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Motivation

• Improvements in thermodynamic efficiency of power plants 

needed 

• Pressure gain combustion using detonations can significantly 

improve efficiency

• Yet …

Generator

Compressor

PDE/RDE

Turbine

Rouser et al., AIAA 2010-6536 

Richardson, Blunck et al., Combustion and Flame 2016
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Motivation

Generator

Compressor

PDE/RDE

Turbine

Plenum
Magnetohydrodynamic

Electrical Power

• Magnetohydrodynamic (MHD) power generation: electrically 

conductive fluid moving through a perpendicular magnetic field 

generates a current

• Magnetohydrodynamics can provide increase in thermal 

efficiency when used as topping cycle [1]

Advantages of detonation-fed MHD:

• High velocities (Ma > 2) 

• High temperatures (T > 3000 K) increase electrical 

conductivity
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Key Findings
1) Particle seeder developed for unsteady detonations

2) Data collected for CH4-O2 detonations

3) Electrical conductivity measurements being collected, 

preliminary results indicate seeding needed

4) Ionization chemistry of seed particles reduces 

detonation speed

5) Detonation solver developed for oxygen-fuel combustion

6) Residual combustion products suppress detonations 
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Overall Goal

Develop and evaluate a pulse detonation engine system which can be 

coupled with a MHD system, and analyze MHD and detonation 

performance. 

Specific Objectives:

1) Design, build, and operate a pulse detonation engine that operates 

on gaseous or solid fuels with oxygen. 

2) Evaluate the operational envelope and performance of the pulse 

detonation device with both seeded and unseeded flows.  

3) Develop and use a numerical design tool to calculate the 

performance of pulse detonation and coupled detonation-MHD 

systems. 

Technical Objectives
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Progression of Research

Coal fired 

PDE

Build and 

operate PDE on 

C3H8 and N2O

Develop coal 

seeder

Operate PDE 

using oxygen and 

gaseous fuel

Measure 

boundary 

conditions

Experimental Effort:

Computational Effort 1:

Validate open 

source 

detonation solver 

Develop MHD 

solver

Coupled MHD and 

detonation calculations 

(gaseous fuel)

Develop and 

validate 

detonation solver 

Computational Effort 2:

Calculate 

detonations with 

coal surrogate

Particle 

tracking

Coupled MHD 

detonation 

calculations with 

coal and 

gaseous fuels
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Experimental Effort

Coal fired 

PDE

Build and 

operate PDE on 

C3H8 and N2O

Develop coal 

seeder

Operate PDE 

using oxygen and 

gaseous fuel

Measure 

boundary 

conditions

Experimental Effort:

Coupled MHD 

detonation 

calculations with 

coal particles

• N2O and O2 pulse detonation engines built

• Measured CH4/O2 detonation speeds, added coal

• Method for injecting particles developed

• Preliminary electrical conductivity measurements 

• Ongoing effort evaluating the influence of residual 

combustion products
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Development of Pulse Detonation 

System

January 2018 November 2018
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CH4 – O2 Detonation Speeds
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CH4 – O2 Detonation Speeds

Approaching 

operational 

limit

Overdriven
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Injection of Seed

Insert coal seeder video

High speed video of particulate injection through seeder
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Oxygen and Particle Delivery System

𝑂2

Particle + 

carrier gas

High speed imaging of particle injection
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• Detonation propagates through 

magnetic field

• Deflection measured by induced 

current in search coil

• Conductivity evaluated with 

relationship:

Measuring Electrical Conductivity

Lin et al., Journal of Applied Physics

Calibration constants

Experimental 

Measurements

Electrical Conductivity

Oregon State University School of Mechanical, Industrial, Manufacturing Engineering

Instrumentation to measure electrical 

conductivity
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Progression of Research
Computational Effort 1:

Validate open 

source 

detonation solver 

Develop MHD 

solver

Coupled MHD and 

detonation calculations 

(gaseous fuel)

Coupled MHD 

detonation 

calculations with 

coal particles

• 2D simulations of detonation through H2-O2

• 1D simulations of hydrocarbon detonations

• 1D ionizing H2-O2-KOH model has developed and 

applied

• Riemann solvers initially updated to account for MHD 

in1D
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Detonation Solver

• Godonov’s finite volume with 

Conservation Laws Package 

(CLAWpack) 5.4.0 (Mandli et al, 

2016)

𝑄𝑖
𝑛+1 = 𝑄𝑖

𝑛 −
∆𝑡

∆𝑥
𝐹
𝑖+
1
2

𝑛 − 𝐹
𝑖−
1
2

𝑛

• Riemann approximation with Roe 

averaging and entropy inclusion

• Kinetics handled by Cantera 2.3.0 

CLAWPack DOI:10.5281/zenodo.262111,URL: http://www.clawpack.org

Cantera DOI:10.5281/zenodo.170284,URL: http://www.cantera.org

Cell Width = 3.2 [mm]

Experimental = 2.02 [mm] 

(Denisov,1960)

http://www.clawpack.org/
http://www.cantera.org/
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𝜕

𝜕𝑡
ඵ
𝑆

𝜌𝑑𝑆 = −න
𝑙

𝜌𝒖 ∙ 𝒏𝑑𝑙

Mass conservation equation:

𝜕

𝜕𝑡
ඵ
𝑆

𝜌𝒖𝑑𝑆 = −න
𝑙

𝜌𝒖 𝒖 ∙ 𝒏 + 𝑝𝒏 𝑑𝑙 + න
𝑙

ҧҧ𝜏 ∙ 𝒏𝑑𝑙 +ඵ
𝑆

𝑱 × 𝑩𝑑𝑆

Momentum conservation equation:

Total energy conservation equation:

𝜕

𝜕𝑡
ඵ
𝑆

𝜌𝐸𝑑𝑆 = −න
𝑙

(𝜌𝐸𝒖 ∙ 𝒏 + 𝑝𝒖 ∙ 𝒏)𝑑𝑙 + න
𝑙

( ҧҧ𝜏 ∙ 𝒖) ∙ 𝒏𝑑𝑙 +ඵ
𝑆

𝑱2

𝜎
+ 𝒖 ⋅ (𝑱 × 𝑩) 𝑑𝑆

Mass conservation equation of Chemical Species:

𝜕

𝜕𝑡
ඵ
𝑆

𝜌𝑌𝑠𝑑𝑆 = −න
𝑙

𝜌𝑌𝑠𝒖 ∙ 𝒏𝑑𝑙 +ඵ
𝑆

𝜌 ሶ𝑌𝑠𝑑𝑆

Here,

𝐸 = σ
𝑠=1

𝑁𝑠𝑝 𝑌𝑠(ℎ298
0
+ 𝑇′=298׬ K

𝑇
𝑐𝑝

0d𝑇′) − Τ𝑝 𝜌+
1

2
|𝒖|2

Charge Neutrality Equation 𝑌𝑒
𝑚𝑒

=෍

𝑖

𝑌𝑖𝑜𝑛

𝑚𝑖𝑜𝑛

𝒖: Gas Velocity 𝜌: Density p: Pressure

𝑱: Electric Current Density𝑩:Magnetic Flux Density

𝐸: Total Energy 𝜎: Electrical Conductivity

ℎ: Specific Enthalpy

𝑌𝑠: Mass Concentration

𝑐𝑝: Specific Heat at 

Constant Pressure

ሶ𝑌𝑠: Mass Production Rate

Governing Eq. for MHD/Detonation
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Governing Equations in Electrodynamics

Steady Maxwell Equations 

𝛻 × 𝑬 = 𝟎𝒋 = 𝜎 𝑬 + 𝒖 × 𝑩 −
𝛽

𝑩
𝒋 × 𝑩

𝛻 ⋅ 𝒋 = 0

Generalized Ohm’s Law 

Electrical Conductivity 𝜎 = 𝑒2𝑛𝑒

𝑚𝑒 σ𝑖=1
𝑁𝑠𝑝

𝜈𝑒𝑖

𝒋: Electric Current Density 𝑬: Electric Field 𝒖: Gas Velocity 𝑩:Magnetic Flux Density

𝛽 = 𝑒|𝑩|

𝑚𝑒 σ𝑖=1
𝑁𝑠𝑝

𝜈𝑒𝑖

Hall Parameter

Collision Frequency of 

Electron with Species
𝜈𝑒𝑖 = 𝑛𝑖𝑄𝑒𝑖𝑐𝑒

𝑒: Elementary Charge

𝑛𝑒: Electron Number Density

𝑚𝑒: Electron Mass

𝑛𝑖: Species Number Density

𝑄𝑒𝑖: Electron Collision 

Cross Section with 

Species
𝑐𝑒: Electron Mean Thermal 

Speed
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Electrical Conductivity

Calculated electrical conductivity
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Ionization Mechanism

Zaiger, 2019
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• Up to an 8% decrease in the detonation speed

• Decrease in power

Detonation Speeds with 0.01% K2CO3

Ionization chemistry activeIonization chemistry inactive

[Zaiger, 2019]
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Progression of Research

Develop and 

validate 

detonation solver 

Computational Effort 2:

Calculate 

detonations with 

coal surrogate

Particle 

tracking

Coupled MHD 

detonation 

calculations with 

coal particles

• Multi-species & multi-step reacting flow CESE solver 

• Fully implicit & dual time stepping source term for stiff 

chemistry

• Oxy-fuel detonation simulation

• 2D solver framework
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CH4–O2 Detonation: JLR mechanism
• Detonation propagation in CH4/O2 mixtures

• Modified JL-R mechanism

• Chemical kinetics for a multistep, Arrhenius-type chemical reaction for nine species: CH4, 

O2, H2, CO2, CO, OH, H, O and H2O adopted

• Radical dissociation accounted  

in modified JL-R mechanism

• Critical in appropriately limiting 

heat release during oxy-

combustion, thereby predicting 

detonation temperature and 

velocity accurately
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CH4–O2 Detonation (Φ=1)



25

Oregon State University School of Mechanical, Industrial, Manufacturing Engineering

CH4–O2 Detonation: Comparison with 

Experimental Data
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Conservation Element Solution Element 

(CESE) Numerical Method Basics

• Flux conservation over discretized 

space-time domain – not just along 

spatial domain as in traditional FV 

method

• Staggered integration volumes (CE) and 

solution volumes (SE)

• Riemann solution not needed 

• Genuine multi-dimensional formulation

• No dimensional/directional splitting 

necessary

• Applicable to unstructured grids

• Non-dissipative baseline “a-scheme”

• Numerical dissipation added as 

necessary

1D CESE Space-Time Staggered Grid*

CE (non-overlapping rectangular 

regions) & SE (dotted lines) *
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Vortex in a Box

27

Hermann, 2005 Current 2D CE/SE Solver
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Evaluation of CESE 2D Solver
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Key Findings

1) Particle seeder developed for unsteady detonations

2) Data collected for CH4-O2 detonations

3) Electrical conductivity measurements being collected, 

preliminary results indicate seeding needed

4) Ionization chemistry of seed particles reduces 

detonation speed

5) Detonation solver developed for oxygen-fuel combustion

6) Residual combustion products suppress detonations 
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Future Work

Coal fired 

PDE

Build and 

operate PDE on 

C3H8 and N2O

Develop coal 

seeder

Operate PDE 

using oxygen and 

gaseous fuel

Measure 

boundary 

conditions

Experimental Effort:

Computational Effort 1:

Validate open 

source 

detonation solver 

Develop MHD 

solver

Coupled MHD and 

detonation calculations 

(gaseous fuel)

Develop and 

validate 

detonation solver 

Computational Effort 2:

Calculate 

detonations with 

coal surrogate

Particle 

tracking

Coupled MHD 

detonation 

calculations with 

coal particles
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Detonation Initiation Studies

• Effect of driver shock pressure and temperature on detonation initiation 

was studied to establish operational envelope for CH4–O2 detonations
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Detonations with Coal

Insert coal seeder video

Without 
Coal

With 
Coal

23k frames per second with  0.3 µs integration time
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CESE Solver Validation (ZND Detonation)

• ZND Detonation Propagation in a Tube

• Arrhenius-type chemical reaction for two species (reactant & product)

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑅 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑃 + ℎ𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒(𝑞)

• 20cm tube filled with premixed stochiometric H2/O2 reactant mixture

• 0.2 cm spark region placed near closed head end to initiate detonation

• Validated against ZND theory and with Wu, 2002

0.2 cm Detonation initiation section shown 

(at 30 atm and 3000 K)*

20cm

Reactant Mixture at 

P  = 1 atm and T = 3000 K
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CESE Solver Validation (ZND Detonation)

Source Ps (atm) P2 (atm) T2 (K) P3 (atm)

CESE Solver 34.24 22.1 3745 8.06

Wu, 2002 36.0 22.0 3736 8.05

ZND 
Theory

42.9 22.1 3743 8.06

𝑃𝑠 = 𝑉𝑜𝑛 𝑁𝑒𝑢𝑚𝑎𝑛𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑠𝑝𝑖𝑘𝑒

𝑃2, 𝑇2 = 𝐶𝐽 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 and temperature

𝑃3 = 𝐻𝑒𝑎𝑑 𝑒𝑛𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
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H2-Air and CH4–O2 Detonation comparison

• Temperature higher in CH4-O2 detonation than H2-Air detonation

• Consistent with expectation of oxy-fuel combustion.

• Higher temperature and high detonation wave velocity should result 

in more power extraction for MHD unit

• WD scheme over predicts combustion temperature as result of 

not accounting for dissociation reactions

• At temperatures higher than 2500 K (which are very common in 

oxy-fuel combustion), the CO-CO2 equilibrium is in favor of CO
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Governing Equations for 1D Reacting 

Flows

𝜕𝑄

𝜕𝑡
+
𝜕𝐸

𝜕𝑥
= 𝑆

𝑄 =

𝜌
𝜌𝑢
𝜌𝑒𝑡
𝐶1
𝐶2
⋮

𝐶𝑁𝑠−1

, E =

𝜌𝑢

𝜌𝑢2 + 𝑝

𝜌𝑢 𝑒𝑡 +
𝑝

𝜌

𝑢𝐶1
𝑢𝐶2
⋮

𝑢𝐶𝑁𝑠−1

, S =

0
0
0
ሶ𝜔1

ሶ𝜔2

⋮
ሶ𝜔𝑁𝑠−1

𝑒𝑡 = 𝑒 +
1

2
𝑢2

𝜌𝑒 = σ𝑖=1
𝑁𝑠 𝐶𝑖 𝑇𝑟𝑒𝑓׬

𝑇
𝐶𝑝𝑖𝑑𝑡 + ℎ𝑓𝑖

0 − 𝑝

ሶ𝜔𝑗 = 𝑀𝑊𝑗෍

𝑖=

𝑁𝑅

𝜈𝑖𝑗
′′ − 𝜈𝑖𝑗

′ 𝑘𝑓𝑖ෑ

𝑙=1

𝑁𝑠

𝑛𝑙
𝜈𝑖𝑗
′′

−𝑘𝑏𝑖ෑ

𝑙=1

𝑁𝑠

𝑛𝑙
𝜈𝑖𝑗
′

𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑢 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝐶𝑖 = 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑚𝑎𝑠𝑠 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑝 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

ሶ𝜔𝑖 = 𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑡ℎ

𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑣𝑜𝑙𝑢𝑚𝑒

𝑛𝑗 = 𝑚𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑗

𝑘𝑓𝑖 = 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑘𝑏𝑖 = 𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝜈𝑖𝑗
′′ and 𝜈𝑖𝑗

′ = stochiometric coefficients

Conservation equations for chemically reacting system involving Ns

species
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• Solver implements well known a-α numerical scheme 

• To accurately resolve flow discontinuities such a shock waves

• Courant Number insensitive scheme 

• To decrease numerical diffusion at low courant numbers

• Fully-implicit source term implemented 

• Dual time stepping for stiff source terms

CESE 1D Solver Features
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2𝐻2 + 𝑂2 ↔ 2𝐻2𝑂

𝑘𝑓 = 𝐴𝑓 exp ൗ
−𝑇𝑓

𝑇

𝐴𝑓 = 1.102 × 1013 ൗ1 𝑠𝑒𝑐 , 𝑇𝑓 = 8052 𝐾

• Detonation propagation in H2/Air mixtures

• Chemical kinetics for a global, 1 step - reversible, Arrhenius-type 

chemical reaction for four species: H2, O2, N2 and H2O adopted

0.2 cm Detonation initiation section  

(at 10 atm and 3000 K)*

20cm

Stochiometric H2-Air mixture at 

P  = 1 atm and T = 300 K

H2-Air Detonation
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Velocity Pressure

Temperature Species Mass Fraction

H2-Air Detonation Results
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Westbrook-Dryer (WD)

• Widely used for turbulent flame combustion modeling with air

• No dissociation reactions accounted, hence over predicts adiabatic flame 

temperature

Jones-Lindstedt revised (JL-R) 

• Accounts O2 dissociation; accurate prediction of adiabatic flame temperature 

1) 𝐶𝐻4 + 0.5 𝑂2 → 𝐶𝑂 + 2𝐻2

2) 𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2

3) 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2

4) 𝐻2 + 0.5 𝑂2 ↔ 𝐻2𝑂

5) 𝑂2 ↔ 2𝑂

6) 𝐻2 𝑂 ↔ 𝐻 + 𝑂𝐻

JL-R Mechanism Adiabatic Flame temperature, 

WD and JLR mechanisms

WD

Oxy-Fuel Reduced Kinetics
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Velocity Pressure

Temperature
Species Mass Fraction

CH4-O2 Detonation Results
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Use of Coal for Detonations

• Coal abundant resource in United States (and funding 

specific to its use)

• Prior (limited) research has considered detonations coupled 

with MHD for gaseous fuels

• Most research investigating coal detonations has focused on 

safety

• Physical and thermal properties of coal detonations need to 

be measured to understand coupling with MHD

Anthracite coal, 

picture courtesy of 

Wikipedia
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Overview of Tasks
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Future Work

Experimental

1) Transition PDE to operate using oxy-coal

2) Measure boundary conditions and velocities for 

calculations

3) Quantify changes in detonation characteristics 

between solid and gaseous fuels

Computational

1) Couple MHD solver with detonation code

2) Develop detonation code

3) Parametric study of MHD performance for 

detonations (long-term)
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[1
]

𝜎∗ =
𝑢𝑐
2𝜎𝐶𝐼𝑐
Φ𝑐

𝜓2

Φ

𝑈𝑢2𝐼

Calibration
values

Assumed 
conductivit

y 
distributio

n 

Experime
ntal 

values [1
]

1. Shao Chi Lin, E. L. Resler, and Arthur Kantrowitz. Electrical conductivity of highly 
ionized argon produced by shock waves. Journal of Applied Physics, 26(1):95–109, 
1955.

Conductivity analysis
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CE/SE Method: 2D Detonation Example

Wu, Ma, and Yang [14]
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Distribution of electric potential Maximum error for an amount of nodes

𝜎 = 1 S/m 𝑢𝑥 = −cos 2𝜋𝑥 sin 2𝜋𝑦

𝑢𝑦 = cos 2𝜋𝑦 sin 2𝜋𝑥𝛽 = 2

𝑩 = 3 T

Condition
s

No Exact 
SolutionManufactured 

Solution

𝜙 = 𝑦2

Test Case for Electric Field
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