy losses through conduction to the refractory
and from liquid surface radiatiorFoundries were encouraged to institute programs



aimed at reducing dowtime during melting to avoidhese delays and the resulting
energy losses. These included preventive maintenance, better scheduling to avoid
waiting on scrap charges or molds, etc.

1 Most foundries lacked furnace sinumentation reakttime electrical monitoring,
electrical regulationPLCs, computer controls, etc.foundries were encouraged to add
instrumentation to&lp monitor and reduce total energy consumption

1 Chemical energy is one of the most effective methodsreafucing electrical
consumption and increasing productivity the wrought industry through the use of
oxy-fuel burners, increased oxygen throughout the heat with supersonic oxgges la
and foamy slag practiceMost fourdries did not usechemical energyin the
benchmarking studglthough the most efficient foundriesighest productivity, lowest
kWh/ton T practicessimilar to wrought) used significant amounts of energy through
oxy-fuel burners and oxygen use dwimelting. Research in Task 4 was aimed at
demonstrating the advantages of chemical energy use in foundries

1 Ladle practice were found to be an area that wasted energy in the foundry industry
with insufficiently preheated ladlgdack of covers during holding and highermal
conductivity linings.These inefficiencies cause foundries to use more energy indneat
the steel in the furnace to higher tap temperatures, singetotal energy consumption.
Research in Task 5 was directed at improving ladle refractories and ladle practice to
reduce the losses and increase energy efficiency during melting.

1  Schedulingwas found to be one of the mdstportantand high impact methods of
improving energy efficiecy with no capital investmen®ants that are driven by
productivity (tap as many heats as possible every shift) are far more energy efficient
than plants thatra limited in productivity by the schedule (limited number of heats per
shift). Research in Task 4 was directed at showing improvements in energy efficiency
due to improved scheduling.

3.3 TASK 41 Industrial trials.
3.3.17 Induction Furnace Studies Improved Scheduling

Based on the research in Tasks 1 through 3, industrial trials were conducted at individual
foundrieswith the goal ofsavng energy through improved production controls and process
management techniques that provide for more consistefiing. In additionthese trials used
melting technological improvements not redqugr capital investments but capable of saving
significant energy and material.his research focuses on the results from a foundry that made
technological improvementsased on the findings in the earlier benchmarking study

Oneindustrial trial was conducted at a foundry tiraglts low, medium carbon and stainless steel

in medium frequency induction 500 KW furnaces ¢d@® Ibs. capacity. During the earlier
benchmarkingesearch in @4, energy consumption averaged 500 and l8&%/ton for melting

on hot &d cold linings, respectivel{frthe main heat losses during steel melting were attributed to
heat accumulation by the cold lining as well as radiation and conductioatoddméng the 3215

minute final chemistry correction period (see Figdacand5a). Operational energy efficiency

was found to reach a maximum of 70 to 80% while melting solid charge materials but decreased
dramatically to nearly zero (just enough enetgymaintain temperature) during the fina
chemistry correction periodhe energy efficiency was between 30 and 50% during heating of
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the molten bath to the tap temperature under an open surface (B)gBatistical analysis
indicated a wide variatiom the total energy consumption with the lowest observed values of the
total energy consumption per ton being near to the best practices observed in other foundries
egupped with induction furnaceddowever, the wide variation in energy efficiency between
heats resulted in an average electrical energy consumption that was higher than the average of
other induction foundes utilizing best practice$n addition to the electrical energy consumed,

an additional 300,000 400,000 BTU of natural gas was useding the 1.52.5 hours bladle

preheat for each heafotal temperature losses measured during tapping and pouring ranged
from 110F to 156F.

Recommendati ons for ener gy savings from Mis
benchmarking study were implemted by the industrial foundry ian attempt to increase
productivity, reduce energy consumption, save operating costsnarease quality and safety.

These improvements were made without an increased capital investmantluded:

1 optimize schedulingo minimize the number of heats melted at less than full furnace
capacity (reducing scrap and decreasing energy)

improve production schedule to decrease the number of cold heats on a lining

gas preheat the induction lining prior to the first heat (mirenttzermal shock to the
refractories and reduce energy requirements of first heat)

1 change alloying practice to minimize alloys added to charge and only add alloys
immediately after deslagging the furnace

1 rewrite melting practices and train employees to isbestly melt the same way (improve
consistency in hitting chemistries, decrease final chemistry correction period and reduced
tapto-tap time)

1 decrease radiation losses by using covers during melting and pouring
1 instituted an effective preventiveaintenance prograio reduce delays in the furnace
9 additional training okEmployees to adhere itmproved melting practices

After implementation of these improvemernts industrial foundryvas revisited and a series of
industrial trials performed to elmtethe effects of these changé&dectrical energy was reduced

by an average of 15% during the first heat on a furnace due to the improved preheat practices
employed(Table 3) Electrical energy was reduced by18% on heats melted in hot linings. A
conmparison of the energy requirements is illustrated in Fidgufirst cold heat) and Figur®

(hot lining). Figure 6 illustrates the improvements observed in energy efficiency due to the
changes made during the different melting periodseaits on hot andold linings.The effects

of optimizing the scheduling decreased tap to tap times and theniagreeof first heats to
11.6%.

The new practice of gas preheating the IF lining before the first ineatasedthe average
temperature of the lining to 1550°F before melting significantly decreased the lining
accumulation heat losses (nearly 1R@/h/ton reduction). In addition, this practice helps
minimize the thermal shock to the refractories improving refrgcivear. This improvement
coupled with reducing the percentage of heats melted on a cold lining and other melting
improvements resulted in a 20% reduction in refractory usaitethe new practice<Covering
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the bath during melting and the ladle during pagirdecreased the radiation heat losses and

stabilized pouring temperatures.

Table 3 Comparison of heats before and after process changes
Before | Steel Lining Charge Corrections, Melting kWh/t
or after # Time, min
changes
Before | WCB Cold Solid 1 207 653
Before | WCB Hot Solid + 200 heel 1 120 545
After | WCB Hot Solid 1 114 519
After | WCB Hot Solid + 200 heel 1 104 517
After | CF8M | Preheated Solid 2 130 562
After | CF8M Hot Solid +350heel 2 106 534
Liquid Steel Liquid Steel
*eaom S
o >

Lining Accumulation
95 KWH/t (14.3%)
Max. possiblel 137 KWH/t

Lining Accumulation
58 KWH/t (10.3%)

Max. possiblei 137 KWH/t

ayic ol d o Ipeforeachangese b) MAgas pr e hferachangesd
Figure 4 Modified Sankeydiagrans (energy flow) for first heaten a lining

pract.i

Liquid Steel
356 KWH/t Liquid Steel
(67.6%) 357 KWH/t
(71.4%)
Electricity N
500 KWH/t Electricity
A73KWH/t
527 Jouleheat 500
KwH/t Water 90 KWHI/t KO Jouleheat
(100%) | 152 KWHI/t ! Water 94 KWH/t
(28.9%) | Conductivity . (100%) | 134KWHIt —
62 KWH/t (26.8%) Conductivity|
40 KWH/t
Radiation Radiation
5 Heel y 15KWA Heel 5 KWA
7 rwAn (2.8%) 27 KWH/t (1%)

il

Lining Accumulation
3.3KWH/t (0.6%)
Max. possiblei 137KWH/t Max. possiblei 137 KWHI/t

a) Before change(opégn b) After changeswith covers)
Figure 5 Modified Sankeydiagrans (energy flow) of heats ihot lining with 200 Ib heel

Iy

Lining Accumulation
4 KWH/t (0.8%)
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Energy efficiency, % Energy efficiency, %

2004 - Hot lining 545 KWHIt
2004 - Cold lining 853 KWHIt g

. Meltin Ut lini
2005 - Preheated lining 562 KwHit g Correction 2005 - Hot lining - 517 kit

Total Total

a) first heat of the day b) heats on a hot lining
Figure 6 Melting energy efficiencyefore 004 and after 2005 process improvements

Correction

3.3.21 Induction Furnace Trialsi Alloy Control

This industrial trial was completed in a steel foundry using an induction furnaceQsf [Ps.
capacity. h the 200dbenchmarkingstudyof 155 heatst this foundry alloy recovery variation

was found to be lower for ferroalloys added to the charge because of the greater potential for
oxidation during the melting process. Also, recoverieMaof and Si added to the melt were
inconsistentwith some heat havingigh recoveries and loérs much lower than expectdd.
observing alloying, variations were found to be caused in some cases by ferroalloy additions into
a melt surface covered by slaghe distibution of the final chemistries by alloying element
characterizes the ceistency of melting practice3he ratio of the standard deviation (SD) for
elements in the final chemistry to the specification range &R)onstrateahe capability of
staying withn the specification and also whether or not the element aim range caduoed to

save alloying costd:rom a statistical basis, a SR/SD ratio of 4.0 or more indicates that 95.5% of
the heats would be within the specification range baseda normal dat distribution.In
addition, developing practices that improve alloy recovery both in % and in consistency allows
the foundry to reduce the aim (illustrated in Figure 1) reducing alloying cost and energy required
for melting (and manufacturing) alloy$4n was used for this studyAs shownin Table 4,the

SR/SD ratioduring the benchmarking study in 2004 wa% indicatingthat alloying practices
needed to be changed to result in more consistent practices and to save alloyirig 2066,
melting practice were rewrittento implement changes recommended by this progeut
operators retrained to minimize alloys added to the charge, sample melts more consistently and
avad adding alloys through slagable4 and Figure? illustrate improvements in Mn recaye

and improved consistency achieved throughri&e melting practicesThe change represents a
20% decrease in the Mn alloys added to make time ggade as before the changes.

Table 4 Comparison of finaMn before (2004) and after (2005) process changes

2004 2005
Averagefinal Mn 0.69 0.57
Mn Standard deviation (SD) 0.097 0.031
Mn Specification Range (SR) 0.4-0.6 0.4-0.6
Mn SR/SD 2.1 6.4
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Figure 7 Mn variation in WCB produichefore 004 and after 2005 practice changes

3.3.31 Electric Furnace Trialsi Chemical Energyi SiC

Supplemental chemical energy is a promising wayd&mreasing electrical energy consumption
and increasing the efficiency and productivity of melting steelumdoy EAFs.There are many
technologies that are possible for introducing supplemental chemical energy into the EAF steel
melting process includqpreheating thescrap,oxy-fuel burners for heating cold regions of the
solid charge during melt dowmpostcombustion ofCO produced in the furnace t60,, and
exothermic heat from oxidation reactions within the melt.

This series of industrial trials stied the use oféxothermic heat from oxidation reactionghin

the meltto increase energy efficiency during the flat bath period. Opportunities to increase the
energy efficiency are greatest during this period because the electrical energy efficigrecy dro
significantly when heating liquid steel with an open arc in air. A significant portion of the arc
energy is reflected from the arc and bath surface to the sidewalls and roof where the energy is
lost in heating (and often melting) refractory rather tisaeel Although <rap preheating
systems, oxjfuel burners and postombustion ofCO are effective methods of adding chemical
energy, they altequire additional capital investmetiutthe addition of a material such &&C

which produces exothermic remets during the oxygen blow does not require any capital
investment. Figure illustrates the advantage of usi®IC as a source of chemical energy.
Because the heat is generated within the liquid steel, heat transfer efficiency from the exothermic
reactions should be nearly 100%, much higher than the typical 40% efficiency for post
combustion of2O above the bath.

In this research work, the amount of exothermic heat generated during oxygen boiling was
increased by adding SiC with the solid charge. pimgose of this investigation was to evaluate

the energy and operational effects of adding enough SiC with the scrap charge to represent 0.4
0.6% of the barge weight in two foundriehe first foundry, Foundry A, uses 20 ton EAFs

with no oxyfuel burner,and the second foundry, Foundry B, uses 5 ton EAFs withfumely
burners. Thissubsection summarizes thermodynamic calculations, industrial measurements,
heat balances and statistics of the industrial data.
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CQ +1/20, = CO, (energy to off-gas)
2B orCenersy Gas above bath

Slag

C + O = CO (energy recovered)

1/3 of C energy

Si + 20 = SiO, (energy recovered) Liquid steel

L 1/20, (from lance) = O (or FeO)
Figure 8 Chemicalenergy in the steel, slag and above the bath of the EAF

In thefirst series ofindustrial trials(Foundry A, 200 Ibs ofSiC (90 w% SiC) were added with

the 40,000 Ib scrap chargen the furnaceCarbon additions in the charge, pig iron and/or charge
carlon (82 weight %C), were decreased in these heats to compensate for the additional carbon
content in theSiC (28 weight %C). Statistical data frord2 trial heas with SiC werecompared

to data froma 60 heatwithout SiCand summarized ifable5 and Figure 9. The introduction of
SiCresulted in an average decrease ©k\&/h/ton (8%)in the electrical energy consumptiand
increased productivity by 6%4.he average energy efficiency of the silicon and carbon contained

in the SiC additions was callated as a ratio of the experimentally measured temperature change
to the theoretically possible temperature increase based on the silicon and carbon oxidation
during the oxygen blowing. Theoretically, the oxidatmn0.10% Si provides 7.7KkWh/ton of

steel. As a result, the addition of 200 Ibs of SiC to #@0 Ib charge adds3l1% Si to the bath

at meltin. This quantity of Si would theoretically add 2dVh/t of chemical energyThis
number is less than the electrical energy saved during experimesaalimments {kWh/ton).

The 40% increase above the theoretmalountexperienced was a result of dramatic melting
practice improvements in the heats containing SiC. The SiC addition not only decreased the
electrical energy required by replacing eleetienergy with chemical energy, but the recovery

of the chemical energy from the carbon increased because of the much less violent bath reactions
from carbon boilingr e d u c i n g -anhte andpelimneatingdelays due to an overactive

bath Early esimates from SiC additions during these trials indicated thatateced energy

cost was greater than the cost of materials for the SiC addition.

In the second series of industrial trials (Foundry @),Ibsof SiC wereadded toa 5 to 6 ton
scrap chargeThis furnacevasequipped with an oxjuel burner and PLC control$he melting
results of 30 heats produced wBIC were compared with results of 30 heats produced without
SiC. A comparison of the two melting practices is summarized in TabledFigure 10.

Table 5 Effect of SiCadditions on energy consumption and productivity (Foundry A)

Electrical energy consumptio EAF productivity
Heats kWh/ton Decrease, %| Ton/hour | Increase, %
Without SiC 467.3 - 6.22 -
With SIC. (42 trial heats) 430.7 7.8 6.57 5.6
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Figure 9 Comparison otlectricalenergy onsumption for meltingvith SiC (Foundry A)

Table 6 Effect of SiCadditions on energy consumption and productivity (Foundry B)

# Heat| kWh/t EAF Melting Poweron Tapto-tap
productivity, | productivity, | time, min time, min
t/hour t/hour
With SiC:
-all heats 33 420.9
-hot lining 30 410.6 3.04 3.63 82 98
-cold lining 3 523.3
Base
practice:
-all heats 33 440.6
-hot lining 30 432.3 2.97 3.63 80 99
-cold lining 3 524.1

Box-and-Whisker Plot
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E § With SiC

20 |-

With Sic | | \ |
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2/
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300
360 390 420 450 480 510 360 390 420 450 480 510
KWhit

Figure 10 Comparison of electrical energy consumptionnf@iting with SiC (Foundry B)

In summary, both of the industrial trials showed a noticeable decrease in electrical consumption
with the addition of chemical energy provided 4. The electrical energy decrease was 8%
when SiC was the pmary agent of chemical energyroductivity alo increased by 6%n the

trials in which there were multiple chemical energy sour&€ plus oxyfuel burners) the
energy decrease due to the SiC was less (~5%) and the productivitseneras insignificant.

16



Othermelting improvementsverea direct rault of theSiC addition including a lowering of the
start temperature for oxygen boiling, decrease in the lining erosion, increase in the lifetime of
refractory roofs, and safer (less vialpoxygen boiling.

3.3.41 Electric Furnace Trialsi Chemical Enegy i Oxy-Fuel and CaJet Trials

Supplemental chemical energy is a promising method for decreasing electrical energy
consumption and increasing the efficiency and productivity of melting steel in foetedryic

arc furnaces (EAFs)Both preheating theharge and oxyuel burners have the potential of
increasing the melting efficiency of the solid scrap chag@#lustrated in Figure 11Buring the

scrap melting period, electrical energy is input at a fixed rate determined byettecal
transformersettings. Heat losses occur through the furnace sidewalls and roof with some
additional losses through sensible heat in the off gas. The addition of chemical energy through
the introduction of an oxfuel burner or multiple oxjyuel burners can significly decrease

mel ting time by eliminating Acol do spplowes such
than the rest of batfhe reduction in melting time results in a reduciioelectrical energyThe

overall energy efficiency improves becaule teduction in melt time results in less convection
and radiation heat loss#gough the walls and roof.

Energy Losses Energy Losses
Electrical to Qff-gas Electrical to Off-gas
Energy in Energy In

Radiation
& Convection
Losses

0 xy-fuel Radiation
Energy In & Convection

Losses PC O, lance

Oxygen
Energy In

Walls
Roof
Doors

a) b)

Figure 11 Energy use and losses in an EAF (a) during melting and (b) flat bath

Once the scrap has melted and the electrodes are operating on an open bath in air (see Figure
11b), the electrical energy efficiency drops significantly because a significant portioa afc

energy is reflected from the arc and bath surface to the sidewalls and roof where the energy is
lost in heating (and often meltingkfractory rather than steelherefore, opportunities to
increase the energy efficiency are greatesinduthis peiod. Figure12 illustrates the efficiency
differences during the different production periods with ~85% electrical efficiency during the
melting period dropping to ~30% when arcing offaé bath (correction periodsupplementary
chemical energy in thiorm of additional oxygen cam&) combusC to CO, b) postcombust the

COto CO; in the furnace and c) recover the exothermic ffreat the oxidation reaction3his
decreases the time the steel is in the furnace reducing the energy lossesetettrib@ energy
consumptionln addition, injecting small amounts of fine carbon with oxygen into the slag forms

a foamy slag which blankets the arc and bath decreasing tles limsshe side walls and roof.

This provides the potential of further increases irctelgal arc efficiency by utilizing more
energy efficient long arcs (higher voltage dader current) on a flat batiCo-jet technology
provides a supersonic oxygen jet with the opportunity of adding carbon directly into the jet
providing a foamy slag egttively increasing chemical energy and decreasingtiadilosses to

the sidewallsThis section of the repomill evaluate the effectiveness of the -det system on
productivity and efficiencyf a steel foundry
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Figure 12 Total and operational energy efficiency for heats with and witSatit

The participating foundrinstalled a doooxy-fuel burner angidewallCo-Jetin one of their 20

ton capcity basic EAFs in late 2007The energy and productivity were compared for
appoximately 600 heats produced before and after the instakatibgure 13 and Table7
compare the electrical energy consumption on a per ton basis for production before and after the
installation. Theoxy-fuel/co-jet practice decreased the average etsdtrtonsumption byl9

kwh/t (10%). The large standard deviation indicates the effect daydeon the energy
consumptionHeats with no delays were consistently low in energy consumption (between 400
and 420kWh/t) indicating potential savings of 20% with chemical enengiyh more efficient

schedulingand preventive maintenance to avoid delays in the furnace.
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Figure 13 Electrical energyse(in kwh/ton) with oxy-fuel burnefCo-Jetin 20t EAF
Table 7 Electrical energy consumption in 20t basic EAF with-6x§l burner and Gdet

Beforechanges After changes
Number of heats evaluated 627 561
Mean kWh/t) 513.9 464.8
Standard deviatiork{Vh/t) 37.7 47.0
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Melt-downtime (time from firstpoweron wntil the scrap was completely meltedlat bath)was
decreased by5% with the additon of the oxyfuel and Celet. There is potential foup toa

30% decrease in the melting time based on the typical times measured ltkatagobserved
during theindustrialtrials. The total heat timeffom charging to tapwascompared before and

after theoxy-fuel/Co-Jet installation in Figurd4 and Table 8 The average total heat time
decreased by 22 minutes (15%fhenusing theoxy-fuel/Co-Jet practiceThere is potential for
significant additional heat time savings based on one of the trial heats in which the total heat
time was 110 minutes, nearly 40% less than the average time befomxfieel Co-Jet
installation. Sufficiert detailed cost information was not provided by industrial partners to
accurately calculate a return on investment.

27 - : :
] Before Co-Jet installation
o 17 -
(@) ]
8 71
S ] —
B s3mm I
o ]
) 1
Q 13- After Co-Jet installation
23 . T T T T T T T T T T T T T T T T T T T T T
100 140 180 220 260 300

Figure 14 Total heat time (in min) for a 20t basic EAF with efxel/Co-Jet
Table 8 Statistics for total heat time (in minutes) for 20t basic EAF with-foey/ Co-Jet

Before CeJet After Co-Jet
Number of heats in study 627 561
Averageheat time (min) 176 154
Standard deviatiofmin) 51 38
Best time (min) 110

3.3.5- Industrial Ladle Trials Using Lightweight Low Thermal Conductivity Lining

The goal of this part of the research was to run an industrial trial using a lightweight low thermal
conductivity alumina lining to determine the benefits/challenges of thisrigian a production
foundry. For the industrial trial, a partnering foundry provided a shank ladle of 750 Ibs (liquid
steel capacity) The ladle was prepared in the Missouri S&T laboratories before being
transported back to the foundry for use. The dimemssiono f the steel shell
di ameter and 220 height.

In the trial, a commercially available, low thermal conductivity and relatively low density
alumina based castable linimgs utilized. Thematerialis cement bonded and has very effective
insulating properties due to its microporosity. The thermal conductivity ohéve material
(approximately 0.9 W/m°K) is less than commalamina castableG@round 2.4 W/m°K). Téa
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thermal efficiency was furtheenhancel by using an additional outside insulating lining made
from a very low thermal conductivity, light weight materidhe combination of the outside
insulating lining and inner microporous alumina castabldenotedas theii s and wi ¢ h
The propeties of the sandwich lining in comparisondtandard alumina castaldee given in

Table9.

The effective properties of the sandwich type lining which consisted of layers madea from

Table 9 Properties of lining materials

Sandwich
. . Commercial Common
Properties Inﬁu!atlng lightweight castable
ining
castable
Density, kg/m 235 1600 2300
Thermal conductivity, W/m°K 0.17 0.50.9 2.1-2.4
Max. Service Temp., °C 1100 1650 N/A
0, i 0, 0,
CompOSition 47 /OS|Oz, 85-87 /0A|203, 69 /0A|203,
45 % CaO 13-14CaO 26 %SiO

lightweight castableind an insulating lining with a thickness fraction were estimated under
following rules:

- Effective density with the rule of mixtures:

f=a_ ri X

- Effective coefficient of termal conductivityK) from equivalent heat flux:

An effective density of 1.36 g/cha
cul
castableand O.

cal

ated

f

50
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nd an effective thermal conductivity of 0.37 W/mRlere
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of [
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which shows that the combination of the commercial andlatiag linings provides a lower
thermal conductivity and density when compared to comma@ly2e90% alumina castable

linings.
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Figure 15 Thermal conductivity and density of lining materials
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In the trial, the insulating liningwas placedbetween the steel shell and castable lining. The
insulating refractory was supplied in the for
thick to assemble the sides of the adseal al | a
Figure 16a)Mortar was used to attach the insulating slices to the shell. Preliminary tests showed

that the commercial lining undergoes a fast set time at the moment of pouring, which can be
solved by adding a seetarder. Therefore, a sedtarder was added to thastable material

during mixing. The ladle was set on a portable stinger vibrator to help flowability of matedial

the ladle was cast (See Figure 16b)

a) b)
Figure 16 a) Insulation lining inside the steel shell bdlEwith castommercial lining

The refractory surface was gradually heated to a final soak temperature of 2460°F (1350°C) over
five hours. Thermal images were captured during the process usingramed camerand
showed that theteel shell temperaturaried betwen 346°F (174°C) towards the bottom of the
ladleand513°F (267°C)n the sidewallsOverall, the shell temperature was significantly lower

in temperature when compared to the same size ladle madetodardalumina (406600°C)
indicating improved insaltion. The ladle was slow cooled to 200(%7°C) over eight hourghe
ladlewas coated with a refractory mortar before use andtsehe participating foundryAt the
foundry, the ladle was preheated using a vertical gas preheater to an inside temmdratu
approximately 1879°F (1026°C) as measured with the IR camera. The shell temperature of the
pre-heated ladleveraged 32, significantly less when comparé&@2®F when using ammon
alumina castable and pheated in the same way indicating signifitaiower energy losses

with the new sadwich refractory.

Each heat was tapped from one to four times (depending on furnace capacity and chatyje weigh
into the ladle for pouringThe molten steel temperature was collected from six ladles poured
using thesandwich refractory and averaged and compared to the average temperatures from
multiple heats poured with the same ladle using common alumina castable (Fiyufdel
sandwich type lining averaged a total temperature loss6f 86m the furnaceap temperature

to the ladle temperature aft5 minutes of hold timelhis is significantly less than the average
temperature loss of 1%5 after 5 minutes of hold time for common alumina castable latites.
energy loss through the sidewallgésluced by 4% with the sandwich lining when compared to
common alumina castablimings. A reduction in the tap temperature of’l6Gvould save 115

kwWh/t (~3% of energy) based on the low efficiency of electric furnaces irdsitrgy the
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temperature for tafexact coss of the new refractory material were unable to be determined, as
much of the material was donated or purchased in small quantities. Initial estimates are that costs
would be a small percentage increase depending on current lining type.

3080

= Common lining
<+ Sandwich lining

Temperature (F)

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (min)

Figure 17 Steel temperature icastable alumina ladle and sandwich linchgingholding

34 TASK 5- Laboratory study of factors affecting energy consumption during melting in
foundries.

3.4.17 New refractory applications to reduce ladle losses

Effective ladle design is important for steel casting productionfolmdry operations, the
temperature of the |l iquid steel in the | adle
point to compensate for the heat losses in small ladles ardgbeiated high cooling rates from

the large sdace area to volume ratiobligh superheat is also necessary to provide sufficient
steel fluidity to properly fill the mold cavity. In spite of the relatively short time that the steel is
in contact with thdadle lining, the huge thermal gradients in the lining drive high values of heat
transfer through the refractory surface. Steel foundry ladles vary in capacity from 400 to 50,000
Ibs as summarized in Figure 18a. As the ladle capacity decreas@sintpsurface area per Ib of
liquid metal increases (see Figure 18bhis is imporant because heat transfer is directly
proportional to the surface ardéor example, small ladles (<100€) havefive times the surface

area per ton as large ladles (>20,000dbd therefore would experientige times the rate of
temperature loss under similar ladle conditions (tap temperature, preheat, refrgmtsrand
thicknesses, etc.).

Heat transfer between the liquid metal and the ladle lining as well as the askbemttéosses in

foundry linings were analyzedsing data generated at 20 steel foundries and from industrial
measurements completed at seven foundries. Temperature measurements were made using
thermocouples and infrared cameras. Figure 19a shows a gérmedl of increasing tap
temperatures witliecreasing ladle capacitiligher tap temperatures help compensate for the
much higher rate of steel temperature lessmaller ladles (Figure 19bJhe cooling rate of the

liquid steel through the ladle liningedreases exponentially based on increpksidle size.
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Figure 19 Effect of ladle capacity on a) tap temperature and b) rate of temperature loss

The temperature losses in the industrial ladles were also modeled UkIE¢NF, a commercial
computational fluid dynamic software package. It was found that the results predicted by the
FLUENT ladle model were very similar to the resultseslied in industrial foundrieShe ladle

size was shown to have a major influence onréte of liquid steel temperature drop because
foundry ladles are typically not at steady state (heat is not fully soaked into the lining) resulting
in larger heat losses to compensate for heat accumulation in the lining (see Figure 20a). Figure
20b compaes the different mechanisms of heat loss (lining accumulation versus radiation) while
holding liquid steel in the ladle. Radiation losses could be minimized by using radiation
protection devicedifl, special melt cover, etcfReduction in lining accumuli@n losses requires

either lower thermal conductivity materials or much more affedadle preheating.
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Figure 20 a) Influence of ladle capacity on temperature losses during holding and b) temperature
loss by lining accumulation and radiation from top surface of 5000 Ib ladle

Some foundries tap thieirnace intoa large transport ladle whicts usedto pour shank type

small capacity ladlesThis more thandoubkes the melt lining exposure significantly increasing

the magnitude of temperat lossesFor example, one medium carbon and low alloy steel
foundry melting in a 5 ton EAF, taps steel at 3100°F into an 11,0@0ullmina lined teapot ladle
preheated to 1955°F. The steel idagled into a 1000 Ib. shank ladle with a lining consisting of

low thermal conductivity magnesia boards surrounded by dry sand to pour medium and small
size castingsAn example of theemper#ure losses during tap, while holding in the teapot ladle

and in the rdadledsteel are given in Figure 21Buring the 30 minute pouring time, the total
temperature loss was 280°F to 300°F. Infrared images of the teapot and shank ladles with liquid
steelare given in Figureslb and ZAc.

w0+ — — Tap
= Pouring
K —a&— In teapot
w 3000 A
5 1475.2
5 1398.0
€ 2900 12435
3 11661
5 i1
F 2800 - Baty
i3
8
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Time, min 125!13
a) b) c)
Figure 21
a) Temperature of steel in 11,000 Ib teapot ladle ar@Dlpouring ladle
b) surface of preheated alumtiaed 11,000 Ib teapot ladle (before taahd
c) surface of empty 1000 Ib shank ladle (lined with low density magnesia lining)
The large temperature losses associated with the use of foundry ladte®ledMi s sour i S &

research in developing new lining materials designed especialstdel handling in foundries.

This section of the report outlines the development of these new lining matéribissic
alumina castable was reduced in density by addilugmina hollow spheres and calcium
aluminate cement binder. In contrast to conventional alumina aggregates with density range from
3.5 to 3.7 g/cry hollow alumina aggregates have a density range from 0.5 to 0.8 gfzin
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provide pores from 500 to 1500 in size.lt is this aggregate substitution that imparts the first
level of porosity to this insulating castable. In order to render the castable foamable, additional
matrix powders are required. In this case, ultrafine hydrateable alumina, calcineshalamna
calcium aluminate cement are added to lower the particle size distribution modulus and to
provide the requisite fines as well as iiddal binder for the systenfAfter charging the base
castable and additional fines into a paddle type mixes,teémpered with enough water to allow
the system to be characterized as an excellent vibratableraerline seHflow castableAt this
moment, three surface active agents are introduced and the paddle blade is switched to a whisk
attachment in order téacilitate air incorpaation and the foaming processlso added at this
time is an engineered fugitive of organic microspheres with an average particle sizamof 20
This very low mass organic material volatilizes upon the initial heating of the caldaileg
fine spherical porosityThe specific volume of the castable is increased dramatically during the
mixing/foaming process. The prepared insulating castable material was theaspiliato a
plastic mold. Since the binder for this system is hydratdhk castable is treated similar to other
castable materials in terms of maintaining a warm and humid environment for setting and curing.
; } T e N 2

1

Figure 22 SEM images of a foamed insulating castable fracture surface

A bulk density of éss than 1 g/ctrand porosity levels in excest b vol. % has been achieved.
Figure 22 is a scanning electron microscope image of a typical fracture surfabe &hamed
castableThe largest pores in the system are due to hollow alumina sphere agdregathown
in Figure22). The second level of porosity (Figug2g is due to air incorpotad during the
foaming processThese pores range in size from 50 tora@0and account for the vast majority
of the porosity in the systerfihe third level of porsity (Figure22b) results from the engineered
organic fugitive material and has an average pore size of abmt 20

Three types of lining materials were studied (see Tabjealregular alumina based castable, a

low density magnesia ladle insert, and a newly developed low density porous alumina castable.
Al | materials were tested as a prefabricated
100 Ibs capacity. The o density magnesia insert was used in the supplied condition while the
inserts from two castable ceramics were poured into special plastic molds which were replicated
from one of te commercial magnesia inserfis resulted in all tested inserts being game

shape (Figur@3). The castable inserts were fired to 1400°C. Nine thermocouples were installed
at different wall positions (inside, outside and in the middle) at three levels (upper, central and
lower sidewall). In addition, three thermocouples evigrstalled in the bottom (see Figuzég).

The insert with thermocouples was installed
layer surrounding the insert (Figu2db). A National Instrument Data Acquisition System was
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used for @ta collectionCast iron was melted to increase the possible holding time in the ladle
without having solidifed metal.The metal was superheated to 1650°Grnnduction furnace
and tapped into the ladle. The ladle was held until the temperature reached a minimal

temperature of 1330°C.
Table 10 Three types of lining materials studied

Ceramics Density, kg/m
Alumina castable 2300
Low density magnesia crucible 1400
Porous alumina castable 900950

a) b) c)

Figure 23 @) Standardcalumina castabldg) low-density magnesiandc) newalumina castable

b)
Figure 24 @) Insert with thermocouples amjl ladle with insert and thermocouples

Experimentaldata showed that the newly developed porous ceramic material has a thermal
conductivity that is 2.2 to 2.8 times lower than regular alumina castable mdte stable
properties than low density magnesia bodste Figure 2a). Typically, low density materials

are able to produce lower thermal conductivity but suffer from poor meethgmoperties of the
ceramics.The thermal conductivity ahe varioudinings as measured in the Missouri S&T labs
versus density is given in Figuedb. The newly developed alumina porous castable lining has a
low density but possesses much highemsfite and thermal stdiy than the magnesia boards.
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Figure 25 Effect of a) lining temperature anl) lining density orining thermalconductivity

Each of the three different types of ceramic ladle linings were inserted in the test ladle and
surrounded by a 10 thickness oftiondtoyndugralnd an
foundries. The metal was tapped in each case at %630to the test ladlesBoth castable

alumina ladle linings (solid and porous) were preheated wgiCalectrical preheater to 700°C

internal suface temperature for 2 hourBhe differences in the physical properties of the linings

had a significant influeze on the liquid metal temperature lesswvhile holding in the ladle.

Figure26 compares the effect that the three different lining types would have on the liquid metal
temperature in the 100 ladle modeled using FLUENTLhe results of the modeling arés@a

compared with experimental results in Table

Table 11 Ladle holding time for melt temperature to drop from 1600°C to 1350°C

Lining Preheat, °C| Measured time Calculated time using
experimental, min FLUENT model, min
Open top Isolated top
Alumina castable 700 7 5 10
Low density magnesiboard | No preheat 9 7 13
Alumina porous castable 700 18 12 30

Figure 26 illustrates three fields representing the possible variations in time and temperature
depended on the type of ladle materials and ladle procedure (with or without thesiaizdm of

top melt surface)This variation was used because of the wideiation in ladle practices
encouttered in the foundry industryThe alumina castable lining and the newly developed
porous castable lining were both used after preheating to 700°C because most foundries would
preheat these types of ladles. However, ttegmesia boards were used at room temperature
initially because these materials were negigned for intensive prehe&igure26illustrates that

room temperature magnesia board ladles do have some advantages when compared to preheated
alumina castable thes. However, the newly developed porous alumina ceramics provide the
possibility of cutting the temperature losses in-ba#, effectively doubling the possible metal
holding time in the ladle. The new porous lining is less sensitive to the prehedtocotichn

normal castable linings.
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Figure 26 Comparison of melt temperature losses in the ladle with different linings
(solid line open liquid surface and dotted lim® radiation through liquid surface)

Experimentaldata combied with FLUENT modelresults provideghe possibility to model
industrial ladles under different refractory linimgd metal handling conditionsor example,
Figure 27 illustrates the temperature profiles using the FLUENT model for 1000 Ib ladles with
an open melt surface covered by a thin layer of slaghis case, four lining conditions were
compared to calculate the required tap temperature to pour after 12 minutes of handling time at a
final pouring temperature of 2820 The highest tap temperatu(@275F) was required for a
traditional castable alumina lining preheated to at least’F5@0compensate fdhe heat losses

in the ladle.Low density magnesia boards require a lower tap temperature°320ih less
variation in the pour temperaturedea on dfering ladle conditionsThe tap temperature could

be reduced to 308P for similarly constructed castable porous refractory, a significant decrease
in temperature due to the reduced eneapsés using this new materidhe tap temperature

could be reduced even further to 36@0f the porous castable alumina lining is backed up by a
lower conductivity (calwm silicate) backup materialhis change is a total reduction in the tap
temperature of 246 from traditional alumina castable liningsdaoould increase the holding

time at the same tap temperature by at least 30%duction in the tap temperature of 280

would save an estimated 55 kWh/t in electrical energy consumption16%0based on the
~50% dficiency at high temperaturg)r $3.85per ton (assuming $0.07/kwh), efétting the

costs of the new refractories for most steel foundries. Actual savings depend on local electricity
costs, current refractory costs and practices and ladle life.
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Figure 27 Required tap temperatures for pour temperature of 2840F at 12 minutes after tap in
1000 Ib ladles lined with different refractories (FLUENT model)

In summary, this taskotused on increasing the energy efficiency through the use of new ladle
linings and inproved melt handling processing for the steel foundry industry. The research was
completed using a 100 Ib lab scale experimental ladle, FLUENT and FACTSAGE computer
modeling, industrial measurements and statistics. A new ladle lining system devgoped

alumina castable working lining combined with a ldensity calcium silicate backup lining) has
proven to significantly decrease the heat losses of steel in the ladle resulting in an increase of up
to 30% in the holding times and allowing tap tempeestuo be decreased by as much asR40

from traditional preheated high alumina castable ladle linings (actual savings depend on present
ladle practices). The laboratory experimental data were incorporated into a computer model that
predicts conditions imidustrial foundry ladles.

3.5 TASK 6- Energy model of steel foundry melting operations.
3.5.1Ladle model

The aim of thigaskwas to develoatool to calculate and predititetemperature drop of molten
steel during liquid steel handling from the furaao the mold. The tap temperatmnest be high
enough to meet theequired mold pouring temperature aa#le into accountemperature losses
during tapping and holding. © energy model can be used to calculate the optimett
superheat temperaturetime melting furnace and decrease energy consumption.

Steel is melted and superheated in the furnace. Once the required tap temperature is reached,
liquid steel is tapped into a ladle. In foundrige ladle is used for holding and transpogtthe

melt until pouring into themolds. During the holding period, temperaturetioé liquid steel
continues tadrop. The amount ofirop depends orthree major heat fluxed=) as illustrated in
Figure28:

- Flux 1- radiation and alloying additions during tap
- Flux 2- heataccumulated by lining and heat conducted through ladle walls
- Flux 3- convection and radiation from tapb themelt.
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The specific conditionfor liquid steel infoundryladlesheld forlimited time (typically less than
30 minutes) can be described based ongsteady state heat transfer. Howeselving the non
steady state heat transfer solvers (EfgD usingFluen) is time consuming and not practidar
use in industrial foundry oma dayto-day bass. To makethe calculator more practical, nen
steady state heat fluxes were approximated and appltbd generalized heat balance:

m,c,a n d

Flux 1 (tap stream radiation) waslculated using the technique descritiedur papet and
adopted inthe EXCEL spreadsheetlux 2 (top surface dhation and convection losses) and
Flux 3 (heat accumulated by lining) were determined using FLUENT CFD modeling by taking

FLUX 1: TAP STREAM

| FLUX 3: RADIATION |

FLUX 2: LINING
ACCUMULATION

Figure 28 Heat losses from ladle during tapping and holding steel

aeYyY B Oyt

T are mass, speci fdropofftigeiddteeldontimeptli t y

into consideration:

Meshes for different sizeladles were generated using Gambit softwaith two zones in the
mesh(refractory and liquid stegl The lining properties wertaken fom previous work (see
3.4.1) Taking into consideration heat transfer between the melt and relatively low thermal
conductivity lining, this boundary was considered as coupled (no temperature drop). The
boundary conditionat the topof the liquid considegtthree cases: open top, slag layer and low
thermal conductivity (kaowool) lidnitialization (starting temperature distribution) was done for
preheated ancho preheat cased-or preheating, preliminargimulations were performed to
determine the temperature field in preheated |d2ilging usetheladle was filled by liquid steel

at a temperature of 1650(~300Q ) andthesimulation wasompletedor the varioudadle top
conditions.Simulation resultsvere validatel using industrial trial datarhis validationallowed

for simplification by redugng the number of variable3helining surface heat flux was found to

be independent of ladle sizmit depended on ladle refractory type amdheating condibns

(Figure29).

effect of slag on radiation losses

effect of cover (lid) on radiation losses

thermal properties of lininghaterials

ladle design (capacity, wall thickness)
initial thermal conditions (praeating).
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3.5.2Ladle Maodel Validation

Validation of the model is required to prove that it is applicable for industrial use. Five industrial
trial caseqTable12) were used to calculate tipeedictedtemperature dropsingthe model and
compaing it with the actual data. Figured3hows thee comparisos with anR? value of 0.86

showing acceptable correlation.

Table 12 List of industrial cases used for model validation

Ladle capacity, Holding time,
Ibs Tap Temp, F min Refractory | Preheat, F
Case 1 7000 3102 19 Silica No
Case 2 400 3029 20 Silica 2000
Case 3 40000 3000 20 Alumina 1800
Case 4 18000 3000 10 Alumina 1600
Case 5 11000 3100 8 Alumina 1000
400 -
y =1.1258x - 33.678
R* = 0.8564 ¢Case 1
u 300 -
& mCase 2
s
© 200 -
.%’ s Case 3
£
100 - <Case4
0 - ‘ : ; ; tCase 5
0 100 200 300 400

Industrial Measurements. F

Figure 30 Validationof model by comparing predictions with industrial trials

3.5.3Excelbased calculatofor ladles

The spreadsheehodel usesthermal propertiebased on selection of thgpe of lining. For
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advanceusers the spreadsheedllows user defined property ingufThe outputs are generated
automatically once all the inputs are provided. Figdta showsthe interface of Wekbased
calculator. The spreadsheet calculatebe temperature drop under théifferent possible
conditions formelt handling for the same ladéd holding time. Té spreadsheet can be used
for process design and optimization with the gufadlecreamqg thetap temperatureesulting in
reducedenergy consumption for meltingestl. Figure 31b showsraexample othe difference in
temperature dropnder the various ladle conditions selected in the excel spesstdsonditions

in Figure 3la.From the predictions,he user could analyze the possible decrease in tap
temperaturdor using a ladle cover or gjaover versus open top ladle.

INPUTS 200 -
Ladle capacity 11000|1b 180

Tap temperature 3100 F i

Preheat temperature 1600 F - 160

Refractory Alumina ? 140 - u T loss through cover
Holding ti 10|mi a |

T:p r::igg'::ne 5 fntmn ® :ﬁg 18 ; mTloss from open top
Tap time 2|min 2 - I : T loss through slag

=
©
Pouring Temperature 2900 F ‘g_ ot u T loss through wall
E 10 - mTaploss
OUTPUTS 20
Total temperature drop 173 F

Possible tap temperature 3073/F 0

Approximate savings 15.48 KWH OpenTop WithSlag With Cover‘
| (@) (b) |
Figure 31 Interface of spreadsheet for calculatiagtemperature losses in ladiad (b)
predictedtemperature dropnderdifferent scenariadHolding for 15 minutesn a 20 ton ladle
lined with alumina refractory (k=1.5 WAiK) preheatedo 1800F

3.5.4Development of mdel ofenergy use duringnelting in induction furnaces

The modelis an integrated heat balance with consideration dustion heating for increasing

enthdpy during heatingf steel chargesolid to liquid transition and swthe heat losses (fluxes
Fi)Z

i=5

Fa I:i dt= rrlscrap(C:s(Tmelting - Tinitial) +DH melting + Clp(Ttapping_ Tmelting)) (2)

i=2
During steel meltingFlux 1 includes the energy required to heat the sthapge andnyliquid
heelfrom their initialtemperature (Tiniiar) to tapping temperatu@:apping, considering all pase
transformatios (oo Hhering- AS shown in Figure 32heother Fluxes arbeat loses(F;, W/n?):

1 Flux 27 accumulation heat to lining

1 Flux 37 to cooling waterconsistingof two parts:
Flux 3ai to compensatéor Joule heatingn theinduction coil
Flux 3bi heat conducted thoghlining

1 Flux 4 and Flux 5 areadiation and convectidosses from top melt surface.
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Figure 32 Heat fluxes considered model of steel melting induction furnace

These fluxes can be divided into threeique periodsduring the operation of amduction
furnace:

1 period 1(natural coolingfrom previous tap to power on

1 period 2(high power heating) frompower on to to fulf meltedsolid charge

1 period 3(low power heatinggorrectionof liquid metal chemistry, temperatute tap.
The periods have different dominating heat transfer natyeriod 1 and period e dominated
by unsteady state heat tranfesth heat transfer é&coming close to steady during period 3
(Figure33).

Unsteady State
Average
Temperature of
the IF Lining

Natural

. : Correction
Cooling i Heating :

Previous Power
Tapping on

Figure 33 Temperature of lining during three periods of melting steel in induction furnace

Melting Tapping Time

Due to thenature of these periodsvo different calculation approaches were used. In the first
approach, unsteady state heat tranfer during periods 1 and 2 was modeled using Fluent CFD
software for the real-B® IF geometries of different capacities (Fig@#. In this calculation, the

teek @m Al ining accumulationo refers to the heat
periods 1 and 2. If the furnace is cold started, a considerable part of the energy is initially used to
heat the furnace lining. If the furnace is hot startedteh®gerature of the furnace will decrease
gradually after tap, which will influence heat accumulation in lining for the next héat.

shorter the time, the less energy consumpfitrerefore scheduling isanimportant factor with

respect to energy savia@ foundries. The mathematic expression for the regression of average
lining temperature‘l(ave,age?C) versus time between previous tap and power tpmin) for
different furnace capacityc|, ton is:
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Cooling water is used to protect lining and coils. Joule heat generated by the induction coils and
heat transferred through the lining aransferred to theooling water. The percentage of Joule
heat losses depends on inductiomace design and capacity and was evaluated using industrial
measurements in several foundries of the total electrical energy consumption. Another part of
heattransferred to theaoling water is the heatonductedthrough thelining of the induction
furnace.These heat losses were calculatsslianing steady state heat transii@ring period 3.
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Figure 34 Temperature of IF lining between heatduent model and regression analysis

Both radiation and convectioheat losses were considered from the top of the furideking

under acover decreaseghe heat losses by radiation and convection. These effects were
estimated using FLUENT CFD modeling and introduced itite EXCEL calculator as
simplifiedin Equations4 and 5 where tremostiivéeitgnt U0f ameat
estimated from CFD calculations:

Naaw- Y Y O 4)

Do ww| Y e (5)
Melting efficiency can be affected bygeveralfactors including hot versus cold liningand
preheated scrap @rliquid heel fromthe previous heat. The possible effects of these differing
scenarios on process time and energy consumption are shown in ¥8gé@ examplescrap

preheating can decrease the electrical energy consumption while simultaneously accelerating
furnace productivity.
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Figure 35 lllustration of effects of melting practice on process time and energy consumption
3.5.5Excelbased eletrical energy consumption calculator/optimizer

Based onthe euations and approximations described above,eacetlbasel spreadsheet
calculator was developed. The interface of the calculator is shown in B@utecan be divided
into four parts: input, output, optimization angraphical results. Necessary parametense
entered such as furnace geometry, power supply, temperature data, operation sahpdwé,
charge etc. Based on the input parametetie calculation is ompletedand the results are
directly shown in the output column. The specific power distribution is shown grapé

Input Output

Optimizer

Figure 36 Interface ofspreadsheetalcuator for IF energy consumption

Best pratices are considered gmssibleways of minimizing electrical energy consumption.
With maximum power supply known, minimum melting time can be determined. The minimum
correction time can also be determindm industry best practicesThe value is usually
proportional t o Wsimgthe beat practicereniinam roedipg ardicarrgction
time, the calculator can estimated tlagljusted energy consumption. After several iterations, the
minimum electrical energy consytion can be determined.
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