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Numerical Simulation of

MHD Nonequilibrium Plasma Flow

O Basic Equations

O Plasma Structure and Behavior



Tokyo Institute of Technology

. . Enrey Sci
Plasma & Fluid Flow in MHD Generator nergy ciences

Supersonic (compressible) Flow —
Development and Separation of Boundary Layer,
Shock wave, Turbulence
Plasma Electrical Conducting Flow —
Nonequilibrium lonization, (weakly) magnetized Plasma,
Self-excited electromotive force

Plasma Instability => Self-organized Plasma Structure

MHD Interaction-

Lorentz Force — Energy Conversion



Tokyo Institute of Technology

_ _ Energy Sciences
Governing Equations of MHD Flow
Continuity Equation:
7P v (pii) =0
—+
ot A
Momentum Equation
—(pU)+V (pld) = jxB-Vp-
ot
Energy Equation:
-2
o E, it L
=+ VA(E, + p)T}=—+0(]xB)-Q,
Equation of State: E.=poT, +1p U2
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Governing Equation of Electromagnetic field

Generalized Ohm’s Law (from Momentum Equation of Electrons)

+ P (GxB)=o (E+ixB+ Ioe)

" en,
eB
Hall Parameter p=w,r,=—— (rad),
meve
e’n
Electrical Conductivity o= & (S/m)
m._v
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Maxwell’s Equations

MHD Approximation:

» neglecting displacement current
» charge neutrality
* Low magnetic Reynolds number

VxE =0, V-j=0
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Ar/Cs Nonequilibrium Plasma
Ar, Arf, Cs, Cs’, e N
Seed fraction = —=
®) e
©  ® O 10-5~ 1074
®

At +
ne _ nCs +nAr

@ Collision Dominant
® @ Nonequilibrium plasma (Te>Tg)
=> Two-Temperature Model
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Two-Temperature model of Nonequilibrium Plasma

lon Continuity Equation:
on’
7

2 A+
NN i =seed, noble gas

+V-(n/l) =k, n,n; —k

r

Collisional lonization
— Three-Body (Collisional) Recombination

Charge Neutrality:

nezz_:ni+
|

Electron Energy Equation:

a;e +V-(U,0)=] (E+0xB)-p.V-U,-V-§
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Joule Heatin o
g Collision Loss
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Nonequilibrium Plasma MHD Flow

Nonequilibrium Two-Temperature Plasma Model:
+
o n
I 4 2_+
Py +V - (n; u)=kfineni—krneni Ng = 2.N;

T+£(]xl§):a(ﬁ+ﬁxl§+
B eng

oU o L n B, 2mg 3 -
h mp 2
MHD Flow Equations: %W.(p 0)=0 p=oRT,
t

c o, = = —
(P +V-(pi0) = [xB-Vp-B.
il

o E, S |
=+ V{(E, + P} =S40 (1 xB)-Q,

Maxwell’s Equations: v xE =0, V.j=0
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Numerical methods

Fluid Flow Equations (Continuity Equation, etc)
Hyperbolic type Equations:

MacCormack Method,
TVD (Total Variation Diminishing) Method
CIP (Cubic Interpolated Propagation) Method, etc

Electromagnetic Field Equations
Generalized Ohm’s Law + Maxwell’ Equations

=> Elliptic Equation (for electric potential function)
Finite Differential Method, Final Element Method
+ Bi-CGSTAB method, etc
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Characteristic Times

Electron Temperature (~0.1us)
< Electron Number Density (~ us)

< MHD Fluid Flow (~mSs)

< Connection to AC Line (~10ms)

< System Start-up & Shut-down (~s, ~hrs.)
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Disk MHD Generator

Load Resistance

1\ Hall Current

_ Electrodes
Working Gas

Ar/Cs G

B
Magnetic Flux
u Density
Gas Velocity

(Hall Field)
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Coordinates System ?
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> Cross sectional view in r-@ plane
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Coordinates system — —
Anode Cathode
Cross sectional view in r-z plane
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Nonuniform Plasma Structure in Disk Generator

Shock Tube Experiments r-8 2-D Simulation
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Flow Behavior under Different Back Pressure

B=0
Low back pressure

B=0
High back pressure

0.0 0.5 1.0 1.5 2.0 2.5 3.0

MHD Interaction B#0
High back pressure
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(r-z 2-D Simulation)

non- B => applying B Back Pressure:10kPa

M
Diffuser

Distribution of Radial Velocity
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3-D plasma Structure in Disk Generator

2200 K

Contour surface at electron temperature of 2500, 4000, 5500, 6500 K
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Plasma Behavior in Disk Generator

R, =2.0 [Q] R, =6.0 [Q] R, =7.0 [Q]

Electron Temperature

1000 11000 [K]

Optimum
load resistance

. . 1

Unsteady streamer Steady and Unsteady domain
structure uniform structure structure

Low load resistance High load resistance
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Electron temperature Distribution in Disk Generator Energy Sciences

(r-z plane : 3-D Simulation)

R, =7.0 [Q]

||
1000 11000 [K]

Electron Temperature

In main flow...

Electron temperature distribution is uniform in z-
direction which is parallel to the magnetic field.

In boundary layer...

Electron temperature is decreased.

J)

Decrease in the Joule heating
Increase in the collision frequency

I)

Decrease in the gas velocity
Increase in the number density of heavy particles
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3-D Plasma Behavior in Disk Generator

Center (z=0) Near Wall

r-z plane (6=0)

- -

1000 3000 5000 7000 9000 11000

3-D Distributions of Electron Temperature
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(r-z plane : 3-D Simulation)

Anode Cathode

3. I
—R.=7.0[Q]
—R.=6.0[Q]
—R.=20[Q]

R,=2.0 [Q]

Mach number
N
L

R,=6.0 [Q]

1.0 L A
400 500 600 700
Radius [mm]
High load resistance
R, =7.0 [Q] - .
Strong Lorentz force - Development of boundary layer
| |
0.0 4.0 ‘

Mach Number pseudo-shock-like structure in the upstream region
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Efficiency[%]

Efficiencies of in a Shuck-tunnel Driven Disk MHD Eneryy Sciences
Generator
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Hall Potential and Static Pressure Distributions
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in a Shuck-tunnel Driven Disk MHD Generator
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300

N

o

o
I

o
o

Anode Cathode
| T
simulation
—SF=75x10" |
—S.F.=3.0x10™ _
experiment
0 —O—S.F.=76x10"
—0O—S.F.=3.1x10"
1 1 1 1 | 1 1 | I s s s s— ————
0.1 0.15 0.2 0.25

Radius [m]

Energy Sciences
Anode Cathode
simulation y experiment .
——S.F=75%X10" -O—S.F.=7.6X10
5 -4 -4
10° | —s.F.=3.0x10* —0—s.F.=3.1x10* H
= B —non-MHD —O—non-MHD .
o
e
- | i
| —
oD
(7))
(V5]
(«b]
| -
o
(@]
=
(qv]
2 oand
10"

01

T 0.15

1 | 1 1 1 1 1 1
0.2 0.25
Radius [m]



Tokyo Institute of Technology

Disk MHD Generator in the Closed Loop Experimental  Erergy Sciences
Facility (CLEF) for Continuous Operation
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Velocity Streamlines of Non-MHD flow (CLEF)
80 c - A Cathode in_
E - Anode 0.43
3.
EO 4 72 36 0
'ﬁ'S - Anode ® 2.8
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E S —— = 1
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'ﬁ' s Lower ~
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-65 i | | ] ! | | | |
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Velocity Streamlines of MHD flow (CLEF)
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on Enthalpy Extraction Ratio E.E. (CLEF)

16

12

E.E. [%]
oo

2.5 3 3.5 4 4.5 5 5.5 6 6.5
Pressure Ratio (P.R.)

Minimum E.E. is obtained for P.R. =4.0
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Improvement by applying RF Electromagnetic Filed

s (@

Working gas He-Cs
Thermal inlet 117 [MW1]
Inlet stagnation 2000 [K]
temperature

Inlet stagnation 3.0 [atm]
pressure

Magnetic flux 6.0 [Tesla]
density

Inlet Mach 2.2
number

Frequency of rf
power

13.56x108 [HZ]




Plasma structure with different rf power for sf = 1.0x105  [Tokyo Institute of Technology

Energy Sciences

V074171010 17 o S
Tein = 2829 K
Ic=0A

(b) with rf
Ic=100 A

(c) with rf
Ic=150 A

(d) with rf
Ic =200 A

RL = 2.0 ohm

1000 Electron temperature (K) 12000
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Enthalpy extraction ratio
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Improvement by applying RF Electromagnetic Filed
seed fraction ( 1.0 x 10°) 5 101
. , . , . , . , . 60 o I increased power
] E 8 I rf Joule heating
O == = = =O= — _ i > © 1 RL=2.00hm
854 T Pl o 1% E Ic = 200 A
- Q L 6
7 140 ‘G =
804 O m—0 0 o 7 5 S ;\c?
1302 BT 4
- | s 2
754 = %; 420 § %
5 < 7
D/ sf=1.0x10 " J10 2 g ' -
701 RL = 2.0 ohm - g o B — ' |
- T 0 % 1.0 1.5 2.0 2.5 3.0
0 100 200 300 400 Seed fraction (x 10°)
Current in rf colil [A]
Effect of different rf power Ratio of increased power and rf Joule heating

on performance of MHD generator to thermal input versus seed fraction
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Closed Cycle MHD Power Plant

1) Closed Cycle MHD Single Cycle

2) CCMHD / ST or CCMHD / GT Combined Cycle

3) CCMHD / GT / ST Triple Combined Cycle
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G: kg/s EE Enthalpy Extraction
LNG P: ata EA Adiabatic Efficiency
T: K QL Heat Loss
1000MW EE= 30% Q: MW PL Pressure Loss
EA= 85%
1300T Ar/K oL=0.5% MHD
295Q Generator
2073G Inverter Net
6.0P Z6OMW 600MW
2400T 7 x 0.99 >
2450K 2590Q
1300T 844Q 2 0P
3520 13007 PL=1% 2.02P PL=1% 60T
1668T QL=1%
v s Heat 1800Q |__ 39;80
1320T Exchanger Cooler| (74Q)
-
Air 6.1P Heat PL=1%
Preheater 1618T Exchanger
1746Q 6.2P 1.98P
331T 300T
156Q 1668T 3580 Y 3240
451Q yd 169MW
Compressor \ @ 3
Air EA=90% . .o
IC= 4 (135Q)

Total Efficiency = 60%
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G: kgls EE I AILE—HHER
P: atm EA BREAGHER
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MHD 5 E ##
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20736 T qvn—s
6.0P 600Q
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2400T ? [ ogo 769Q >
24507 2590Q RS E H 5
13007 844Q ) 20P
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57Q . 398Q
£HR 1800Q - -
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| ©La=7) REBE lq 127
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3 e 1618T
1746Q 6.2P 1.98P
331T 300T
156Q  1668T V
358 324
\L 451Q © vd N 169MW
FEHRAEMEH
=R EA=90% (135Q)
IC= 4

60 FkWik CCMHDEFES AT L (T MEVHEGO0Y)
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A R FEMHD F E 1
SCM
-I-l coil
Cat;o;e Anode Ar/ ' Anode Cathode
K
v v | Y \
e O A E s s
- A —~— r (m)
- I -
[
Bo = 7.0T
Stored Energy=2490MJ
V ~ 58 kV
I ~ 134 kA
2 A 712590MW-T 1 X% 5 CCMHD 5 5 4 bt i 4

(E.E.=30%, E.A.=85%)
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Total Efficiency (HHV) : 68.17%

R e : 500 2284K
ecycle - 50/0“ 1350K 1300K 0.322MPa .
0.99MPa 1| 099MPa | | 8.18kmol/s Helium Loop
Inverter
97% Pre- 233K 154.46MW
SOFC heater High Temp.
A
551.10MW 0.771V 1338K Heat Exch. Inverter
0.98MPa (Combustor) 1359K 99%
BlOW€I‘< ! 1t 1200k 1t SE0K Yy 0.0534MPa
0.67TMW
Exhaust Gas
926K 603K BesK 800K »| Recup. Heat 291K
Pre- | | Pre- 056N P Exchanger 40.0529MPa
1000MW heater| |heater
Natural Gas i ' 1.0MPa 871K Gas
(Methane) 1.01MP& 580K 0.34km0]./s 329K 1.44MP& Cooler
1
290K 300K
111.(2)11{MP1.5/1 0.5TMW ) 0.0524MPa
-12kmol/s A-%{) gen. 3.92MW
0.1MP Oxygen Vapor
AL ISeparator Separator
0.1MPa P S AW P Gas Turbine A.C. G‘()en.
22.43kmol/s ! T : | Carbon Dioxide Compressor 95%
Air Air  Air Lique- .
290K 346K 290K faction Carbon Dioxide
18.43MW Tank

S B R e 7 ZIRAV R E R b TR R « 7 0 — X YA 7 AWMIDEGFE L AT LAOWK & =R F—RTF X

(HHH: 32 &FED, BFIRB, 123, 9, 1097~1104 (F15-9))
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MHD Nonequilibrium Plasma Flow

MHD Plasma Behavior

Plasma Behavior under rf electromagnetic Field,
FIP (Frozen Inert gas Plasma ) MHD Concept,
Pulse Detonation MHD Power Generation,

Laser Driven MHD Power Generation,

Air ICP MHD Nonequilibrium Plasma Behavior, etc

Closed Loop Experimental Facility

Operation Procedure, Prediction of Performance,
Transient Phenomena, Heat Transfer, etc

MHD Acceleration
MHD Accelerator, MPD Thruster,
MHD Energy bypass Scramjet Engine, etc

Flow Control
Drag Reduction, Thermal Protection, etc




