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Introduction and motivation
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Credit: https://www.energy.gov/industrial-technologies/doe-industrial-decarbonization-roadmap Credit: Spanlang, Wukovits, and Weiss 2020).

* Iron and steel industry contribute to 7% of global CO, emissions
* Use of coke for iron ore reduction
* Use of hydrocarbon fuels and pre-heating
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Hydrogen plasma smelting reduction

* Use of green H, and renewable electricity

* Multiple advantages compared to H,
Direct reduction of iron (DRI)
e Higher arc temperatures to make
molten product
* Hradicals and ions have greater
potential for reduction Credit:Boulos, Fauchais and Pender,

handbook of thermal plasmas, 2023

\

AG* = RT in pO, / keal

e Current challenges are regarding scale-up of this technology

* Objective: develop fundamental understanding of plasma ’ T oupemeanrs
ore interactions and reduction chemistry Ellingham diagram
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Complexity of physicochemical phenomena

Gas phase plasma dynamics:
e Joule heating, Lorentz forces
e Plasma chemistry
H,,H+,H species
* Metal vapor, steam

" k/\,

Condensed phase Chemical kinetics of reduction,  Species transport, reaction front
thermodynamics reactant/product transfer propagation, melt dynamics

OSSR S m\%\&?

= Iron ore (Porous, tortuous)

* @Gas phase fluid physics:
* Boundary layers
* heat transfer
* Compressible flow
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Computational model
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Plasma governing equations

op =
ot + V- (pV)=0 Mass conservation
0 - L
a( V)+V - (pVRV)=-Vp+V-T+JxB Momentum conservation
0 - Lo L
5;(PE)+V - ((pE+p)V) = —V(VT) +V (T- V) +J-E Energy equation

V- (—oVe) =0 E=-V¢ J=0E

Simplified set of Maxwell’s
V-B=0 V x B = poJ equations

* Quasi-neutrality

* Local thermodynamic and chemical equilibrium
* No electromagnetic wave effects

* Low magnetic Reynold’s number
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Solid phase chemistry

Heat transfer

Plasma heat

%(pCT} -V - (keffﬁT) and species flux

Gas species (H,/H/H,0) transport and reaction

d(ec;) = = €
o1 VvV ( ffVc ) + ff -

Reaction rater = Aexp (— @) (3)

RTJ \rg |
Fe,0,+H,> 2FeO+H,0 80.0 8000.0 T SIE. E_ structure
FeO+H,>Fe+H,0 2857.34 117230

Grains radius r

For rates with H and H*, we use a factor of 3 and 15 times the rate of FeO + H,
reaction (Behera et al., METALLURGICAL AND MATERIALS TRANSACTIONS B, 2019)
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One-dimensional model
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Elenbaas-Heller model
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Elenbaas-Heller model
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* With 2 mm diameter plasma cylinder and fixed constant electric field of 1e4 V/m
e Pure Ar case results: 20 A, 6e6 A/m?, 4 kW
* 9:1Ar/H,case results: 11 A, 3.6e6 A/m?, 2.3 kW
* Lower plasma temperature with H, addition due to higher thermal diffusion
* Higher H density at the edges: dissociation dominant in the 5000K range
* Higher H* in the middle where temperatures are ~ 14000K
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Solid phase reduction

0 0 oT
ot — (pCT) = Ox (keff 8_x) One dimensional heat conduction
d(ec; 0 dc; €
((9151) = % Decyy 8:; + Ri; Deyp = Dm; Gas species transport
Z R; Oxide conversion
pFeO
L e We use a simplified 1D heat and mass transport model
Averaged plasma conditions . . .
1 1 1 * Compare with experiments by Filho et al., Acta
X Materialia 213 (2021) 116971
9 mm l * Mixture averaged thermal conductivity

* H/H,/H*gas diffusion obtained from Le=0.3 assumption

* Porosity=0.3, tortuosity=5.0

* Averaged plasma conditions from plasma model:
T=11753.0, X,,,=0.023, X,,=0.059, X,=0.012

1 min of plasma exposure | * |sothermal boundary condition (300 K) at x=9 mm

Credit: Filho et al., Acta Materialia 213 (2021) 116971 NREL | 11




Conversion

conversion
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e Conversion proceeds as a
reaction front moving into
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e Reasonable match with experimental
conversion (Filho et al., 2021)
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Conversion

conversion

Solid phase reduction
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Two-dimensional model
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2D plasma model

V- (c.Vd) =0 E=-Vo Current
a( h) continuity
% = V- (kVT) + 0,|E|>— P, Thermal energy
Thermal Joule radiation
conduction heating

Voltage imposed at the top boundary and grounded

d
at bottom, d—i = 0 everywhere else

100 R=0mm

\
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108

T=300K are used at all boundaries

Initial column of 4000K used to ignite the plasma
Effective emission coefficient is used to account for

radiation losses, assuming values between optically A S
thin (R=0), and partially absorbing (R= 1mm) Temperature, T (10° K)
Simulations are run to steady state creciiboos etal, handhook of thermal pasmas, 2073
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2D plasma model

Pure Ar: 1 =1901 A/m
V=500V, P =950 kW/m
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Inclusion of H, increases thermal conductivity, this demands more power
input to sustain an arc which happens to be relatively restricted.
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Three-dimensional model

NREL | 17



Three-dimensional model

— 0.6 mm dia
J=9e6 A/m?

k Adaptive meshing capability

Solid Fe,0, phase resolving stagnation jet
2Y3

Arc melter at ASU

* Compressible Navier-Stokes coupled to current continuity and magnetic potential solves
* Using our open-source particle resolved modeling tool for catalysis
https://github.com/NREL/mesoflow
Ability to do adaptive meshing
Solid phase species transport and chemistry
e Conjugate heat transfer
e Simulations performed using 512 cores using 17 mill. cells and 78 um resolution NREL | 18



https://github.com/NREL/mesoflow
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Integrated current = 2.54 A, Voltage = 160 V, power = 0.4 kW
Stagnation flow with vorticity generation on impact

High velocities ~ 600 m/s and Jet Reynolds numbers ~ 3000
Water generation near stagnation zone from solid phase
chemistry
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Three-dimensional model

Current lines Magnetic field lines Fe formation
Voltage (V) B field (T) mol/m3
162.3
30e05
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Snapshots shown here after 1 ms

Induced magnetic fields at these current densities are low that is consistent with
arc observations. Current density ~ 1e8 A/m? causes pinching effects

Fe is formed from Fe,0, = FeO —> Fe conversion

Fe formation mainly in the location of arc attachment
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Conclusions and future work

* Conclusions
* One dimensional model
* Balance of thermal conduction and Joule heating
* 1D species transport and chemistry in the ore
e Reasonable match with experiments
* Transport limited regimes for reduction
*  Two-dimensional model
* Current continuity and thermal energy balance
* Higher power to sustain arcs with H, mixtures
* Three-dimensional model
* Compressible Navier Stokes coupled to electromagnetics
* Localized reduction at arc attachment location
* Turbulent gas flow and mixing of water
e Future work
* Near wall plasma non-equilibrium effects
* Mesoscale models for gas transport and melting
* Improved chemical kinetics models from atomistic simulations
* Comparison with experiments at ASU
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