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Optimization of Electric Arc Furnace refining
via CFD simulation of steel, slag,
and freeboard dynamics

O. Ugarte, S. Aryal, T. Okosun, E. Pretorius, J. Maiolo, C. Kovscek, C. Q. Zhou

This study presents a state-of-the-art CFD methodology to simulate the industrial EAF refining stage. The modelincor-
porates jet-induced cavities within a volume-of-fluid representation of the molten steel, slag, and freeboard regions,
capturing oxygen-steel reactions, decarburization, oxide formation, and oxide migration from metal to slag and free-
board. Validation against theoretical predictions demonstrates accurate modeling of decarburization and FeO/MnO
generation across both high and low carbon regimes. The model is then applied to evaluate reduced oxygen injection
scenarios by turning off oxygen jets at 200 sec and 400 sec. Results show that lowering the O, injection rate could de-
crease decarburization performance by ~5% while reducing FeO formation by up to 53%. This FeO reduction lowers
carbon-injection requirements for slag foaming, offering potential decreases in operating cost and CO, emissions in
EAF operations.
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INTRODUCTION

In recent years, the steel industry has shifted from the
blast furnace-basic oxygen furnace (BF-BOF) route to
Electric Arc Furnace (EAF) steelmaking. In the United
States, more than 70% of steel production now occurs
in EAFs. EAF operations offer improved energy efficiency
and operational flexibility and can reduce carbon emis-

sions by up to 55% compared with BF-BOF [1]. The EAF Orlando Ugarte, Shishir Aryal

process consists of melting and refining operations. Tyamo Okosun, Chenn Q. Zhou
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EAF refining involves multiple physicochemical pro- .
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challenging. Oxygen-bath interaction, in particular, plays
a key role in controlling oxidation reactions which are
critical for steel uniformity and quality, and extensive re-
search has been devoted to understanding this process.
For instance, Banks and Chandrasekhara [2] performed
experiments on gas injection into liquid at right angles
and showed that cavity penetration depth decreases
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when the liquid is in motion. Alam et al. [3] studied lance
angle, lance height, and flow rate effects on wall splashing
and found that splashing increases with these parameters
up to a critical point, after which it decreases. This study
recommended low lance heights and coherent jet nozzles

to reduce splashing.

The introduction of coherent jets in the 1990s, which in-
ject oxygen at supersonic speeds, significantly improved
EAF productivity by maintaining jet momentum, enhanc-
ing bath stirring, and accelerating refining reactions [4].
Oxygen injection also drives iron oxide formation, which
is essential for slag formation and slag foaming. Slag foam-
ing insulates the arc, reduces heat losses, and increases
productivity. However, excessive FeO leads to yield loss-
es and deteriorates slag foaming behavior. Carbon injec-
tions are therefore required to control FeO content and
recover iron, motivating extensive research into optimiz-
ing practices involving them. Strelbisky et al. [5] imple-
mented Tallman supersonic carbon injectors, achieving
substantial reductions in carbon consumption and CO,
emissions. Linde has also developed a three-in-one su-
personic injector that integrates oxygen lancing, carbon
injection, and oxy-fuel combustion to reduce carbon
losses and improve efficiency of carbon delivery [6].

Research on oxygen injections, cavity formation, and car-
boninjections has been strongly linked to refining perfor-
mance. Several models have been developed to optimize
refining operations. Memoli et al. [7] created a theoretical
model to predict jet penetration and decarburization un-
der various operating conditions. Wei and Zhu [8] devel-
oped a thermodynamic model showing how competition
among C, Cr, Si, and Mn for oxygen evolves during refin-
ing in the AOD process; they identified a critical carbon
concentration range (0.25-0.4% C) where decarburization

becomes mass-transfer-controlled.

Prior research at the Center for Innovation through Vi-
sualization and Simulation (CIVS) at Purdue University
Northwest developed advanced CFD models for industri-
al EAF refining operations. Chen et al. [9-11] introduced
an integrated method dividing the refining process into
three sequential calculations: supersonic coherent jet,

cavity formation in bath due to jet impingement, and stir-
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ring and reactions in refining simulations, avoiding the
need to directly model high-speed oxygen injection in
EAF refining. Moreover, the effect of oxygen flow rate on
bath mixing [12] and the trade-offs between oxygen flow
rate, decarburization performance, and FeO-related yield
losses [13] were also studied. However, these studies did
not account for the direct interaction between the metal
and slag phases. In particular, the previous approach con-
sidered only the molten bath and the injected gas, while
oxides were removed through the top boundary to mimic
the effect of the slag layer. The present study introduces
a CFD framework that explicitly incorporates metal-slag
interactions during refining operations. This is achieved
by applying the Volume of Fluid (VOF) methodology to
capture the metal, slag, and gas phases simultaneously.
Unlike the previous approach, this methodology does not
impose limitations on phase interactions, allowing phe-
nomena such as mixing, stirring, oxide formation, and
oxide transport to the slag and freeboard regions to be di-
rectly resolved. The model is applied to an industrial EAF
operation provided by Nucor Jewett and validated against
theoretical predictions. The validated model is then used
to investigate the impact of reduced oxygen flow rates on

refining performance.

METHODOLOGY

Based on a previous approach [9], the oxygen injection
produced at supersonic velocities is separated from the
refining simulation by applying a three-step process. First,
coherent-jets simulations are performed to determine the
jet velocity and composition of injected oxygen when it
reaches the bath surface. Second, the results provided by
coherent-jet simulations are used to determine the cavi-
ties forming in the surface of the bath as a result of oxygen
injection. Third, the computed cavities are added to a re-
fining CFD domain where oxygen injected at the cavities
interact with molten steel to generate oxides. The refining
simulation includes the molten steel, slag and freeboard
and oxidation reactions of Fe, C and Mn. Figure 1 shows
these steps. Further details, including mathematical for-
mulation, are included in Ref [9, 12-13].
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Step 1: Coherent-jet simulation

Ma=2, 100% 02

Step 2: cavities due jet
impingement calculated
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Step 3: cavities included in CFD
with gas, slag and metal phases

cavities

Fig.1 - Three steps methodology used in CFD simulations of EAF refining process.

Computational domain:

As mentioned earlier, steps 1 and 2 provide the cavities
forming in the surface of the molten bath due to superson-
ic oxygen injection. These cavities are included in the CFD
domain of the refining simulation (step 3 in figure 1). Fig-
ure 2a shows the computational domain of the EAF refining
simulation. The cavities are pre-calculated based on four

a)

b)

coherent-jets injecting oxygen at 1000 SCFM. The domain
geometry and operation parameters were provided by Nu-
cor Jewett. The CFD domain has 0.9 million non-structured
cells, where solid surfaces are assumed to be adiabatic
walls. Figure 2b shows key dimensions, and the location
of the 4 cavities formed by the coherent-jets are shown in
figure 2c.

6.59m

~160 m*

85m

Fig.2 - Computational domain used in refining simulations including location of cavities
due to oxygen injection.

VALIDATION

The CFD refining model is validated against theoretical
predictions [14]. Namely, a typical operation is simulated
in Nucor Texas (NSTX) EAF without injection of carbon

particles and compared with decarburization and FeO pro-
duction predicted by theory. Table 1 lists key parameters
applied in the validation case.

Tab.1 - Parameters used in the validation (baseline) simulation.

BASELINE OPERATION PARAMETERS

Variable Value
Number of coherent jets 4
O, rates in each jet [SCFM] 1000

Steel liquid temperature

1850 K (1576 °C)

Cinitial content in steel [%)] 0.41%
Mn initial content in steel [%)] 0.25%
Molten steel mass 144 tons
Initial slag mass 28 tons

Results of the validation are shown in figure 3. The CFD re-
sults accurately predict the decar-burization process (fig-
ure 3a), capturing the rapid carbon removal from the mol-
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ten steel during the first two minutes. Once the dissolved
carbon reaches 0.3%, decarburization becomes controlled
by carbon transport within the bath rather than by gas avail-
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ability. At low carbon levels, the rate slows as carbon must
diffuse to the O, injection sites, leading to the reduced de-
carbu-rization rate observed after two to three minutes.
Figure 3b shows the FeO increase in the slag. Although the
initial FeO rise is overpredicted, the model aligns with the-
oretical trends as lower carbon content allows more FeO
to form. It should be noted that the CFD results are com-
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pared against theoretical predictions that do not account
for carbon injection. In industrial EAF operations, carbon
injection is commonly employed to control FeO levels,
promote slag foaming, and minimize metallic yield loss-
es. Furthermore, the formation of other oxide spe-cies,
including CaO, AL,O,, MgO, and SiO,, is not considered in
the set of chemical reactions included in the present CFD
model.

b)

Fe content [%]

12

10
Opeeration Time [min)

o 2 4 3 8

Fig.3 - CFD prediction of decarburization and FeO content compared with theoretical prediction reported in Ref [14].

RESULTS AND DISCUSSION

Decarburization and FeO production in baseline simu-
lation

CFD results for the baseline case show clear spatial and
temporal variations during the refining operation (figure 4).
In the first two minutes, carbon content decreases rapidly
(figure 4a-b), while changes slow significantly afterward,
particularly during the final five minutes of the 15-minute

b) 100 sec

a) 15 sac

refining period (Figure 4c-d). The opposite trend appears
in FeO production. Initially, the FeO production rate is low
(figure 4e-f), but it significantly increases as the decarbu-
rization rate declines and oxygen reacts primarily with Fe
in the molten steel (figure 4g-h). Figure 4 also shows that
reactions do not occur uniformly throughout the bath, but
they are driven by oxygen injections forming cavities near
the furnace walls.

c) 550 sec d) 850 sec

a) 15 sec f) 100 sec

g} 550 sec h) 850 sec

Fig.4 - Simulation results of decarburization and FeO production in actual EAF refining operation.
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Decarburization and FeO production in baseline simu-
lation

The spatial and temporal variations of oxidation reactions
in figure 4 demonstrate that refining can be optimized by
dynamically adjusting oxygen injections during the pro-
cess. For instance, oxygen injections can be reduced af-
ter 2-3 minutes since oxidation reactions mostly lead to
FeO after this period. However, the reduction of oxygen
injections can also lead to poor bath stirring which affects
the refining performance. Figure 5 compares the baseline
case with two cases where oxygen injection is reduced by

a) Baseline

C %]

b) Jets 1&3 off @200sec

e) Jets 1&3 off @200sec
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turning jets off during the operation. The first reduced ox-
ygen case turns jets 1 and 3 off at 200 sec, and the second
case turns jets 1 and 3 off at 400 sec (see figure 2c for jet
locations). Figure 5 compares the carbon and FeO fields at
600 sec for the three cases. Figures 5a-c show how carbon
contentincreases as less oxygen is injected. The larger dif-
ferenceis seenin figure 5b where oxygen rate is reduced at
earliertime. The corresponding FeO production results are
shown in figures 5d-f. Here, both cases with reduced oxy-
gen injection show significant reduction of FeO content as
compared with baseline cases.

c) Jets 1&3 off @400sec

) Jets 1&3 off @400sec

Fig.5 - Comparison of baseline and cases with reduced oxygen injection at 600 sec.

Figure 6 shows the carbon and FeO trends along the re-
fining operation for the three cases compared in figure 5.
The reduced oxygen scenarios are shown in orange lines,
where solid line indicates jets turned off at 200 sec and
dashed line shows the case with jets turned off at 400 sec.
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The larger impact of reducing oxygen is seen in the FeO
production. This is expected as decarburization at later
stage is significantly less efficient as concluded from fig-
ures 4a-d.
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Fig.6 - Carbon and FeO trends along refining operation for baseline case (blue), case with jets 1 & 3 off
at 200 sec (orange-solid) and case with jets 1 & 3 off at 400 sec (orange- dashed).
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Table 2 quantifies the impact of lowering oxygen injec-
tion. Specifically, turning off two of the four oxygen jets
at 200 sec reduces decarburization by 5.5% relative to the
baseline case. Also, the reduction of oxygen injection at

Memorie scientifiche - Siderurgia elettrica

200 sec lowers FeO production by 53.6%. If the changes
are applied later at 400 sec, the impact on decarburization
is 2.1%, and FeO still shows a large impact as it is reduced
by 41.5% relative to the baseline case.

Tab.2 - Variation in decarburization and FeO production due to lowered oxygen injection.

IMPACT OF O, RATE ON REFINING REACTIONS

Cases O, rate [SCFM] Decarburization after 900 sec FeO generation [kg] after 900 sec
Baseline 4000 89.3 % 3496.1 kg
Jet #1 & #3 off at 200 sec 2000 83.8(-5.5%) 1621.5(-53.6%)
Jet #1 & #3 off at 400 sec 2000 87.2(-2.1%) 2044.5 (-41.5%)

Variations in decarburization and FeO production have an
impact on slag foaming as well. Slag foaming is driven by
bubbles produced mostly due to carbon reactions in the
molten bath and by suspended particles. It benefits EAF
process as the foamed slag shrouds the electric arc and
prevent thermal losses. Slag height is computed based on
procedure shown in Ref [15]. The slag viscosity used in
this formulation has been modified to include the impact
of suspended particles by using the formulation of Krieger
and Dougherty [16]. Figure 7 shows the slag height for the
baseline (figure 7a) and the case with two jets turned off
at 200 sec (figure 7b). Carbon injection is considered in
these calculations as it is required to sustain slag foaming
by boosting carbon reactions while preventing excessive
FeO in slag. Carbon injection efficiency is considered by
including 70% and 90% efficiency cases, which deter-
mines how much injected carbon is actually used in slag
reactions. Results show that slag height increases rapid-
ly in the beginning due to high decarburization at early
stage. As the refining process progresses, CO bubbles in
slag escape and slag foaming is lowered. In the baseline,
715 kg of carbon particles are injected, and the slag height
is maintained above 0.5 m for the 90% carbon injection ef-
ficiency (figure 7a). For the case with reduced oxygen in-
jection (figure 7b), 455 kg of carbon injection is needed to
obtain similar slag height, reducing the additional carbon
injection by 36%. The reduction of injected carbon reduc-
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es operation costs but also reduces the carbon emissions
in EAF operations, as carbon injections can account for
~40% of EAF emissions [17]. Therefore, reducing the oxy-
gen injection rate during refining may offer opportunities
for process optimization. However, it should be noted
that oxygen injections also play a critical role in promot-
ing bath stirring and, consequently, temperature homog-
enization within the molten steel. This effect is particularly
important in AC furnaces, where electromagnetic stirring
is less significant than in DC furnaces. Changes in oxygen
injection rates can alter the thermal distribution within the
molten bath because the heat released by oxidation reac-
tions is transported through the bath by fluid motion. As a
result, reduced stirring may lead to larger local tempera-
ture gradients, which can affect refining efficiency and fi-
nal product quality. Therefore, thermal homogenization
should be considered alongside refining performance

when determining optimal oxygen injection practices.
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Fig.7 - Slag height for baseline case and case with jets 1 & 3 off at 200 sec, including carbon injection.
Two carbon efficiencies are considered for each case, 70% and 90%.

CONCLUSIONS

In this study, a CFD framework is applied to analyze refi-
ning operations in an industrial Electric Arc Furnace (EAF)
provided by Nucor Jewett. The model extends previous
work by explicitly incorporating the slag and freeboard
regions in addition to the molten steel phase and the che-
mical reactions considered in earlier studies. This enhan-
ced approach enables the direct resolution of key refining
mechanisms, including bath stirring, phase mixing, and
their influence on oxidation reaction rates. The framework
employs a Volume of Fluid (VOF) methodology to captu-
re the gas, slag, and molten steel phases, model the oxi-
dation of carbon, iron, and manganese within the molten
steel, and track the transport of the resulting oxides into

the slag and freeboard regions.

A baseline case was modeled in which four coherent jets
supply oxygen at 1000 SCFM each. The injected oxygen
interacts with 144 tons of molten steel containing 0.41%
C and 0.25% Mn, along with 28 tons of slag, over a 15-mi-
nute refining period. CFD results were validated against
theoretical predictions reported in Ref. [14]. Validation
shows very good agreement for decarburization in both
high-carbon (C > 0.3%) and low-carbon regimes, as well
as accurate prediction of the overall FeO increase in the
slag. Although the model overpredicts the initial FeO pro-
duction rate, it produces correct FeO levels by the end of

refining.
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The baseline case also demonstrates the strong time and
space nature of the refining process. During the first two
minutes, decarburization is rapid, and slag FeO increa-
ses slowly. Oxidation reactions occur primarily near the
injection locations and are transported toward the furnace
center by gas-driven stirring. During the last 10 minutes,
FeO content in the slag rises significantly as carbon re-
actions diminish due to the low carbon concentration in
the bath. The validated CFD model was then used to eva-
luate two additional scenarios in which oxygen injection
was reduced by shutting down coherent jets. In the first
case, coherent jets 1 and 3 were turned off at 200 sec; in
the second, both jets #1 and #3 were turned off at 400 sec.
Decarburization rates and FeO generation were compared

with the baseline case, yielding the following results:

turning off jets 1&3 at 200 sec while keeping the remai-
ning jets active reduced decarburization performance
by 5.5% and lowered FeO generation by 53.6%;

turning off the same 18&3 jets at a later time, 400 sec,
reduced impact on decarburization, 2.1% less, and

led to a 41.5% reduction in FeO generation.

The impact on decarburization and FeO production was
followed up by computing the slag height during the pro-
cess for the baseline case and the case where jets 1 and
3 were turned off at 200 sec. These results show that it is
possible to predict a relationship between oxygen use
and carbon injection which could be used to optimize
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the refining cycle for operational cost, productivity and
emissions reduction. Future work might include taking
into consideration the impact of carbon and oxygen lance
practice and slag composition and temperature in respect
to overall slag foaming and furnace operation. These re-
sults, along with additional scenarios simulated using the
CFD platform, can be used to optimize the refining sta-
ge. While the influence of oxygen injections on refining
performance observed in this study is expected to be re-
presentative of industrial EAF operations in general, the
quantitative optimization trends are likely to be furna-
ce-specific. Factors such as furnace size, coherent-jet and
lance configuration, operating practices, and the target
slag and molten bath conditions can significantly influen-
ce the optimal oxygen injection strategy and the resulting

refining performance.
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