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Presentation Focus & Outline

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 unigue challenges of this.

DPE Task Goal: Generate engineering data sets, simulation tools, and materials
to further the prospect of using DPE

A Introduction

A Electrical Conductivity for Open Cycle Application

A Computational MHD for Performance Assessment

A Operation & Simulation of HYOF Combustion Process
A Electrode Exposure Testing

A Conclusion
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MHD Power Generator

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

->

A Turbogenerator

T @
Hot Vapor
or Gas \/v -~ N 4
.,f'\ i Brushes
~ 4 < ¥
Moving s
Conductors
Forming Coil

B MHD Generator

- . fleq,ou
anode)e
N
Source of
Electrically \A _
Conductive Fluid '\:‘IoFtllo'rc]i
(o) ul

(more) Direct Power Extraction
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where B is applied magnetic field
0 is gas-plasma conductivity
u is gas-plasma velocity
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Key trends: Improving magnets & O, production
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Electrical Conductivity of Seeded Oxy-fuel

A Open-Cycle MHD scenario H,0
i Traditionally uses al * )
A K ~4.3 eV to ionize 200
A K,COj, stable and dissolves in water =
a0 . % 150
i Oxy-fuel combustion g
A (e.g. CHs + 202 -> 2H20 + COz at . = 1) § 100
=

I Determining Electrical Conductivity

50
A Utilize Cantera for chemistry, ionization \;

A Te.= T Electrons all at mean speed 0
. . 0.2 0.25 0.3 0.35 0.4
A Neglects ion-electron collisions Electron Energy ("MHD Range”) [eV]
A Scal‘ar (no magnet effeCt) Anzai 2012 e— |tikawa 2005
8 ‘Q Hayashi 2003 Mark 1995
= —= N N ltikawa 1978 Spencer 1976
” a w B 8 U (k) <U> Bunde 1975 JILA Database

LXCat PDE: Hayashi DB (elastiey===| XCat PDE: Itikawa DB (elastic)

LXCat PDE: Morgan DB (effectivey LXCat PDE: Phelps DB (effective)

¢ = electron number density [#/m3]

‘Q= electron charge = 1.60 x 10-1° [C]

& =electron mass =9.11 x 103! [kg] » use Qk = f(Te);
& = random thermal electron velocity [m/s] (estimated by the A Uncertainty from MTCS data significant
Maxwell-Boltzmann mean speed, (0)) : )

¢ = neutral species number density [#/m3] A H20 most |mpo_rtant Species for Qk

0 = neutral species momentum transfer collisional cross section [m?] A Paper forthcomlng on recommend MTCS

"Q = Boltzmann constant = 1.38 x 1023 [J/K] A Meta_analyS|S of ~100 sources
“Y= electron temperature [K]
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Electrical Conductivity Calculated Results 1/2

Results are for 1 atm. pressure combustion, 400K Inputs, 50/50 water/K,CO; seed (pre-vaporized)
-note conductivity results will also be dependent on pressure-
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Significant quantity of seeded needed in the system

Peak electrons and peak conductivity not at same seeding level

Pure oxy-fuel combustion 2x ~ conductivity of aggressive air pre-heat
Less seed needed to reach conductivity peak for oxy-fuel vs air
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Electrical Conductivity Calculated Results 2/2

Results are for 1 atm. pressure combustion, 400K Inputs, 50/50 water/K,CO; seed (pre-vaporized)
-note conductivity results will also be dependent on pressure-
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A Significant impact on conductivity from dilution -> very sensitive to temperature

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

A Nitrogen dilution slightly more favorable then CO, dilution in terms of conductivity
A Also true at comparable temperatures
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Conductivity Validation Experiment

Lab scale oxy-methane burner with seeding

A Custom Hencken burner for oxy- Note: Alil
fuel operation from atomic K gas
A Langmuir double probe w/ custom emissions

platinum/tungsten tips

T Current measured at discrete
voltage steps

£, IV
I Rapid insertion/removal (30- [Preneater s
SOmS) Hencken | —beem AT ‘ "
A Seeding system undergoing

Improvement B H,
I Capable of up to 5% (by wt.) K j CH,

Introduction
I 50/50 K,CO4/H,0O solution
I Syringe pump for solution delivery
I Ultrasonic nozzle to atomize in
oxidant stream

I Heat tracing to evaporate water
prior to burner

A Utilizing CCD Spectrometer

I For absorption spectroscopy of
atomic K (concentration, flame
temp)
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Alternative Approach: Dusty Plasma 1/2

Instead of an alkali seed

A Plasma Conductivity via condensing

nano-dr opl et s | . e. N af Electron F ~ charge flux
. c ’ —_ ’ Capture ® ¢ Charge E ~ energy flux
I Some oxide compounds exhibit a lower Te Sheath T ~ temperature

thermionic emission energy than ionization <

energy and can produce free electrons at
lower temperature

Thermionic
+ Emission

Particle

i Process is a quasi-equilibrium state at P - e
given T on
I Effective particle surface emission implies: Capre @ Fi
. . 4 g
A Very small ideal: ~ submicron size
needed Current Conservation (qpet =0) —® Fe - Fi = Fe *
A Technical challenge to produce and Energy Conservation — Tp = f(Ee, Ei} Ee")
control
I Lower IS PEELTE MHD CyC|e IS pOSSIbIe V  Energy and Current conservation at given T
and Conpept has pOt-entlaI Compatlblllty with \ Freegzectron number density, Ne c:n be
direct fired gas turbine expressed a5 e
A Due to small particle size no blade ) 3
erosion N. =2 2P mKkT.2 _ wa+e22)
- - : 3 P TRT Tr kT
A Enabling concept for triple cycle..MHD h S

+ NGCC, i.e., potentially promising

carbon capture route for Natural Gas Fwf ~ work function

rs ~ particle radius
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Alternative Approach: Dusty Plasma 2/2

Instead of an alkali seed
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Significant inputs

Mass flow & Inlet species mixture
Target channel Mach # or Channel geometry

Diffuser outlet pressure

|
|
I Magnetic Field Profile
|
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n .
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MHD

Combustor

External channel load (K or resistance)
Significant outputs

T Power Generation & Heat Losses
I Channel Dimensions & Flow profile

Typical channel design constraints
i Critical current density
i Critical hall voltage

Channel
~ e

Diffuser

~

N F

P_diff
MHD_X1
Secondary MHD X0 \
Oxidizer Fuel Seed Seed _
Stream Streams Streams Stream
O Sl i
;lj/r%%n *Corigbilsnt%rl*sewp‘dd' » Diffuser
Pump ’\
T
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Sl i M X
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Code is run iteratively to opt i mirezoaomg gtediese
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Simulation: 1D MHD code methodology

Numerical_method;: Govern@r?g equations sol_ved as an initial value Mass i (ruA) -0
problem given the inlet conditions. The equations are a DAE
(differential algebraic equation) system. d
Spemesru— RW,
. du dP
Programming language: Momentum ru— +—=Fg, - Fiion
Python, Numerical libraries use C, C++ and Fortran X X
Key libraries: a du dhg
Cantera i thermodynamics, transport and reactions Energy. r ua@'&"’&g FPew - Quan = Qrad
Assimulo T interface for SUNDIALS ¢
SUNDIALS i DAE integration package from Sandia d dud_. o 0 1
J . Boundary. 2 + 9 —@+—- M?g==C,
dx u dxg q = 2
A 5 main equations (mass, momentum, energy, Lorentz: e, =J,B,
chemical reaction, boundary layer) for the flow Power. R, =J E, +J,E,
State.
A 2 equations (generalized Ohmoés | aw) for the
fleld.. _ _ J, = ;Zggx - WE, + Wt UB,B
A Additional equations for Channel to account for: 1+ (wr)
A Electrode Configuration j = s _@WE, +E,- uBj
A External Load Y1+ (wr) E 4

E, :i(JX +wt J,)
. S
The code calculates the variable power 1

outputs along channel length. Sy= o QU eed, sl

NATIONAL ENSRGY TECHNOLOGY LASORATORY



1D A+o0

code

enhancert

To approximate effects of parameters inadequately described in a 1D model

A Boundary layer voltage drop:

i Correct current and E-field to account for the low near wall conductivity due to the

Lineberry 1988 AIAA
Voltage Level Relative to Anode (V)

lower wall temperature the conductivity and other non-idealities (electrode

resistances &) 200 100 9 100 200 300 400
i For ldeal Segmented Faraday Channel: O p U,0pm Y 3004 * IEE Markll No 6‘ A T 1
Z © ¥6 8 O - : : ]
~ o N o B 1
i external Aloading fa)cdopr Kijdeaor fresi st a{(EGg) avelage — : !
A Constant Voltage drop ratio (robust & fast) : E 2001 iy : i
Z Y -unique to a system calculated using ratio (electrode spacing to boundary layer = | :
thickness) typical value ~ 0.1 > 190 . ! ! |
A Profile Methods . J (E_y)_ideal ! ! |
2 Y=Y I !
i Assume boundary layer resistance dominates 50+ | i ]
T Integrate Ohmés | aw given the conductivity p¥’ | :
T Conductivity profile derived from a temperature profile o . ! i - =
I Temperature profile derived from 1D values (T, u, p), normalized velocity and total ' -(_—)'V "V '
enthalpy profiles e Faraday cathode
A fhpower Iawc‘;v& iturbul entod models have been impleri(:..t\,d )'
i Can also be used estimate Y for constant voltage drop model Videa © EJ*""2 D
. ><.‘04 100.0 02 0.4
« IEE Mark-1l i
4.5 —delta=0 |
= 4,—delta=0.1 osl
2 35| norbuiont |
N 7 Red- conductivity L
| N Blue i temperature (T-T_wW)/(T_c-T_w)
3 2l e 1 Green i velocity (u/u_c) o
0 1.5L Across channel cross section j
c 1 07
0.5¢ .
| 1 1 1 OOE

1 1.5 2
channel position (m)

00 02 04
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NETL MHD Lab operations

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

2014: Design
2015: Construction

2016: Phase
underway

i ~2T Electromagnet
A Set-up and model validation complete
I ~200 kWt High Velocity Oxy-Fuel (HVOF) Gun
A With seed injection
2016: Photoionization concept testing to begin
2016: Basic channel coupon materials testing
to begin
2017: Introduce MHD channel section
i Initially fAback
channel, no magnet)
i FEM of thermal-structural for channel built

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

2018: MHD channel section testing capable of
producing power

I Infrastructure ready to scale up to ~ 1MWt

A Increased size needed to overcome
boundary layer resistances

A Note this is not a MHD power demo

To o o I

1

power

MHD ficompone Il

t est i
ed t

MHD
suppl i

Aremot eo
edo (power

n g
(0]

Magnet

Combustor

Fuel/Seed
+

oxygen

Channel
Plasma

Goal is bench scale MHD Power train testing
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HVOF Heat Balance: Initial Sim. Val. Target

In order to establish important heat transfer parameters
Nominal firing rate: 177 kWt

Atomizing  Combustion CD .
Injector Chamber Nozzle Barrel Air

Kerosene
O)
—>

Cooling H,O in > ‘//' B

Cooling H,0 out <

Counts Average. Constant fuel input.
Fuel 4.2 GPH. Oxygen- 950, 1100, 1250 & 1400 SCFH.

Heat Balance TH 20
| 1 . . 0 - isooo
Heat of Heat in e ———
combustion |18} HVOF Gun Free Jet combustion -20
0 50 100

products

@ A QL. From Inputs: T, P, 20 10000
mdot + off-line HHV test :

Heat to cooling Heat to radiant on fuel 9 0 5000

e S A Q2: From cooling water: 20] . o

mdot*Cp*dT; dT = T, Ti,
Q3: Use a Total

Radiometer 20 10000
Q4: From the balance ' o isooo
-20
0 50 100
Preliminary data "
10000
5000
Heat Loss to Walls 2
0 50 100

(Q2)

—_
(=]
o
(=
(=]

y/D jet

Photon counts

& in inputs

v/ jet
Photon counts

ijei
Photon counts

ny]el
Photon counts

. ijet. .
Imaging CO2 efissions at 4.37 um

Shock diamonds can be seen at HVOF exit
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HVOF operation with K,CO4 Injection

Atomizing  Combustion CD

Injector Chamber Nozzle T[] Barrel Air
Kerosene
0, ~
77 < : Recept
Cooling H,0 in » i eceptor
Cooling H,O out <
K,CO4 powder UV-VIS
+ Argon gas CCD Spectrometer
— 0.04 T T T T T T T T T T T T T 1T "
g l l l l l l -
-ﬁ 1 I : : : : I I I I I I I : Na
S0035 +---- m--r--T--a---{--rF--7--1-2 e i e T (seed impurity)
o T R T N
o I I I I I I
.g.003___'___'___"__“’__"___' R 0.75 +
E o —K AN z
EUUQ5———I———I———I———-L——J ______ —K+ I B VIR 2
o S T R —KO LN\ £
g | | | | | | | - . K
8 002 bttt oo —KOH b e A g o5+ ’
? Corl | kecos@ .
oots 4| o K2CO3(b) - 11X | E o K.
A ! K2CO3(L) z
oL S B A 025 & 5 — With Seed
GV S S S Ry S S S 2 e
: : : : I I I I I I I I I
T R e e e e e ——
400 800 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 0 . . | ' i i
Temperature [K] 300 400 500 600 700 800

wavelength [nm]

Equilibrium Phase diagram for oxy-fuel + K,CO5 seed K,CO, is vaporizing to K in experiment
23

-Planning in implementing Spectroscopic method

Project is working toward experimentally for K species density & temperature

obtaining mass balance of seed species.
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HVOF Simulations

K,CO, powder

.. . + Argon gas

Atomizing ~ Combustion CD _

Injector Chamber Nozzle [] Barrel Air
Kerosene

0, — —~

> D
Cooling H,O in > ‘//74__
Cooling H,0 out < i
AXlI symmetric system, simulated with nl

0.060
0.050

0.040-

0.030°

0.020
. .
0.000

-0.010

IS
o
Y-Axis (m)

-0.0204

0.00 0.10 0.20 0.30 0.40
X-Axis

A Shock structure apparent in simulations: Exact geometry optimized using MOC
A Free jet appearance qualitatively similar to IR measurements

A Initial validation Target will be heat balances (with no seeding)
A Wall heat loss calculation using OpenFOAM u t i WalllHegtFluio
A Utilize Free Jet radiation solver in OpenFOAM

A Seed concentration profile and conductivity will be examined in simulation
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A General Electrode Requirements

MHD Electrode Testing

Good electrical conductivity
Adequate thermal conductivity

Resistance to electrochemical
corrosion (seed/slag)

Resistance to erosion by high velocity
particle laden flow (seed/slag)

Resistance to thermal shock

Compatibility with other materials in
system

Resistance to/minimization of arc
attack/erosion

e

A Ex-Situ exposure characterization

Mass Change measurements
SEM imaging of microstructure
SEM-EDS for surface chemistry profiling

XRF for bulk chem. and XRD for phase identification

Optical Microscopy for surface analysis

A Expose samples to K,CO,

I Based on ASTM test C987 -10

I 48 hrs. at 1500°C in air (semi-
closed w. lid)
I Atmosphere is air

A Planning for Additional testing in
CO, environment

I Both liquid and vapor
exposure tests

Electrode sample
2mm ﬂ\ ;

\e Alumina top
<5
——

‘ 3
X
Alumina bottom \

Electrode sample
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Electrode Exposure to K,CO,

A Four freferenceo MHD el ectrodes t
I Materials considered or tested in MHD channel in the past

I Fabricated with pressure less sintering
82%HfO,-10%Ce0,-8%Y,0;1 exposed to K,CO4 liquid

Materials tested Weight change (%)*
Samples exposed to the K,CO; Liquid
1. 88%Zr0,-12%Y,0, -10.9 Sample
Cracking
2. 89%Zr0,-10%Sc,04-1%Y,0, -20.2 Visible
3. 83%Hf0,-17%In,0,4 -100.0 w/ K present
4. 82%HfO,-10%Ce0,-8%Y,0; -7.6

Samples exposed to the K,CO,; Vapor

1. 88%Zr0,-12%Y,0, -0.8
2. 89%Zr0,-10%S¢,04-1%Y,0, 0.0
3. 83%Hf0,-17%In,0, -18.5
4. 82%HfO,-10%Ce0,-8%Y,0, 0.0

A K liquid exposure increased degradation compared to vapor exposure
A Opening of grain boundaries and pores upon gas exposure.
A Polished surfaces seemingly were less affected by liquid exposure

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