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TECHNICAL BACKGROUND & MOTIVATION

= Fossil fuels comprise 80% of current global primary energy demand and the energy
system is the source of approximately 2/3 of global CO2 emissions.

= Develop new methods that use electromagnetic (EM) energy to assist fossil fuel to H2
conversion.

» Research Questions:

1. What is the catalyst morphology and how does it affect EM energy deposition during
H2 production?

2. How do physical factors, such as reaction chamber geometry, EM wave intensity and
frequency, source material flow velocity, and reaction temperature, affect catalytic
active sites?

3. How to estimate the throughput, yield, and cost of dehydrogenization?
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SIGNIFICANCE OF THE PROJECT RESULIS

» Research Component:

Direct impact on the petrochemical industry by providing theoretically rigorous and
technically sound computational approaches to guide low-cost hydrogen generations.

1. Develop a computational platform to provide fundamental understanding of using
alternative energy processes (microwave, radio frequency, plasma and other EM
inputs) for low-cost hydrogen production from fossil fuels;

2. Provide thorough and comprehensive studies on how to improve the H2 conversion
efficiency of EM energy assisted approaches using multiphysics and multiscale
computation, imaging capabilities, and optimization;

3. Investigate and optimize the H2 production using EM energy and estimate the
conversion costs;

4. Publish on technical journals and conferences to support technology transfer.
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SIGNIFICANCE OF THE PROJECT RESULIS

» Education Component:

Education and research opportunities for our African American and other
underrepresented minority students.

1. Support one graduate student and multiple undergraduate students in Howard
University and one graduate student in the University of Houston;

2. Provide education and training in an interdisciplinary research team that integrates
EM, chemical engineering, computer graphics, material sciences, and computational
sclence and engineering;

3. Offer an excellent opportunity for our students to be exposed and involved in fossil
energy related education and research, and hence, develop their interests and
capabilities in creating and executing new research ideas that support the mission of
DOE.
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PROJECT OBJECTIVES

Modeling & Simulation e — Design & Optimization

Multiphysics * Multiscale Resction Systent Hydrogen Production”

Electromagneucs Spatial” Chamber Geometry High Throughptut
3 A . ) » 154
Thermal Temporal Catalyst Distribiition “HighYield

Plasma ™ Terhpera’"t}f‘e‘“’: Flow' W Cly S




RESEARCH TASKS

Utilize 3D optical imaging and FIB-SEM sectioning and imaging to determine catalyst distribution and
support morphology in order to characterize 3D structure;

Use computational methods to develop 3D nodal discontinuous Galerkin (NDG) methods for the
modeling and simulation of coupled EM-thermal-fluid-plasma problems involving multiscale medig;

Develop multiscale simulation methods to couple physical with chemical phenomena based on the
coupled modeling of the NDG method, reactive forcefield molecular dynamics (ReaxFF MD)
simulations, and density functional theory (DFT) simulations;

Use the methods developed above to design an optimized EM-assisted catalytic system for an improved
hydrogen conversion efficiency with a lowered cost.




PROJECT STATUS: 3D IMAGING & RECONSTRUCTION

= Optical 3D Imaging to Obtain Morphology of Catalyst and Study the Localized Chemical

Reactions:
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Movement of Ni foam. The red dashed circles indicate the
same region before (a) and after (b) the polishing. The
structure shape and pattern are totally different.

Ni foam with (right) and
< without (left) epoxy support.

Polished cross-section of Ni foam. (a) Polished in air. (b)
Polished in water. Green arrows showed the scratch line,
and the red arrows show epoxy residue.
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PROJECT STATUS: 3D IMAGING & RECONSTRUCTION

= Optical 3D Imaging to Obtain Morphology of Catalyst and Study the Localized Chemical

Reactions:

Modified image segmentation. (a) The raw image of
the cross-section of Ni foam. (b) Using median filter
to remove the bright particles on the surface. (c)
Segmentation by setting a threshold. (d) Using dilate
and erode to smooth the boundaries. (e) Fill the
holes to remove white area in black part. (f) Remove
small particles. (g) Image alignment of adjacent
pictures. (h) Switch the color. (i) Build the 3D stack in
z direction.
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PROJECT STATUS: 3D IMAGING & RECONSTRUCTION

= Optical 3D Imaging to Obtain Morphology of Catalyst and Study the Localized Chemical
Reactions:

3D reconstructed Ni foam viewing from
different angles. a-c before the smooth,
and d-f after the smooth. The entire
structure is ~ 1.8 mm wide and ~0.5 mm
thick.




| PROJECT STATUS: 3D IMAGING & RECONSTRUCTION




| PROJECT STATUS: COMSOL SIMULATION
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PROJECT STATUS: COMSOL SIMULATION
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| PROJECT STATUS: COUPLED SIMULATION MODEL
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| PROJECT STATUS: COUPLED SIMULATION MODEL
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PROJECT STATUS: COUPLED SIMULATION MODEL

Temperature (K): 5000 x 50 (x-y direction) =55 Temperature (K): 5000 x 50 (x-z direction) e=5s. Temperature (K): 5000 x 50 (x-z direction)
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PROJECT STATUS: MULTISCALE EM MODELING

= Numerical Simulation of Multiscale Electromagnetic Problems:
= Overall large size of the simulation domain: large system to solve;

= Sub-wavelength geometrical structures cause numerical instability: numerical breakdown;

= An all-frequency stable formulation is proposed, implemented, and validated:
= All four Maxwell’s equations and the current continuity equation are formulated

= Inhomogeneous Coulomb gauge is enforced.

1 (3

v x;v X A — w2EA + jwéVe +#—rvx = /s
0

—jwV - EA =V - €V = pimp,

1
——V.-e,A+y=0
Ho

where é =€ —jo/w denotes the complex permittivity
and y denotes an auxiliary variable introduced to
enforce the inhomogeneous Coulomb gauge V - €4 = 0.

The electric field intensity E and
the magnetic flux density B can be
recovered as

E=—-jwA—-V¢
B=VxA
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PROJECT STATUS: MULTISCALE EM MODELING




| PROJECT STATUS: MULTISCALE EM MODELING




PROJECT STATUS: THERMAL MODELING




PROJECT STATUS: THERMAL MODELING

= Validation Example:
= Equilibrium and transient simulations.

» Linear and nonlinear materials.
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PROJECT STATUS: MULTIPHYSICS MODELING




PROJECT STATUS: MULTIPHYSICS MODELING




| PROJECT STATUS: MULTIPHYSICS MODELING




| PROJECT STATUS: MULTIPHYSICS MODELING




PROJECT STATUS: SIMULATION OF REACTION CHAMBER




| REACTION CHAMBER: CONFIGURATIONS




REACTION CHAMBER: CUBOID




REACTION CHAMBER: CYLINDER




REACTION CHAMBER: DIAMOND




PROJECT STATUS: PLASMA GENERATION

» Development of Coupled Physical-Chemical Simulation Model.:

Plasma Generation
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| PROJECT STATUS: PLASMA GENERATION

= Development of Coupled Physical-Chemical Simulation Model:

Plasma Generation




PROJECT STATUS: PLASMA GENERATION

» Development of Coupled Physical-Chemical Simulation Model:

Operando Imaging to Study the Local Plasma Generation

» We want to image the local hot spot of plasma generation from the carbon fiber
bundle.

» Build experimental setup with the camera;

» Use a metal mesh to shield the camera to protect it;

» Flow Ar gas through the tube with carbon fiber, to observe the sparking process;
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PROJECT STATUS: PLASMA GENERATION

= Development of Coupled Physical-Chemical Simulation Model:

Experimental Results

Differential Video




PROJECT STATUS: PLASMA GENERATION

= Development of Coupled Physical-Chemical Simulation Model:

Experimental Results




PROJECT STATUS: METHANE PYROLYSIS

= Development of Coupled Physical-Chemical Simulation Model:

Methane Conversion
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STUDENT TRAINING




PROJECT OUTCON
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PROJECT OUTCON
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