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ÅElectrode Exposure Testing

ÅConclusion

Direct Power Extraction (DPE): technology which directly converts  

thermal/kinetic power to useable electrical power.

DPE Example: magnetohydrodynamic (MHD) generator. This is our present 

focus, and in particular we focus on the unique challenges of this. 

DPE Task Goal: Generate engineering data sets, simulation tools, and materials 

to further the prospect of using DPE 



MHD Power Generator

P ůu2B2
where B is applied magnetic field

ůis gas-plasma conductivity

u is gas-plasma velocity
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A. Turbo -generator Energy Conversion ->

chemical (fuel) to thermal/kinetic to mechanical to 

electric

B.    MHD Generator Energy Conversion ->

chemical (fuel) to thermal/kinetic to electric 

(more) Direct Power Extraction

ü ñStep Increaseò power 

generation efficiency

ü By using much higher cycle 

temperatures 

ü Advantageous as 

topping cycles

ü Non-disruptive to existing 

technologies

ü Improved CO2 capture 

performance
ü Synergistic with oxy-fuel 

approach

ü Flexible systems
ü Coal + natural gas + bio-

fuels

ü Compact systems
ü Small footprint & 

potentially portable

Carnot Limitὲ ρ

Key trends: Improving magnets & O2 production



Electrical Conductivity of Seeded Oxy-fuel

Å Open-Cycle MHD scenario

ï Traditionally uses alkali ñseedò for electrons

ÅK ~4.3 eV to ionize

ÅK2CO3 stable and dissolves in water

ï Oxy-fuel combustion

Å (e.g. CH4 + 2O2 -> 2H2O + CO2 at =˒ 1)

ï Determining Electrical Conductivity 

ÅUtilize Cantera for chemistry, ionization

Å Te = Tg; Electrons all at mean speed

ÅNeglects ion-electron collisions

ÅScalar (no magnet effect)
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ὲ= electron number density [#/m3]

Ὡ= electron charge = 1.60 x 10-19 [C]

ά = electron mass  = 9.11 x 10-31 [kg]

ὧ = random thermal electron velocity [m/s] (estimated by the 

Maxwell-Boltzmann mean speed, ὺ)

ὲ = neutral species number density [#/m3]

ὗ = neutral species momentum transfer collisional cross section [m2]

Ὧ = Boltzmann constant = 1.38 x 10-23 [J/K]

Ὕ= electron temperature [K] 
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LXCat PDE: Morgan DB (effective) LXCat PDE: Phelps DB (effective)

use Qk = f(Te); 

Å Uncertainty from MTCS data significant

Å H2O most important species for Qk

Å Paper forthcoming on recommend MTCS

Å Meta-analysis of ~100 sources



Electrical Conductivity Calculated Results 1/2

Å Significant quantity of seeded needed in the system

Å Peak electrons and peak conductivity not at same seeding level

Å Pure oxy-fuel combustion 2x ~ conductivity of aggressive air pre-heat

Å Less seed needed to reach conductivity peak for oxy-fuel vs air

Results are for 1 atm. pressure combustion, 400K Inputs, 50/50 water/K2CO3 seed (pre-vaporized)

-note conductivity results will also be dependent on pressure-
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Electrical Conductivity Calculated Results 2/2

Å Significant impact on conductivity from dilution -> very sensitive to temperature

Å Dilution does not significantly impact optimal seeding level (no pre-heat added)

Å Nitrogen dilution slightly more favorable then CO2 dilution in terms of conductivity

Å Also true at comparable temperatures
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with CO2 recycle using ñenhancedò air

Results are for 1 atm. pressure combustion, 400K Inputs, 50/50 water/K2CO3 seed (pre-vaporized)

-note conductivity results will also be dependent on pressure-



Conductivity Validation Experiment

Hencken

Burner
H2

CH4

CO

Ar

Preheater
O2

N2

Conductivity  

Probe

K2CO3 Seed

Note: ñlilacò color 

from atomic K gas

emissions

Lab scale oxy-methane burner with seeding

Å Custom Hencken burner for oxy-
fuel operation

Å Langmuir double probe w/ custom 
platinum/tungsten tips

ï Current measured at discrete 
voltage steps

Ɇ„ I/V

ï Rapid insertion/removal (30-
50ms)

Å Seeding system undergoing 
improvement

ï Capable of up to 5% (by wt.) K 
introduction

ï 50/50 K2CO3/H2O solution

ï Syringe pump for solution delivery

ï Ultrasonic nozzle to atomize in 
oxidant stream

ï Heat tracing to evaporate water 
prior to burner

Å Utilizing CCD Spectrometer

ï For absorption spectroscopy of 
atomic K (concentration, flame 
temp)



Alternative Approach: Dusty Plasma 1/2

Å Plasma Conductivity via condensing 
nano-droplets, i.e., ña dusty plasmaò
ï Some oxide compounds exhibit a lower 

thermionic emission energy than ionization 
energy and can produce free electrons at 
lower temperature

ï Process is a quasi-equilibrium state at 
given T

ï Effective particle surface emission implies:

ÅVery small ideal: ~ submicron size 
needed

ÅTechnical challenge to produce and 
control

ï Lower temperature MHD cycle is possible 
and concept has potential compatibility with 
direct   fired gas turbine

ÅDue to small particle size no blade 
erosion 

ÅEnabling concept for triple cycle..MHD
+ NGCC, i.e., potentially promising 
carbon capture route for Natural Gas

Instead of an alkali seed

Ne = 2 
2 P m k T

3

2

h3
 exp - 

Fwf

kT
 + e2 z

rs  kT

Fwf ~ work function

rs ~ particle radius                                                                        

V Energy and Current conservation at given T

V Free electron number density, Ne, can be 

expressed as,                                                                              

Above sketch from by Lineberry, 1993
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+

-

-
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Alternative Approach: Dusty Plasma 2/2

Å Ceramic oxides are promising candidates

Ålow work function

ÅCompatible vapor P-T properties

ÅHigh dissociation energies

Instead of an alkali seed
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Simulation: NETLôs 1D MHD code 

Code is run iteratively to optimize system. Utilized in NETLôs DPE techno-economic studies

Developed to toSpecify a MHD ñPower trainò

Combustor Channel Diffuser

C-NozzleSeed Add.
MHD 

Channel Diffuser

C-Nozzle

x

H, W

M

Throat

x
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M
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M
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Secondary
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Stream
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r

Q_wall
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P

Seed
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Slagging

Combustor

Fuel 

Streams

Diffuser

x

H, W

M

Oxidizer

Stream

Oxygen

Pump

Pump

T

P

ɖ

Å Significant inputs

ï Mass flow & Inlet species mixture

ï Target channel Mach # or Channel geometry

ï Magnetic Field Profile

ï Diffuser outlet pressure

ï External channel load (K or resistance)

Å Significant outputs

ï Power Generation & Heat Losses

ï Channel Dimensions & Flow profile

Å Typical channel design constraints

ï Critical current density

ï Critical hall voltage



Simulation: 1D MHD code methodology

Numerical methods: Governing equations solved as an initial value 

problem given the inlet conditions. The equations are a DAE 

(differential algebraic equation) system.

Å 5 main equations (mass, momentum, energy, 

chemical reaction, boundary layer) for the flow 

state.

Å 2 equations (generalized Ohmôs law) for the EM 

field.

Å Additional equations for Channel to account for:

Å Electrode Configuration

Å External Load

Jx =
s

1+(wt )2
Ex - wt Ey +wt uBz

éë ùû

Jy =
s

1+(wt )2
wt Ex + Ey - uBz

éë ùû
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1

s
(Jx +wt Jy)

Ey =
1

s
(- wt Jx + Jy +s uB)

xxyyEM

zyEM

f

radwallEM

frictionEM

kk
k

EJEJP

BJF

CM
dx

du

udx

d

QQP
dx

dh

dx

du
uu

FF
dx

dP

dx

du
u

WR
dx

dY
u

uA
dx

d

+=

=

=öö
÷

õ
ææ
ç

å
-++

--=ö
÷

õ
æ
ç

å
+

-=+

=

=

 :Power        

 :Lorentz      

2

1
2 :Boundary   

:Energy       

 :Momentum

  :Species      

0)( : Mass          

2
*

q

dqq

r

r

r

r

Programming language:

Python, Numerical libraries use C, C++ and Fortran

Key libraries: 

Canteraïthermodynamics, transport and reactions

Assimuloïinterface for SUNDIALS

SUNDIALS ïDAE integration package from Sandia

The code calculates the variable power 

outputs along channel length.



1D ñ+ò code enhancement
To approximate effects of parameters inadequately described in a 1D model

DEV center

yIdeal ³º 

cathodeV 
anodeV FaradayV 

Lineberry 1988 AIAA

(E_y)_ideal

(E_y)_average

Red- conductivity

Blue ïtemperature (T-T_w)/(T_c-T_w)

Green ïvelocity (u/u_c)

Across channel cross section

Å Boundary layer voltage drop: 

ï Correct current and E-field to account for the low near wall conductivity due to the 
lower wall temperature the conductivity and other non-idealities (electrode 
resistances é)

ï For  Ideal Segmented Faraday Channel: ὐ ρ ὑ„όὄρ Ў

ɀ ὠ ЎόὄὈ

ï external ñloading factor (K)ò or ñresistance (ɱ)ò provided
Å Constant Voltage drop ratio (robust & fast) : 

ɀ Ў- unique to a system calculated using ratio (electrode spacing to boundary layer 
thickness) typical value ~ 0.1

Å Profile Methods

ɀ Ў= Ў(x)

ï Assume boundary layer resistance dominates

ï Integrate Ohmôs law given the conductivity profile

ï Conductivity profile derived from a temperature profile

ï Temperature profile derived from 1D values (T, u, p), normalized velocity and total 
enthalpy profiles
Å ñnth-power lawò & ñturbulentò models have been implemented

ï Can also be used estimate Ўfor constant voltage drop model



NETL MHD Lab operations

Å NETL MHD lab focuses on simulation validation 
and channel material exposure testing

Å 2014: Design

Å 2015: Construction

Å 2016: Phase 1 MHD ñcomponent testingò 
underway

ï ~2T Electromagnet
Å Set-up and model validation complete

ï ~200 kWt High Velocity Oxy-Fuel (HVOF) Gun
Å With seed injection

Å 2016: Photoionization concept testing to begin

Å 2016: Basic channel coupon materials testing 
to begin

Å 2017: Introduce MHD channel section

ï Initially ñback poweredò (power supplied to 
channel, no magnet)

ï FEM of thermal-structural for channel built

ï FEM of 3D current profiling and diagnostic for 
current density scoped

Å 2018: MHD channel section testing capable of 
producing power

ï Infrastructure ready to scale up to ~ 1MWt
Å Increased size needed to overcome 

boundary layer resistances

Å Note this is not a MHD power demo

ñremoteò MHD testing inside a 20ô x 12ô booth

Fuel/Seed

+

oxygen

Magnet

Channel

Goal is bench scale MHD Power train testing



HVOF Heat Balance: Initial Sim. Val. Target

Å Q1: From Inputs: T, P, 
mdot + off-line HHV test 
on fuel

Å Q2: From cooling water: 
mdot*Cp*dT; dT = Tout-Tin

Å Q3: Use a Total 
Radiometer

Å Q4: From the balance

Heat Balance

Kerosene

Combustion

Chamber
CD

Nozzle Barrel
Atomizing

Injector

O2

Cooling H2O in

Cooling H2O out

Air

In order to establish important heat transfer parameters

Nominal firing rate: 177 kWt

IR camera

Shock diamonds can be seen at HVOF exit Imaging CO2 emissions at 4.37 um

Preliminary data

Suggests 20-25%

Heat Loss to Walls 

(Q2)



HVOF operation with K2CO3 injection

Kerosene

Combustion

Chamber
CD

Nozzle Barrel
Atomizing

Injector

O2

Cooling H2O in

Cooling H2O out

Air

UV-VIS

CCD Spectrometer

Receptor

K2CO3 powder

+ Argon gas

K2CO3 is vaporizing to K in experiment

-Planning in implementing Spectroscopic method 

for K species density & temperature
Project is working toward experimentally 

obtaining mass balance of seed species.

Equilibrium Phase diagram for oxy-fuel + K2CO3 seed



HVOF Simulations

Kerosene

Combustion

Chamber
CD

Nozzle Barrel
Atomizing

Injector

O2

Cooling H2O in

Cooling H2O out

Air

K2CO3 powder

+ Argon gas

Axisymmetric system, simulated with ñ1/4ò slice. Irregular mesh at diverging nozzle

Å Shock structure apparent in simulations: Exact geometry optimized using MOC

Å Free jet appearance qualitatively similar to IR measurements

Å Initial validation Target will be heat balances (with no seeding)

ÅWall heat loss calculation using OpenFOAMutility ñwallHeatFluxò

ÅUtilize Free Jet radiation solver in OpenFOAM

ÅSeed concentration profile and conductivity will be examined in simulation



MHD Electrode Testing

Å General Electrode Requirements

ï Good electrical conductivity

ï Adequate thermal conductivity

ï Resistance to electrochemical 

corrosion (seed/slag)

ï Resistance to erosion by high velocity 

particle laden flow (seed/slag)

ï Resistance to thermal shock

ï Compatibility with other materials in 

system

ï Resistance to/minimization of arc 

attack/erosion

Å Ex-Situ exposure characterization

ï Mass Change measurements

ï SEM imaging of microstructure

ï SEM-EDS for surface chemistry profiling

ï XRF for bulk chem. and XRD for phase identification

ï Optical Microscopy for surface analysis

K2CO
3

Electrode sample

Alumina bottom

Alumina top

2 mm ø

Electrode sample

Å Expose samples to K2CO3

ïBased on ASTM test C987 -10

ï 48 hrs. at 1500oC in air (semi-

closed w. lid)

ïAtmosphere is air

ÅPlanning for Additional testing in 

CO2 environment 

ïBoth liquid and vapor 

exposure tests



Electrode Exposure to K2CO3

Future work: Exposure Prospective Electrodes to the HVOF In the  MHD lab

Materials tested Weight change (%)*

Samples exposed to the K2CO3 Liquid

1. 88%ZrO2-12%Y2O3 -10.9

2. 89%ZrO2-10%Sc2O3-1%Y2O3 -20.2

3. 83%HfO2-17%In2O3 -100.0

4. 82%HfO2-10%CeO2-8%Y2O3 -7.6

Samples exposed to the K2CO3 Vapor

1. 88%ZrO2-12%Y2O3 -0.8

2. 89%ZrO2-10%Sc2O3-1%Y2O3 0.0

3. 83%HfO2-17%In2O3 -18.5

4. 82%HfO2-10%CeO2-8%Y2O3 0.0

82%HfO2-10%CeO2-8%Y2O3 ïexposed to K2CO3 liquid

Sample

Cracking 

Visible

w/ K present

ÅK liquid exposure increased degradation compared to vapor exposure

ÅOpening of grain boundaries and pores upon gas exposure.

ÅPolished surfaces seemingly were less affected by liquid exposure

Å Four ñreferenceò MHD electrodes tested

ïMaterials considered or tested in MHD channel in the past

ïFabricated with pressure less sintering


