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FUNDAMENTAL STUDY

lsao

This paper deals with the two-dimensional
“,e-dependent numerical simulations to make a
comparative investigation of experimental results
on Faraday type MHD electrical power generators.
The current streamline function 1is used to
decrease the number of unknown variables and to
easily obtain values of the electric and fluid
_quantities. The arcing behaviors, the are
characteristics and the current distributions
the channel can be studied with the help of
streanline function obtained by applying the
Finite Element ~ Method. The comparison of the
experimental results with calculated results is
based on the electrode voltage drop. [t is found
that these numerical simulations agree very vwell
vith the experimental results on the anode side.
; That is, at the coal-fired MHD channel, the
slag sticking to the surface of the electrode
vall plays the role of a thermal insulating
~materfal and it results that the current flow
becomes the diffuse discharge with a locally
| concentrated current in the slag layer. At the
 petroleunm-fired MHD channel, the current flow
becomes the big arc discharge in the boundary
layer at a low temperature of the electrode wall.
; The numerical calculations show that the
arecing behaviors and the arc characteristics
Yhich have periodicity. The arcs are held on
he electrode wall with a width, and are made the
Mrrow concentrated current{narrow arc discharge)
J o the electrode wall. The phenomena depends on
the waly temperature and the load resistance.

in

1. Introduction

Faraday type MHD electrical power generators
at nany segmented electrodes which are divided
0° many parts along the flow direction in order
,M?SEVent a short .circuit of the Hall electric
Trity B?cause the electrodes are usually cooled
ave f}ownng water, there is thermal boundary
‘hc{ In the MHD c@agnel. This gives that the
ltog r{cal conductivity of the gas near‘the elec-
QHc: is expressed as a strong function of the
c"ndul'ogle_ vall temperature. The electrical
Wy Ctivity of the gas in the boundary layer is
compared to the one in the core region.
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The arcs generated in the boundary layer can
Abstract be nmuch different depending on the MHD channel

being coal-fired or petroleum-fired.

At the coal-fired MHD c¢hannel, because the slag
layer along the electrode functions as an insula-
ting material and because the electrical conduc-
tivity of the slag layer is of a comparatively
large value, the current flow tends to become the
diffuse discharge in the slag layer and results
in an arc discharge with a constant and locally
stable structure on the electrode in the boundary

layer. On the other hand, at the petroleum-
fired MHD <channel with a low temperature elec~
trode, the electrical conductivity of the gas

near the electrode is very small compared to that

of the core region. The current flow, hence
concentrates at a point near the electrode and
becomes an arc discharge in the boundary layer

which keeps the negative characteristics.
The arcs generated in the bundary layer depend

strongly upon the surface temperature of the
electrode vall and the electrode materials.
There are various kinds of the ares, from a

micro arc to a big arc.

There have been nany studies
stricted currents or arc discharges in view of
the detailed experimental results and of the
theoretical investigation!~8, A large number of

about con-

“experimental results were examined from the view
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point of arc characteritics and one method ¥as
proposed for the arc's analysis® and the study'?
of the arc characteristics was made by consider-
ing the division of the boundary layer into three
physical regions. Several papers'!'+!'2 have
reported on simulations in which arcs move on the
electrode in the boundary laver.

The arcing behaviors are, however, found
experimentally to be a very complicated phenome-
non with a variety - of arc types mixed in the
boundary layer, so there are still many aspects
which must be clarified about the arcing behavior
and the arc characteristics. The simulation

for the arcing behavior near the electrode appro-

analysis of the arc
tvo-dimensional time=-
for the actual

the fundamental
characteristics. ¥ith

dependent numerical simulation
MHD generator!®, we made a comparative investi-
gation'? of the experimental results, the current
flow distributions for the various temperatures
of the electrode wall and the arcing behaviors.

priates to
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two-dimensional
investigation

In this paper, by the sanme
simulation, we make a comparative
of the current flov mechanism near the electrode
wall for coal-fired and of the arcing behaviors
and the arc characteristics in the boundary layer
for petroleum-fired, where the electrode temper-
ature is changed.

2. Theoretical Model

Basic Equation

The basic equations are the Maxwell equations
and the generalized Ohm' s law for electrodynanmics
as follows:

(1)
(2)
(3)

v:-J=20
XE= 20
s (E+uxB)—(8/8)(JxB)

v
J

wvhere J
field, U
magnetic
electrical
paranmeter,
The
follovwing

is the current density, E the electric
is the gas velocity, B is the applied
flux density, and o and B are the
conductivity of the gas and Hall
respectively.
gas temperature
law of energy

is governed by the

conservation:
J?2

p T4y v T)=kV2T+I—+u - (JxB)

(4)
is the

the gas
conduc-

wvhere p is the total mass density, Co
specific heat at constant pressure, T |is
temperature, x. is the effective thermal

tivity, respectively.

In the boundary layer, the sharp temperature
gradient will be produced by the local Joule
heating. The velocity distribution 1is given
independently.

Assumptions and I[njtial Conditions
Figure 1 shows the cordinate system and

channel geometry used in the calculations.

All quantities are assumed to be constant in
the direction of the magnetic field{(z direction)
and calculations are made in the plane(x-y plane)
perpendicular to the z direction.

The anode and the cathode are assumed to have
the same electrical nature ; i.e, the cathodic
condition is not taken into account.

The depth of the slag layer sticking on the el
ectrode depends on a temperature of the electrode
wall and becomes as following equation.

6 91=3.65-10"%-2,092:10"8-Tw
(Tws1T45K)

(%)

Equation (5) was obtained experimental
results!s,

The gas velocity and the magnetic flux density

by the

assumed to have the fornm u={(u,0,0) and
B=(0,0,B) in which U is constant in time and
B in space and time.

The laminar sublayer region is assumed to
exist on the electrode walls in the boundary
layer.

The distributions of the initial gas tempera-
ture T and the gas velocity u are as follo¥s:

are constant.
the values of T
the (1/7)-th power

In the core region, T and u
In the boundary layer region,
and u are calculated by using
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law. In the laminar sublayer region, they are
proportional to the distance from wall.

The effective thermal conductivity is
calculated as follows

the values of the effective
thermal conductivity are constants. In the
boundary layer region, they are calculated wity
a Prandtl's mixing-length model by

In the core region

xe=(rp 1 3/p)(du/dy) (8)

where « is the thermal coaductivity, 1 the mixing

length, 2 the viscosity, y the distance fron
electrode wall, respectively.
In the laminar sublayer region, they are assumed

to be thermal conductivity «x .

The electrical conductivity o, Hall parameter

for the gas and the electrical conductivitye s
the slag are given by the following equations.

B

for

il

0 =89.9-Pg @81 T 1.885.5yp(-2,52:104/T) (1)

4.43.B,PS-B.95_TB.97 (8)

B

os=17.7-10%-exp(-1.9376-10¢/T) (9)

where Ps is the static pressure
Current Streamline Function

In analyzing near-wall phenomena, the current
streamline function ¥ defined by equation (10)°

is applied 1in order to decrease the unknown
variable numbers.
_ li,a ¥ __ 1,3 ¥

J x= vsy), Iy v (Erjz) (10)
where 1. is the load current and W the channel
width. Using the above assumptions, Eq.(3) is
reduced to the following set:

Ex= (Jx'ls Jy)/a' ' } (11)

Ey"‘:("'ﬁjx'i'.]y)/d‘{'uB ;

An equation for ¥ is obtained by substituting
Egs. (10) and (11) into Eq.(2) as

v
X

<
<
q

Qe

:

2o 2

B
9y "o

QP
i)
«

(12)

In order to solve Eq.(12), the boundary condir
‘tions have to be specified over the perimeter of
the calculation plane, which is shown in Fig.l:

The calculations are made in one segment
region (AEHD). The boundary condition on the
electrode (BC and FG) is E x=0 and Eqs. (10), (11

becomes
IR 9
B g5)=(55)=0 (on BC and FG) (18
On the insulators, J y=0 is assumed and thel
W:= constant is obtained on AB, cD, EF and 9“
with equation (10),. Then, the value of ¥ 12

taken equal insulator (AB and

EF),

to zero on the left
as follows

(on AB and EF) (14)

¥ =0
The integration of Jy over the electrode giVE
the load current [y,
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Are

c
Jgd x (15)

b

- W
g 8
os gxtut‘“g Eq. (10) into Eq. (15) yields

‘ 1
;,-W.g

sidering Eqs. (14) and (16). the value of
y ¢ ot be unity on the right insulator, namely
gus

an

3 v

__—-—

dx=1L[¥(C)-¥(B)] (16)

g=1 (on CD and GH)
.o periodicity is assumed over the one
“:: the boundary condition on DH and AE is
peht:
en as.

¥ (on DH) — ¥ (on AE)=1 (18)
¢ each electrode is connected to a external
.as shown in Fig.1l, the load current is

py integrating Eq.(11) and substituting

(8) into that as follows:
h
(%) jquY/’ 1'w oy
)

is the channel height and s the one piteh

re b i 0
rrentfiangth. Here it is obvious that the first term
(10) : the dominator of the right- hand' side of
own “g) corresponds to an internal resistance of

he plasma
J¢as Temperature . . '
(10)‘ By the assumption of two-dimensionality,

ke law of energy conservation (4) is reduced to

3T o T
R
5 8T, 0 aT]+Ji+J?'uBJV
3 x X 3y dy c
(20)
3 The boundary conditions for the gas temper-
‘Jatire T is given as:
(lzyé‘ T =Ty=constant (on AD and EH) (21)
=T (on DH) (22)

T
condit (on AE)

er OfQMre Tyw is the electrode wall temperature.

ie. L E In the core region, the gas temperature is
nen! Mssumed to have the constant value, which means
notheflhat the gastemperature in the boundary layer

. (1l

€gion changes to equation (20).
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3.Results and Discussions

Numerical procedure

The partial differential equations (12) and
(20) for ¥ and T, respectively, are solved
iteratively by the Finite Element Method using
bilinear rectangular elements. Even meshes are
employed in x direction (divided into 24) and
uneven meshes in y direction (46-58). The time
step (dt) is selected to satisfy the stability
condition.

Geometrical and gasdynamic Conditions
In order to compare the numerical results

with the experimental ones, the dimensions of the
channel used in the calculations have been chosen
equal to that of the ETL-Mark VI B-channel:
channel height h=240[mn)}, channel width W=75(nnm]
one electrode pitch lengths=24{mn] and electrode
width €=20{mm].
The gasdynamic conditions are also chosen to
almost the same value as the experimental
ones: gas core temperature T =2,500(K]., magnetic
flux density B =2.5(T], gas velocity u=800(m],
static pressure P s=1(atm], boundary layer width

have

= 30[{mm], laminar sublayer width &6 s=1.0(nn]
and thermal conductivity is L.5{¥/mK] in the core
region. : .
Arcing behaviors and arc characteristics at coal-
fired MHD channel

fn our calculations, the slag layer is assumed
to be in the solid state and depth of the slag
layer to be 0.72(mm] by Eq. (5).

Figure 3 shows the time-dependent variation
of the «current streamline and the temperature
distributions near the electrode at wall tempera-
ture of 1400{K] and load resistance of 4.0{Q].

As shown in Figures, the current stream-line
distributions represent the deflection in the
slag layer. An uniform current streamline flows
into a large part of the electrode and a concen-
trated current streamline is recognized on a part
of it. [t takes 34.5 milli seconds for a part
of the slag surface to be melted by the joule
heating at the anode side. Figures 3-1 (b) and
3-1" show the current streamline distributions
after mefting of a part of the slag surface

The concentrations of the current streamline

are seen on the up-stream and down-stream edges
of the electcode in the slag layer and the lami-
nar sublayer, and in these layers, the current

streamline is disturbed.

Figure 3-2 shows the temperature distribution

at 150 milli second in the slag and boundary
layers. In this figure, the temperature is 2340
[X] at the point A, the current density is 9.3

[A/cm?) at point B and the electrode voltage drop
is about 45 Volts at the anode side.

Melting of the slag surface spreads wholly on
the gas side, but at the inside of the slag layer
there 1is no melting of the slag. The arc
generates locally in the area between the slag
surface and turbulent boundary layer, and the
concentration of the current streamline occured
locally in the slag layer reachs the electrode.

We explan above as follows.
Because
functions as
quantity

the slag layer along the electrode
thermal insulating material, a large
of heat carried from the core region
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the turbulant
laminar sublayer,

through
in the
of heat is transferred to

¥ith time,
sublayer

boundary is accumulates
whereas a small quantity
the slag layer.
the heat accumulated in the laminar
increases the temperature of a part of
the slag surface so that the curreant flow is
partially concentrated in the slag layer and
that part of the slag surface 1is melted. The

place vhich melts 1is not an insulating material
yet, is changed into gas and has a large elect-
rical conductivity, which results in a change in

the current streamline in the laminar sublavyer.

The current is, moreover, variated by spread-
ing the part of the melted slag surface by the
heat accumulated in the laminar sublayer. By the

the amount of
the arc dis-
large current

repetition of
the current

the above process,
concentrated becones
charge with high temperature and
density in the laminar sublayer.

At the steady state, the current flow
arc discharge with a constant and locally stable
structure in the boundary layer. in the slag
layer, the current flow is the diffuse discharge
vhich consists of a lot of uniform current and a
local concentration of current with high density.

Since the concentrated current reachs the
electrode with high density, the arc spot appears
on the electrode.

It was reported on the experimental resul
which indicate that the current is concentrated
on one point of the electrode with the slag layer
in many electrode conditions

The results of these numerical calculation are
similar to the exgerimental phenomenon

is the

tlﬂ

Arcing behaviors and arc characteristics
at petroleum-fired MHD channel
In experiments, the current density was about

1.5[A/cm?] in the <channel of the MHD generator
and the arcs were generated as points on the
electrode. Similar phenomena are calculated as
shown.

For t<0, the current density is set to about
1.5(A/cn?) and the arc spot 1is produced on the
electrode. For t> 0, the electrical and fluid
quantities are calculated in the channel. Here

and hereafters, t denotes time

Figure 4 dipicts the time-dependent variation |

of the <current streamline and the temperature
distributions in the boundary layer at wall
temperature of 500(K) and load resistance of 5.0
[(@1. As shown in the diagrams, an arc appears
just at the up-stream edge of the electrode,. then
moves to the down-stream edge of the electrode
and disappears soon after. At the same tinme
2 nev arc generates at the up~stream edge, and
the same process repeats. The anodic arc cycle
(generate-move-disappear-generate) is about 470
micro seconds, vhereas the cathodic arc cycle
about 230 micro seconds including hold-time(about
40 micro seconds) at the down-stream edge.

The anodic arc cycle is longer compared to the
cathodic cycle. This is due to the Hall effect.

The above process depends on a balance between
the Hall effect, the effect of convection and the
breaking force driven by the Lorentz force

Since the three-dimensional effect and
interaction of gas velocity and electrical quan~
tities are neglected in the calculation, the arc

cycle becomes relativily short compared with the
real situation.

the
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this
on the

calculation,
anode is

In
drop
current density Jy=-1.24[A/cn?].

the electrode voltag,
about 95 volts at e
The experiney
at the same currgy
voltage result jg
the experimental result,

tal result is about 75 Volts
density, so the calculated
about 20% higher than

¥ith reference to Figure 4-2 and the other
calculated data, the temperature of the ares o
the anode side is about 2240-2460{K)., whereas
that on the cathode is about 2350-2570[K] and th,
current density of the arcs on the anode is aboy)

17.1-23.1{A/cn®], that on the cathode is aboyty
25.4-30.0(A/cn?].

This shows that the arcs generated in the
boundary layer grow into the big arcs with higy

temperature
under
500(K].

and large current density
the condition of the wall

in itselp
temperature of

Figure 5 shows the time-dependent variatiop
of the «current streamline and the temperature
distributions in the boundary layer at wall tem-
perature of 800[K] and load resistance of 2.0(Q]

As shown in the diagranms, on the.anode side,
the arc appears on the up-stream side of the.
electrode, and then moves to the down-stream side
along the gas flow. The arc s held on the
electrode at about two thirds of the electrode
length. At this time, two arcs are in existence
in the boundary layer. One of the arcs is held
already on the electrode, the other is generating
newly on the up-stream side of the electrode.

The position is about the elec-

a quarter of
trode length from the up-stream edge of the elec- Ay
trode. The arc held on the electrode transfers to
its energy to a newly generating arc, becomes. ot

smaller and smaller and eventually disappears.

The new arc moves down-stream on the electrode
and is held on the electrode, then moves to the
up-stream side where it is held, then moves to
the down-stream side where .it is further held,
and the same process repeats.

Finally, the arc becomes fixed at about one
thirds of the electrode length from the up-strea?®
edge with a width of 2-3(mm] on the electrode.

On the other hand, on the cathode side, an ar¢
appears just at the up-stream edge of the elect

trode, then moves to the down-stream edge of the st
electrode and disappears after it is held fof po
about 100 micro seconds. At the same time, 3 pr

nev arc generates at the wup-stream edge, thel
moves and disappears, and the same procesSs
repeats. The cathodic arc cycle 1is about 160 ar

mi¢ro seconds.
The voltage
Volts, wheras
about 86 Volts.
This shovws
very well with

drop on the anode side is about ?3

that of experimental results IS
that the calculated result agrees
those observed. -

From Figure 5-2 and the other calculated dat?
the temperature of the arcs on the anode side iS
about 2400-2560[K), whereas that on the cathod®
is about 2480-2650[K]. The current density ©
the arcs on the anode is about 11.0-14.9[A/cm2L
vhereas that on the cathode is about 1.4-40.2
[A/cm?]. The above mentioned represent the bi8
arc discharge phenonenon.

This simulation represents the big arc dis; 3
charge fixed on the electrode with a width @ 0
2-3(mm] at the wall temperature of 800(K]
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The reason why the big arc is fixed the
lectrode, is explained as follows.

§yhile the arc 1is moving down-stream on the
~1eclf°de- the effect of convection is decreased
eradually by the influence of the wall tempera-
fure and the thermal conduction, the arc is then
gept on the down-stream of the electrode by equi-
jibrium between the effect of convection, the
gall effect” and the Lorentz forece. Since the
etfect of convection is more decreased from the
sane reason, the arc moves to the up~strem side
of the electrode by a stronger action of the Hall
effect. Then, because the temperature gradient
of the are becomes larger and larger during the
govement of the arc to the up-stream side, the
arc stops at the up-stream due to the equilibri-
4u, and its position ©becomes down-strean behind
the last position. With large temperature

radient, the arc moves to the down-stream side
on the electrode by the effect of convection, and
the same process repeats.

Finally, the arc is held on the electrode with
a width by the balance between the Hall effect,
the Lorentz force and the effect of convection.

on

Figure 6 dipicts the time-dependent variation
of the current streamline and the ‘temperature
distributions in the boundary layer at the wall
temperature of 1200{K] and load resistance of 2.0
(Q1l. As shown in the diagrams, on the anode

" ap arec appears on the up-stream side of the elec—

then moves down-stream along the gas f{low,
a half position (X=S/2) of the
not arriving at the down-stream
edge of the electrode. At this time, there are
tvo arcs; one is held at half electrode length
to have the decreased current density, and the
other is generated newly on the up-stream side of
the electrode. The arc held on the electrode
transfers its energy to a newly generating arec,
becomes smaller and smaller, and eventually
disappears. The position of the arc generated
on the up-stream side of the electrode is about
one thirds of the electrode length f{from the up-

trode,
and is held on
electrode length,

stream edge. The arc generated is held for about
80 micro seconds. During this time, it's tem~
perature and current density increase. The arc

then grows
and large

into the big arc with high temperature
current density, moves to the down-
stream side, 1is held, and disappears at half
position of the electrode length, and the same
process repeats. The anodic arc cycle is about
{120 micro seconds.

On the other hand. on the cathode, only one
irc generates on the up-stream side of the elec-
trode, then moves to the down-stream side and is
held on the down-stream edge of the electrode

After one process, the arc is held steadily
on that position with high temperature and large
current density in itself.

The electrode voltage. drop on
about 70 volts, whereas that of
results is about 75 volts. The above result
shows that there is a close relation between
experimental and calculated results.

the anode is
experimental

¥ith reference to figure 6-2 and the other
Calculated data, the temperature of the arc on
the anode is about 2470-2630(K), whereas that on
the cathode is about 2860-2870[K]. The current
density of the arc on the anode is about 14.1-

$2.1(A/cn?], vhereas that on the cathode is about
{01-41. 2(4/cn?].

That indicates the big are
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discharge phenomenon.

The results obtained by the same simulation
for changing the load resistance are in agreement
vith the above mentioned results without the

positions and times of the arc cycle.

Because the anode arc cycle, 420 micro seconds
is a very short time compared to the order of a
second, the arc can be assumed with a narrow
current concentration (narrow arc discharge) to
have about 2.5[{mm] width on the electrode.

This simulation, therefore. represents
narrov arc discharge phenomenon with high
perature and large arc current density.

the
temn-

are
the
the

The reason the positions of the anode
change repeatedly from about one thirds
electrode length to about a half length
electrode, is explained as follows

¥hen the arc held on the up-stream side of
electrode has a large temperature gradient, the
arc begins to move to the down-stream side on the
electrode, depending on a balance of the Hall
effect, the effect of convection and the Lorentz
force.

¥hile the arc is moving to the down-streaza on
the electrode, the temperature gradient of the
arc is gradually relaxed by the influence of
the vall temperature and the thermal conducticn.

Therefore, by vweakening the effect of convec-
tion, the arc is held on the electrode by the
equiliblium of the effect of convection, the Kall
effect and the Lorentz force. '

For the same reason, the temperature gradient
of the arc is further relaxed at that place held
on the electrode and the Hall effect acts more
strongly. The result {s that the arc held on
the electrode disappears little by little and
a nev arc is generated on the up-stream side of
the electrode. Because the convection still has
an albeit, small effect the new arc, the position
of the arc generated on the electrode still
depends on a balance of the Hall effect, the
effect of convection and the Lorentz force at the
time. The arc grows to a big arec which has high
temperature and large current density, and noves
to the down-stream side on the electrode in the
boundary layer.

of
on

the

4. Conclusions

There are various kXinds of the arc in MHD
channels and the arc discharge phenomena are
essentially three-dimensional in real situations
so that it is rather complicated to fully analyze
its mechanism.

The present two-dimensional numerical model,
however, can simulate some experimental results
for the arcing behavior:

(1) At a coal-fired MHD <channel, the slag
layer along the electrode vall functions as a
thermal insulating material.

The current flow becomes the arc discharge,
the boundary layer, wvhich has a constant and
locally stable structure with high temperature,
vhile in the slag layer, the current flow becomes
the diffuse discharge vhich consists of a lot of
uniform current and a locally <concentrated
current with a large current density.

in
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the
the elec-

a petroleum~-fired MHD channel,
anode side, the calculated results of
trode voltage drop agree very well
obsorved, demonstrating that
relation between experimental
results.

At a low temperature
the current flows become
with high temperature and large current density

The generation, movement, holding and dis-
appearance of the arc depend on a balance between
the Hall effect, the effect of convection and
the breaking force driven by the Lorentz force

The positions of the generated arc on the
electrode and the behavior of cyclic arc are
dicided mainly by the effect of coavection and by
the electrode temperature.

(2) At on
with those
there is a close
and culculated

of the welectrode wall,
the big arc discharge

These simulations can be show the arcing
behaviors and the arc characteristics. The arcs
have a periodicity in the boundary layer, and the

arcs are held on the electrode wall vwith a width
and the ares are composed of a narrow big arc

discharge on the electrode wall. The phenomena

depends on the temperature of the electrode wall

and the load resistance
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Fig.3-1 Time-dependent current streamline distributions in the slag and boundary
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Fig.4-1 Time-dependent current streanline distributions in the boundary layer
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