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Presentation Outline
NETL RIC Current Activity Summary for Systems Engineering & Analysis, Energy 
Conversion Engineering, Materials Science & Engineering 

ÅIntroduction

ÅCombined Cycle DPE Systems - Scoping & Analysis 

ÅOxy-Fuel Combustion Plasma Conductivity 

ÅMulti -phase HVOF Simulation

ÅMHD Electrodes & Testing

ÅPhotoionization Simulation & Experiment

ÅConclusion
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Introduction

P is the power density
B is applied magnetic field

ìs gas-plasma conductivity
u is gas-plasma velocity

Fuel 
+

oxygen

ὖᶿ„ὄό

Goal: Determine if  MHD Power Generation is a technically feasible option for future coal-

power generation and develop a technology road map to get there

Objective: Produce engineering data sets, simulation tools and materials and perform a robust 

performance assessment for the technology

Approach: Apply systems level modeling to screen the various technology options; Develop, 

utilize, and validate simulations to predict the performance of  components in those systems
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ÅObjective: Identify DPE systems that meet USDOE cost of  electricity (COE) 
goals, as well as those that provide other benefits (modularity, low water etc.)

ÅPresent study focused on DPE systems with carbon capture

ÅExpanded FY18 study to add non-capture DPE systems

ÅApproach: Use simplified analyses to direct NETLõs future detailed systems 
analyses towards promising systems that incorporate 
DPE/magnetohydrodynamics (MHD) in new and potentially beneficial ways

Å Investigated both open and closed cycle MHD, with coal and natural gas fuels

ÅAnalyzed with assistance from DPE experts from NETL and universities

ÅQualitative analysis phase included:

Å Evaluations of  15 systems against 14 qualitative rating criteria

Å Down-selection of  7 promising configurations for semi-quantitative analysis

ÅSemi-quantitative analysis phase included:

Å Development of òBlack boxó component and system modeling approach using Aspen Plus 

Å Selection of  several NETL non-MHD reference cases for comparison basis

Å Templates for performance reporting, mass/energy balances, and stream table generation

Å Approximate MHD channel sizing and component costing for open cycle MHD options

DPE Systems Scoping Study
Objectives and Methodology

DPE SystemConcept

Baseline DPEwith Oxy-combustion,DPE-AUSC

CO2 Recycle DPE System*

Natural Gas DPE System w/Recycle

High Potassium Biomass Seeding

Top Gasification DPE Steam Combined Cycle

DPE Topping w/ Coal Gasif. and Fuel Preheater

Tail Gasification DPE/GT/ST

OC Disc DPE/Steam Cycle w/ CO2 Recovery

Photoionization DPE

SeedlessDPE Power GenerationϝϞ

Pulse Detonation DPEϝϞ

Noble Gas Closed Cycle DPE

Triple cycle: OC DPE/CC DPE/AUSC Steam

Triple cycle: SOFC/DPE/Steam

Closed Cycle DPE/Steam Plant

DPE and sCO2 Bottoming Cycle

* External collaborator    ϞDeferred to FY18
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Scoping Study Efficiency Results

ÅOption 2 (CO2 Recycle) and Option 5 (Top 
Gasification) both outperform the baseline oxy-
combustion system (Option 0)

ÅAll MHD systems have higher efficiency than 
reference non-MHD cases

ÅPotential for further improvement with higher 
ŎƘŀƴƴŜƭ ŎǳǊǊŜƴǘ ŘŜƴǎƛǘȅ όάҌέ hǇǘƛƻƴǎύ
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Natural Gas Fueled Cases with CCS

Natural Gas
Natural Gas + SOFC

ÅOption 3 (open cycle MHD) and Option 15 
(closed cycle MHD) are less efficient than the 
baseline NGCC system with CCS

ÅAn advanced closed cycle MHD system (Option 
15+) competitive with NGCC+CCS

ÅSOFC systems have much higher efficiency, but 
no improvement from MHD
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Combustion & Ionization Model
Predictive Model

Å Electrical conductivity sub-model developed using existing 
approaches and updated MTCS data (Qi) (Itikawa, Spencer, Collins)

Å Subject of 2017 C&F paper1

Å Lack of relevant experimental data necessitates direct validation 
(conductivity, electron #, temp)

Å Sub-model has been integrated in OpenFOAMcombustion model
Å Uses rhoreactingBuoyantFoam
Å Includes air entrainment in
Å Seed input modeled as gas phase

„ Ⱦ
В

„ ρȢωχυ

1Bedick, C.R., KolczynskiΣ [ΦΣ ²ƻƻŘǎƛŘŜΣ /ΦwΦΣ ά/ƻƳōǳǎǘƛƻƴ ǇƭŀǎƳŀ ŜƭŜŎǘǊƛŎŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅ ƳƻŘŜƭ ŘŜǾŜƭƻǇƳŜƴǘ 
for oxy-ŦǳŜƭ aI5 ŀǇǇƭƛŎŀǘƛƻƴǎέΣ /ƻƳōǳǎǘƛƻƴ ŀƴŘ CƭŀƳŜ мум όнлмтύ ннрς238.

Model considers both electron-
neutral and electron-ion 
contributions

Image of Flame Model of Flame
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Combustion and Ionization
Experimental Method & Results

Gas dist.

Liquid 
Dropout

BP control

Diffusion dryers

Liquid 
atomizers

O2 MFC

Air MFC

AR MFC

CO MFC

H2 MFC

CH4 MFC

(shroud)

Syringe/pump

Emission-absorption spectroscopy:
Å Y ŀǘƻƳ ІΩǎ ǘƻ ǾŜǊƛŦȅ ǎŜŜŘ ŘŜƭƛǾŜǊȅΣ 

construct profiles
Å Gas temperatures
Å Must consider effects of path-

integrated measurement, K-band 
props for air-combustion

Langmuir probe (SLP, DLP):
Å K+ ion (~e-), e- temp
Å Quantitative values from IV trace 

using appropriate probe model
Å Rapid probe insertion to avoid tip 

melting
Å Fresh Pt tips produce expected results
Å Cooling from cold probe can affect e-

temp/conductivity

Experimental Configuration
Å Oxy-fuel Hencken burner
Å Custom K2CO3 seed delivery system
Å Provides wide range of combustion plasma 

conditions relevant to DPE

(21-100% O2)

Emission-absorption
spectroscopic system

Hencken burner

Langmuir double probe
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within saturation region

Experimental Method & Results

Combustion and Ionization

Å Spectroscopic results for 100% O2, ~0.01% K compare well with OpenFOAMmodel 
Å Ion/electron results match equilibrium predictions at 25 mm (ni ~2-3 x 1019 #/m3, Te ~3000 K)
Å Probe model (thin sheath-ŎƻƴǾŜŎǘƛƻƴύ Ŧƛǘ ǘƻ {[t ǎŀǘǳǊŀǘƛƻƴ ǊŜƎƛƻƴ ǘƻ ŘŜǘŜǊƳƛƴŜ ƛƻƴ ІΩǎ
Å DLP slope through 0V dictates electron temp, conductivity
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High Velocity Oxy -Fuel (HVOF) System
Multi phase combustion modeling with HVOF ðSet-up & Simulation Set -up

Simulation setupÅ Customized Praxair JP 8200 HVOF utilized
Å Kerosene-Oxygen Combustion
Å 6-8 bar combustion
Å ~160 kWt Input Power 
Å Cold copper wall heat transfer

Å Use calorimetric method from cooling water 
temperature and mass flow measurements

Cooling H2O in
Cooling H2O out

Kerosene

Combustion
Chamber

CD
Nozzle Barrel/Channel

Atomizing
Injector

Air

Exit

Establish a baseline cold wall heat transfer rate for future supersonic oxy fired MHD channels

Å Customized OpenFOAMmodel (userSprayFoam)
Å 11 species with 10 reactions for combustion of Kerosene 

with surrogate dodecane (C12H26) from Choi2011AIAA
Å PaSR(partially stirred reactor) combustion model
Å 2D-axisymmetric and 3D-45degree domains

O2

Oxygen
Plenum
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High Velocity Oxy -Fuel (HVOF) System
Multi phase combustion modeling with HVOF ðSimulation Results

Å Coarse Mesh Simulations
Å Rotate the 2D mesh (10K cells) and generate the 3D mesh  (180K cells)
Å Mesh refinement (ratio = 0.5, 5 layers addition) at the boundary wall due to large gradient of T near wall

Fuel Oxygen

2D Gas fuel inlet_1 inlet_1

2D Liquid fuel injector inlet_1

3D Gas fuel 100% Inlet_2 75% inlet_1
25% inlet_2

3D Liquid fuel Injector 75% inlet_1
25% inlet_2

2D fuel contour

3D fuel stream tracer

inlet_1 inlet_2

2D_inlet 3D_inlet
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HVOF Total Wall Heat Transfer
Experiment versus simulation

Å 3D cases release more energy and leads to greater wall 
heat transfer ςlikely due to flame morphology and 
combustion chamber residence time (next slide)

Å Currently investigating the effect of the liquid fuel 
droplet properties (droplet size distribution, injection 
speed, injection nozzle shape) on combustion efficiency

kW 2D Gas fuel (˒ = 1.16) 3D  Gas fuel (˒ = 1.16)

Reaction Heat 119.82 126.06

Outer Wall -32.10 -41.29

Inner Wall -0.62 -2.21
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ÅComparison of  2D_ofmix and 3D_ofmix of  case Ǵ= 1.16

ÅThe higher heat transfer is shown at combustor for 3D case 
while it is consistent at barrel

ÅThe higher combustion efficiency due to concentrated 
mixture and physical flame shape produces more higher 
heat transfer at combustor wall

ÅThe distribution of  oxygen into inlet_1 : inlet_2 (currently, 
= 3:1) and fuel droplet size distribution will change the 
combustion efficiency 

ÅIn future also add: soot production and oxidation with 
radiation, mesh refinement

Wall heat transfer through wall for ȕ=1.16
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ÅCeO2-Y2O3 and CeO2-Gd2O3
based ceramics evaluated 

ÅImpedance spectroscopy 
showed compositions rich in 
CeO2 shows good 
conductivity values ~10 S/m 
for T>1500 K

ÅAt low temperatures, 
electronic conductivity 
dominated and transitioned 
into an ionic conduction 
mechanism above ~900 K due 
to oxygen non-stoichiometry 

CeO 2-base electrode materials
Electrical characterization


