
Materials Engineering and Development for 
Coal Fired MHD Power Generators 

L. M. RARING 

This  paper  a t tempts  to desc r ibe  the unique s t r e s s e s  imposed on MHD genera tor  m a t e r i a l s .  
This  is done by rev iewing expe r imen ta l  tes t  h i s to r i e s  of two genera to r  des igns  r e p r e s e n t -  
ing ex t r emes  in opera t ing  condit ions and ma t e r i a l s  select ion.  Related expe r imen ta l  work, 
bea r i ng  on the impor tance  of coa l -ash  s lag p rope r t i e s  to des ign funct ions,  is a lso r e -  
viewed. This  la t ter  is p a r t i c u l a r l y  c r i t i ca l  to U.S. MHD development  goals,  The range  
of eng inee r ing  condit ions and m a t e r i a l s  a t tending the tes t s  desc r ibed  in this review sug- 
gests  a b read th  of des ign choice which is probably  less  r ea l  than apparent .  Eng inee r ing  
development ,  cu r ren t ly  in p r o g r e s s  and planned,  is d i rec ted  towards quant i ta t ive  de te r -  
minat ion  of specif ic  des ign and m a t e r i a l  inf luences  on genera tor  pe r f o r ma nc e  and dura-  
b i l i ty .  Ma te r i a l  r e q u i r e m e n t s  a re  closely i n t e r r e l a t e d  with the rmal ,  e l ec t r i ca l ,  and ge- 
omet r i c  des ign  condit ions,  as this review will  show. F ina l ly ,  MHD tes t  exper ience  sum-  
mar i zed  here  a f f i rms  the necess i ty  for close eng inee r ing  design and tes t  d isc ip l ine  in the 
development  of m a t e r i a l s  for  power mach ine ry  appl ica t ions .  

A. INTRODUCTION 

T H E  s t rong  nat ional  incent ive to produce e l ec t r i c i ty  
d i rec t ly  f rom coal unde r sco re s  magnetohydrodynamic  
(MHD) development .  Independent  s tudies  have p re -  
dicted c o a l - t o - b u s b a r  eff ic iencies  of 48 to 50 pct or 
more  for combined open-cyc le  MHD-s team sys t ems .  1 
These  same studies  e s t ima ted  cos t -o f - e l ec t r i c i t y  for a 
number  of advanced energy  convers ion  sy s t ems  based 
on foss i l  fuel: The coa l - f i r ed  MHD-s team combinat ion 
was lowest. Moreover ,  this MHD sys tem could use 
high su l fur  coal with no addi t ional  s tack gas c lean-up  
because  sulfur  is r emoved  in the MHD power cycle.  

The f i r s t  explora tory  work on c o m m e r c i a l  MHD 
power was under taken  by a group of Nor theas t  u t i l i t ies  
in the ea r ly  s ix t ies .  The Government ,  through the Of- 
fice of Coal R e s e a r c h  (OCR) of the Depar tment  of In-  
t e r io r ,  in i t ia ted ana ly t ica l  and expe r imen ta l  s tudies ,  
d i rec ted  toward c o m m e r c i a l  MHD power, in 1966. A 
separa te  Divis ion  of MHD was formed by the Energy  
R e s e a r c h  and Development  Admin i s t r a t i on  (ERDA) in 
September  1975, as c o m m e r c i a l  potent ia l i t ies  became 
inc rea s ing ly  apparent .  

The Depar tmen t  of Energy  MHD p r o g r a m  divides  
typical ly  into th ree  p r o g r e s s i v e  phases .  F i r s t ,  Eng i -  
neer ing  feas ib i l i ty  mus t  be convincingly demons t r a t ed  
by success fu l  opera t ion of an in tegra ted  subsca le  power 
sys tem under  des ign  condit ions which would be expected 
in cen t r a l  s ta t ion duty. The second phase d e m o n s t r a t e s  
c o m m e r c i a l  feas ib i l i ty  through the success fu l  opera t ion  
of a l a rge r  scale ,  fully in tegra ted  MHD-s team combined 
cycle pilot plant .  The thi rd  and f inal  phase is d i rec ted  
toward c o m m e r c i a l  opera t ion of a large MHD-s team 
combined cycle power s ta t ion.  2 

The p r o g r a m  is cu r r en t l y  in the f i r s t  phase.  Develop- 
ment  efforts  a re  a imed toward the des ign  of eng inee r -  
ing demons t r a t i on  genera to r  sys t ems  of 50 MW (ther-  
mal) capaci ty.  The E lec t r i c  Power  R e s e a r c h  Ins t i tu te  
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(EPRI) is suppor t ing  complemen ta ry  development  
work.3 

In cons ider ing  ma t e r i a l s  for MHD power, two r e -  
lated obse rva t ions  a re  noteworthy: a) m a t e r i a l s  a re  
c r uc i a l  to c o m m e r c i a l  success ;  and b) m a t e r i a l  
s t r e s s e s ,  pa r t i cu l a r l y  in the genera tor ,  a re  unique. 
MHD power convers ion  has no d i rec t  p r e c u r s o r  in e s -  
tabl ished power convers ion  technology. No rota t ing  
par ts  a re  imposed between the fuel combus tor  and the 
power take-off.  MHD gene ra to r s  place g rea tes t  p r e -  
mium on max imum r e s i s t a n c e  to elevated t e mpe ra tu r e  
e l ec t rochemica l  s t r e s s e s  ra the r  than mechanica l  
s t r e s s e s .  The t r a n s f e r e n c e  of elevated t empera tu re  
m a t e r i a l s  p rob lems  f rom the mechanica l  to the e lec-  
t r ochemica l  r eg ime  is more  unders tandable  when one 
recognizes  MHD as an e lec t romagne t i c  tu rb ine .  Heat 
f luxes a re  also cons iderab ly  higher than in convent ional  
power convers ion  cycles .  

After  a b r i e f  desc r ip t ion  of MHD design pr inc ip les ,  
the paper  wil l  a t tempt  to desc r ibe  the genera to r  e lec-  
t r ochemica l  and t he r ma l  s t r e s s  env i ronment .  A sum-  
mary  of the pe r fo rmance  of some of the more  p romi -  
nent ly  tes ted genera to r  m a t e r i a l s  will  then be p re -  
sented.  Ma te r i a l  r e q u i r e m e n t s  for the combus tor ,  a i r  
heater ,  bo i le r ,  and other  plant  components ,  while for -  
midable,  do not p re sen t  uniquely new chal lenges  as 
does the genera to r  and will  not be d i scussed  in this 
paper .  The paper  will  conclude with a br ie f  s u m m a r y  
of tes t  r e su l t s  in r e l a t ion  to design c r i t e r i a .  

B. DESIGN PRINCIPLES 

MHD power genera t ion  is based on the d i rec t  con- 
ve r s i on  of heat to e l ec t r i c a l  energy by expanding a 
heated, e l ec t r i ca l ly  conducting fluid through a mag-  
net ic  field. Thus,  the e s sen t i a l  difference between an 
MHD genera to r  and a convent ional  t u r b i n e - d r i v e n  
genera to r  is that in the MHD genera tor  the ro tor  is r e -  
placed by a high velocity,  ionized working fluid. The 
in te rac t ion  of this high t empera tu re  conducting fluid 
with a s t rong,  t r a n s v e r s e  magnet ic  field induces an 
e l ec t romagne t i c  field approximate ly  propor t ional  to 
the product  of the magnet ic  field and the velocity.  
Spat ial  r e la t ionsh ip  is analogous to convent ional  gen- 
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e r a t o r  opera t ion  as indicated schemat ica l ly  in Fig.  1. 
The duct  wal ls  at r ight  angles  to the magnet ic  field 

a re  nonconduct ing.  E lec t rodes  are  imbedded in the 
two walls  p a r a l l e l  to the magnet ic  field. These  e lec-  
t rodes  col lect  the DC c u r r e n t  produced by the induced 
EMF. 

Cur r en t  densi ty ,  J ,  induced by the reac t ion  of the 
flowing fluid with the magnet ic  field is expres sed  by: 

J = (~UB + (~E = (~(E - U B )  

where (~ = conductivi ty (mho/meter ) ;  E = e lec t r i c  field 
(vol t /meter ) ;  B = magnet ic  flux dens i ty  (Weber /  
Meter2); U = gas veloci ty (me te r / second) .  

The most  inf luent ia l  p a r a m e t e r s  in the d e t e r m i n a -  
t ion of power densi ty  in the channel  a re  gas conduc- 
t ivi ty,  gas velocity,  and magnet ic  flux densi ty .  Po tas -  
s ium seeding is employed to improve  conductivi ty.  

The MHD topping unit  in a coa l - f i red ,  base  load 
combined cycle power plant  would be expected to con- 
ver t  15 pct or more  of the avai lable  enthalpy to DC 
power. This  combined with a 35 or 40 pct convers ion  
of the r e m a i n i n g  t he rma l  energy  of the gas s t r e a m  in 
the s t eam bot toming plant  would de l ive r  an overa l l  ef- 
f ic iency of near ly  50 pct. Improvemen t s  in the MHD 
cycle, which may be within reach ,  1 could i nc r ea se  over -  
a l l  e f f ic iencies  to 55 or 60 pct. 

Regenera t ive  heat exchangers  a r e  r equ i r ed  to p r e -  
heat the combust ion a i r  supply to at l eas t  1475 K in 
o rder  to achieve combust ion  t e m p e r a t u r e s  of up to 
2875 K. The skele ta l  l ay-out  shown in Fig.  2 is r e p r e -  
senta t ive  of a probable  a r r a n g e m e n t  of major  compo- 
nents  in an in tegra ted  combined-cyc le  plant .  2 

MHD GENERATOR - i / . / / ]  , CURRENT 
CATHODE ~ I ~ ~ U ~  

Fig. i--Spatial relationship of magnetic flux density ( B ) ,  
plasma flow velocity ( U ) ,  and electric current density (J). 

C. DESIGN CONSIDERATIONS 

We will  f i r s t  cons ider  the na ture  of the chemical ,  
t he rma l ,  and e l ec t romagne t i c  s t r e s s e s  which p reva i l  at 
va r ious  c r i t i ca l  sur face  and subsur face  reg ions  of the 
genera tor  i n t e r io r  wal ls .  F r o m  the viewpoint of the 
m a t e r i a l s  eng ineer ,  these s t r e s s e s  dictate the e s s e n -  
t ia l  des ign  r e q u i r e m e n t s  for genera tor  m a t e r i a l s .  No 
at tempt  will  be made to explain e l ec t romagne t i c  phe- 
nomena .  Refe rence  4 is r e c o m m e n d e d  for study of 
e l ec t rodynamic  and f lu idynamic theory and re la ted  
eng inee r ing  r e q u i r e m e n t s .  

As noted previous ly ,  the c r i t i c a l  function of the e lec-  
t rodes  is  to col lect  e l ec t r i c  charges  f rom the p la sma .  
This  is the f i r s t  l ink in t r a n s p o r t i n g  c u r r e n t  to the 
ex te rna l  load. In t e rna l  c u r r e n t  flows f rom anodes,  
a c r o s s  the core to cathodes,  and thence through the 
load c i rcu i t  back to anodes.  In passage ac ros s  the 
core,  the c u r r e n t  t r a n s v e r s e s  boundary  l aye r s  (in- 
cluding the s lag coating) on both e lec t rodes .  High con- 
duct ivi ty is impor tan t  to avoid excess ive  Joule losses .  

The Halt  Effect exer t s  a s t rong  influence on e lec-  
t rode design because  it causes  the c u r r e n t  to flow at 
an angle of about 60 deg with the local  e l ec t r i c  field. 
E lec t rodes  mus t  be segmented  to min imize  the i n t e r -  
e lec t rode  voltage d i f fe ren t ia l s  which resu l t .  This  r e -  
qu i r e s  that each e lect rode be e l ec t r i ca l ly  i so la ted  
f rom its u p s t r e a m  and downs t ream neighbor .  The in-  
t e re l ec t rode  insu la tor ,  which s e rves  this purpose ,  
mus t  be capable of withstanding potent ia l  d i f ferences  
of up to 70 or 80 V. In some e l ec t r i c a l  des igns ,  t r a n s -  
v e r s e  c u r r e n t  leakages mus t  be blocked also be tween 
act ive s idewal l  e l ements  at different  potent ia l  levels .  

Under  genera t ing  condit ions,  MHD e lec t rodes  func-  
t ion somewhat  s i m i l a r l y  to those of a common ba t te ry .  
E l e c t r oc he mi c a l  inf luences  a re  analogous even though 
heat t r a n s f e r  r a t e s  and t h e r m o c h e m i c a l  and e l ec t ro -  
dynamic  condit ions are  vas t ly  different .  The c r i t i ca l  
impor tance  of in te re lec t rode  insula t ion  adds an addi-  
t ional  d imens ion .  

E l ec t rochemica l  effects on e lec t rodes  r e su l t  p r i nc i -  
pally f rom concent ra t ions  of posi t ive  ions at the 
cathode and negat ive ions at the anode. Seed flow, coal 
chemis t ry ,  s lag  c a r r y - o v e r ,  and combust ion  condit ions 
a l l  inf luence the spec ies  and concen t ra t ions  at the 
e lec t rode  (and adjacent  insu la to r  boundary) .  The most  
agg res s ive  species ,  as wil l  be i l l u s t r a t ed  la te r ,  a re  
oxygen at the anode (for meta l l ic  sys tems)  and potas-  
s ium,  ca lc ium,  and i ron  at the cathode. Under  o rd ina ry  
t h e r m a l  condit ions,  these env i ronmen t s  could be 
read i ly  dealt  with, but under  the spec ia l  high t e m p e r a -  

Fig. 2--Simplified schematic 
of directly fired air pre- 
heater system configuration. 
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ture  and e l ec t rodynamic  condit ions which exis t  at the 
channel  wall, the p rob lem becomes  more  complex.  

T h e r m a l  des ign impinges  s t rong ly  on both e l ec t ro -  
dynamic  and e l ec t rochemica l  effects.  Higher t e m p e r a -  
t u re s  min imize  Joule  losses  in the boundary  layer  
(slag and p lasma)  but acce l e ra t e  chemica l  and s t r u c -  
tu ra l  degradat ion  (e lec t r i ca l ly  d r iven  or otherwise) .  
Lower  t e m p e r a t u r e  e lec t rodes  show opposite effects,  
e . g . ,  reduced chemica l  a t tack but l ess  favorable  cu r -  
ren t  t r a n s f e r .  A des ign  dichotomy thus exis ts  between 
favorable  cu r r en t  t r an s f e r ,  on one hand, and wall  ma-  
t e r i a l s  durab i l i ty  on the other.  

Another  e l ec t rodynamic  effect which must  be con- 
s ide red  is that the Hall  Effect tends to crowd the cu r -  
r en t  toward the leading edge of the anode and the t r a i l -  
ing edge of the cathode. This  means  that a nomina l  
1 A / c m  2 max imum c u r r e n t  densi ty  may local ly go 
much higher,  exacerba t ing  chemica l  and /o r  s t r u c t u r a l  
degradat ion  of wall  m a t e r i a l s .  

[It should be emphas ized  that r e g a r d l e s s  of the 
spec ia l  t he rma l  des ign  of the e lec t rode  wall,  the s lag 
sur face  above the e lec t rode  cons t i tu tes  the t rue  
" e l e c t r o d e "  sur face .  When we talk of meta l  or 
c e r amic  e lec t rode  t e m p e r a t u r e s ,  we a re  r ea l ly  deal -  
ing with the rmal ,  e l ec t rochemica l ,  and phys ica l  phe- 
nomena  at the in te r face  of the " s l a g  e l e c t r o d e "  and 
the support  s t ruc tu re . ]  

This  has been a very  cu r so ry  view of the design 
s t r e s s e s  exer ted  on channel  walls  and the range  of 
condit ions which p reva i l .  Refe rences  5 and 6 a re  
r ecommended  for more  detai led unders tanding .  

D. TEST EXPERIENCE 

This  sec t ion  will  review some of the more  s igni f i -  
cant r e su l t s  of m a t e r i a l  t es t s  conducted in exper i -  
menta l  gene ra to r s  or  in MHD s imu la to r  t es t s .  No 
at tempt  wil l  be made to d i scuss  the r e su l t s  of n u m e r -  
ous s tudies  which have been repor ted  on s lag phys ica l  
and chemica l  p rope r t i e s  7-11 or genera tor  m a t e r i a l  
l abora to ry  tes t s  and development .  1~-~ 

The mos t  s igni f icant  m a t e r i a l s  tes t  exper ience  fai ls  
into three  c l a s ses :  a) tes ts  in expe r imen ta l  open-cyc le  
MHD genera to r s  bu rn ing  c lean fuel; b) t es t s  in exper i -  
menta l  open-cyc le  MHD gene ra to r s  burn ing  coal or 
s imula t ing  coal combust ion  to provide a s lag coating 
on the wails  of the channel;  and c) l abora to ry  tes t s  
which pa r t i a l ly  s imula te  MHD s t r e s s e s .  

United States i n t e r e s t  in MHD power is ,  of course ,  
based  upon coal - fueled  o p e r a t i o n - t h i s  d ic ta tes  a 
f inite c a r r y - o v e r  of vola t i l ized  or l iquid coa l -ash  
f rom the combus tor  into the genera tor  channel .  Two 
approaches  a re  be ing  taken. In one, a l l  of the s lag pro-  
duced by combust ion  of the coal is led into the channel .  
Liquid s lag containing seed flows down the channel  and 
diffuser  walls  f rom where,  in the conceptual  p lant  
scheme of Fig.  2, it would flow into the rad ian t  bo i le r .  
Most of this s lag  would eventual ly  be tapped f rom the 
gas s t r e am,  probably  at the exit of the r egene ra t i ve  
hea te r .  The second approach is to tap-off most  of the 
l iquid s lag  in the combustor ,  before  adding the seed.  
The r e m a i n i n g  s lag  en t e r s  the channel  at a lower f r ac -  
t ion of the total  mass  flow, but suff icient  to bui ld up 
and ma in ta in  a continuous coating on the channel  walls .  
Slag and seed r e m o v a l  a re  accompl i shed  in the down- 
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s t r e a m  gas path, where t he rmodynamic  condit ions a re  
most  favorable .  

MHD development  under  c lean fuel  condit ions is be-  
ing pur sued  in  the USSR. Despi te  the absence  of coal 
on the channel  walls ,  t es t s  under  these  condit ions can 
provide useful  data on e lec t rode  and insu la to r  mate -  
r i a l s ,  espec ia l ly  with r ega rd  to e l e c t r o t h e r m a l  s ta -  
b i l i ty ,  po ta s s ium r e s i s t a n c e ,  and c u r r e n t  lead-out  de-  
s ign r e q u i r e m e n t s .  Ma te r i a l  tests  in gene ra to r s  
opera t ing  in the " s l agg ing  m o d e "  a re  be ing conducted 
by s e v e r a l  U.S. organizations.16-~8 

For  a t rue  perspec t ive  on the des ign  s t r e s s e s  which 
genera to r  m a t e r i a l s  must  endure ,  it is useful  to review 
test  exper ience  under  both " c l e a n "  and " d i r t y "  
(slagging) condit ions.  

D.1. Clean Fue l  Tes t  

" C l e a n "  fuel  t es t s  were conducted in the USSR U-02 
tes t  faci l i ty ,  a s m a l l - s c a l e  model  of a complete  MHD 
plant.  19 T h e r m a l  capacity is approximate ly  5 MW and 
mass  flow close to 1 kg / s .  As par t  of the U.S.-USSR 
Cooperat ive  P r o g r a m  on MHD, a s e r i e s  of tes ts  is be-  
ing conducted jointly in the fac i l i t i es  of both count r ies  
to evaluate va r ious  e lec t rode  des ign  fea tu res .  The tes t  
r e su l t s  d i scussed  here  were obtained between Septem- 
be r  25 and October  1, 1975, in the USSR U-02 faci l i ty .  2~ 
The tes t  a s s e m b l y  consis ted  of a r e c t a ngu l a r  Fa r aday  
genera to r  sec t ion  compr i s ing  e lec t rode  walls  on the 
top and bot tom and insu la tor  side wails  at the s ides .  
I n t e rna l  d imens ions  were 26.0 cm high by 64.0 cm 
wide for a constant  c r o s s - s e c t i o n a l  flow a r e a  of 1664 
cm 2. Twenty t r a n s v e r s e  r ec t angu la r  e lec t rodes  were  
equal ly spaced along the e lec t rode  wal ls .  Elect rode 
d imens ions ,  in r e l a t ion  to the channel  axis ,  were 12 
mm long, 62 mm wide, and 6 mm thick. The e lec t rodes  
were  separa ted  by 12 mm of high pur i ty  MgO of ap- 
p rox imate ly  85 pct theore t i ca l  densi ty .  Elec t rode pa i r s  
were  connected to separa te  loads with in t e re l ec t rode  
potent ia ls  e s t ima ted  at 15 V. The channel  insu la t ing  
side walls  cons is ted  of hexagonal MgO blocks b razed  
to a copper base .  The e lec t rode  walls  were designed 
and fabr ica ted  in the U.S., while the insu la t ing  walls  
were provided by the USSR. 

The e lec t rode  walls  cons is ted  of five separa te  seg-  
ments ,  each with four e lec t rodes  of the same  ma te r i a l ,  
v i z  : 

Group Nominal Composition, mol pct 

I 88 ZrO2:12 Y203 
II 82 ZrO2:18 CeO2 

III 50 ZrO2:50 CeO: 
IV 25 ZRO2:75 CeO2 
V 20 ZRO2:78 CEO2:2 Ta2Os 

E lec t r i c a l  lead-outs  were provided by me ta l l i z ing  
the back side of each e lec t rode  with a thin coat ing of 
p la t inum to which a p la t inum s c r e e n  was at tached.  
This  was accompl ished  by f i r ing  s e v e r a l  succes s ive  
coatings of p la t inum paste .  The s c r e e n  was incor -  
porated with the f inal  paste  appl icat ions .  E x t e r n a l  
connect ion was made by means  of a 0.51 m m  p la t inum 
wire  welded to the s c r e e n .  The p r o p r i e t a r y  magnes i a  
in t e re l ec t rode  insu la t ing  blocks were fabr ica ted  by hot 
p r e s s i n g  to about 85 pct TD. The hot p r e s s e d  blocks,  
152 mm • 152 mm • 36.5 mm,  were ground to f inal  
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shape .  A c o m m e r c i a l  z i r c o n i a  phosphate  cemen t  was 
used  between the e l e c t r o d e  and i n su l a to r .  In o ther  wal l  
a r e a s ,  away f r o m  the e l e c t r o d e s ,  a c a l c i a - z i r c o n i a  
cement  was used  to s e a l  i n t e r f ace  jo in t s .  

Af t e r  a low t e m p e r a t u r e  (525 K) p r e h e a t ,  the s y s t e m  
was f i r e d  at  m a x i m u m  tu rn-down r a t i o  with n a t u r a l  
gas (97 pct  methane ,  2 pct  e thane,  1 pc t  i ne r t s ) .  Hea t -  

4ng r a t e  as  m e a s u r e d  by  t h e r m o c o u p l e s  mounted in the 
e l e c t r o d e  module  a v e r a g e d  50 K / m i n .  A f t e r  30 min, 
combus t ion  condi t ions  were  g r adua l l y  brought  up to 
ope ra t i ng  l e v e l s .  B a s e l i n e  p l a s m a  condi t ions  were  a s  
fo l lows:  

Oxygen e n r i c h m e n t :  40 mol  pct; 
P l a s m a  t e m p e r a t u r e :  2300~ 
Mass  flow: 0.75 K g / s ;  
Sta t ic  p r e s s u r e :  0.83 arm; 
P o t a s s i u m  seed :  1.0 wt pct; 
A v e r a g e  ve loc i ty :  450 m / s ;  and 
Conduct iv i ty :  10 m h o s / m .  

Seeding  was a c c o m p l i s h e d  by in jec t ing  a 50 pc t  
K2CO3-50 pc t  H20 mix tu re  into the combus to r .  Mag-  
ne t ic  f ie ld  s t r e n g t h  was 1.7 T.  Nomina l  hea t  f luxes  in 
the e l e c t r o d e  wal l s  at  the en t r ance  and exi t  were  30 
W / c m  2 and 18 W / c m  2, r e s p e c t i v e l y .  

The t e s t  was des igned  to obtain t e m p e r a t u r e s  in the 
four th  anode be tween  1975 K and 2050 K. 

The t e s t  p ro f i l e  r e q u i r e d ,  f i r s t ,  an 18 h run,  with no 
seed ,  to e s t a b l i s h  and s t ab i l i z e  the d e s i r e d  t h e r m a l  
condi t ions .  The  next  6 h we re  used  to d e t e r m i n e  the 
e l e c t r i c a l  c h a r a c t e r i s t i c s  of the t e s t  module  under  
power  condi t ions .  P o w e r  t e s t i ng  was cont inued for  
94 h to eva lua te  du rab i l i t y .  The t e s t  was then t e r -  
mina ted  in 9 h, a l lowing  for  cool  down and d i s a s s e m -  
bly .  

T e m p e r a t u r e  m e a s u r e m e n t s  of the f i r s t  group of 
e l e c t r o d e s  showed 1985 K at the s u r f a c e  (opt ica l  py-  
r o m e t e r )  and 1455 K 3 mm below the s u r f a c e .  T h r e e  
s h o r t - d u r a t i o n  p l a s m a  t e m p e r a t u r e  e x c u r s i o n s  oc-  
c u r r e d  dur ing  t e s t .  These  we re  r e f l e c t e d  by t e m p e r a -  
tu re  r i s e s  of 360, 425, and 140 K at  the s u b s u r f a c e  
t he rmocoup l e  locat ion .  Dura t ion  of t h e s e  e x c u r s i o n s  
did  not exceed  5 min.  

A v e r a g e  t h e r m a l  f luxes  dur ing  t e s t  were  23 W / c m  2 
on the cathode wal l  and 22.9 W / c m  2 on the anodes .  
Ca lcu la t ions  of s u r f a c e  t e m p e r a t u r e s  f r o m  t h e r m a l  
f lux da ta  and t he rmocoup l e  r e a d i n g s  sugges t ed  that  
f i r s t  group cathode t e m p e r a t u r e s  exceeded  f i r s t  group 
anode t e m p e r a t u r e s  by 50 to 100 K. Max imum s u r f a c e  
t e m p e r a t u r e s  were  e s t i m a t e d  to be be tween 2025 and 
2075 K. T e m p e r a t u r e s  g radua l ly  d e c r e a s e d  in the 
d o w n s t r e a m  d i r ec t i on .  The fifth cathode module s u r -  
face  t e m p e r a t u r e  was e s t i m a t e d  as  be tween 1925 and 
1975 K. T h e s e  e s t i m a t e s  a r e  again  b a s e d  upon sub-  
s u r f a c e  t e m p e r a t u r e  r e a d i n g s  and heat  f lux da ta .  Dur -  
ing the 94 h l i fe  t e s t ,  the e l e c t r o d e s  of each  group were  
o p e r a t e d  at  four  c u r r e n t  dens i ty  l eve l s ,  viz: 0 A / c m  2, 
0.24 to 0.33 A//cm 2, 0.5 to 0.7 A / c m  2, and 1.2 A / c m  2. 
T h e s e  condi t ions  were  obta ined  through con t ro l l ed  ex-  
t e r n a l  loading.  

P o s t - T e s t  Analyses .2~ V i s u a l  i n spec t ion  fo l lowing 
t e a r - d o w n  r e v e a l e d  the fol lowing:  

a) P e n e t r a t i o n  of the i n t e r f ace  jo in t s  connect ing  the 
t e s t  s ec t ion  with the nozz le  and d i f fuse r  by fo re ign  
m a t e r i a l ,  p r e s u m a b l y  p o t a s s i u m  compound.  

b) Mode ra t e  d e g r a d a t i o n  of e l e c t r o d e s  by e r o s i o n  

o r  c o r r o s i o n  and c rack ing ,  m o r e  p ronounced  on cathode 
wa l l s .  

c) E l e c t r o d e  swe l l ing  and spa l l ing ,  p a r t i c u l a r l y  
no t i ceab le  on ca thodes ,  on ZrO2-CeO2 m a t e r i a l s ,  and 
on e l e c t r o d e s  c a r r y i n g  h igher  c u r r e n t  d e n s i t i e s .  

d) I n t e r e l e c t r o d e  MgO i n s u l a t o r s  e r o s i o n  to depths  
of 1 to 3 mm, p a r t i c u l a r l y  on cathode wall .  Longi -  
tudinal  c r a c k i n g  o b s e r v e d  nea r  the c e n t e r s  of the in-  
s u l a t o r s  on both e l e c t r o d e  wa l l s .  D a m a g e  mos t  s e v e r e  
on i n s u l a t o r s  ad j acen t  to e l e c t r o d e s  c a r r y i n g  h igher  
c u r r e n t s .  

T h r e e  longi tudina l  s ec t i ons  we re  cut f r o m  both e l e c -  
t rode  wa l l s .  F i g u r e s  3 and 4 a r e  pho tographs  of two of 
these  s e c t i o n s .  P o s t - t e s t  l a b o r a t o r y  s a m p l e s  were  
p r e p a r e d  f rom these  s ec t i ons  for  de t a i l ed  m e t a l l o g r a -  
phic,  SEM, e l e c t r o n  m i c r o p r o b e ,  X - r a y  d i f f r ac t ion  
(XRD), r a d i o g r a p h i c ,  and c h e m i c a l  a n a l y s e s .  In add i -  
t ion, e l e c t r i c a l  conduct iv i ty  m e a s u r e m e n t s  were  made 
on s p e c i m e n s  taken f rom s e v e r a l  anodes .  Signif icant  
f indings  b a s e d  on these  ex tens ive  inves t iga t ions  a r e  
s u m m a r i z e d  below. 

a) Max imum p o t a s s i u m  concen t r a t ions  were  iden t i -  
f ied in r eg ions  ad jacen t  to the i n t e r f ace  be tween  the 
e l e c t r o d e  ba se  and the MgO insu la to r  cup. L e s s e r  
concen t r a t ions  we re  noted in s ide  wal l  i n t e r f ace  r e -  
gions n e a r  the bo t tom of the e l e c t r o d e .  P o t a s s i u m  

Fig. 3--Anode slices,  magnification 0.74 times. 
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Fig. 4--Cathode slices, magnification 0.74 times. 

concen t r a t ions  d e c r e a s e d  to neg l ig ib le  l eve l s  in i n t e r -  
face  r e g i o n s  c l o s e r  to the p l a s m a  s u r f a c e .  Th i s  s e l e c -  
t ive  concen t ra t ion  of p o t a s s i u m  s t r o n g l y  sugges t s :  1) 
gaseous  t r a n s p o r t  of K2CO3 through the r e l a t i v e l y  
po rous  z i r c o n i a  phosphate  cement  be tween  the e l e c -  
t rode  and MgO, and 2) condensa t ion  of K2CO3 in the 
coo l e r  (975 K to 1575 K) r e g i o n s  at  the b a s e  of the 
e l e c t r o d e s  and below.  

b) While  the z i r c o n i a  phosphate  cement  i n t e r f ace  
was p r o b a b l y  the p r i n c i p l e  pa th  of K2CO3 pene t ra t ion ,  
t r a n s p o r t  i s  be l i eved  to have been  fu r the r  f a c i l i t a t e d  
by p o r o s i t y  in the MgO in su l a to r ,  phase  changes  in the 
i n su l a to r  and c e r t a i n  e l e c t r o d e s ,  and c r a c k s  in the MgO 
in su l a to r .  Evidence  for  these  hypo theses  a r e :  1) s ign i -  
f icant  concen t r a t i ons  of K in the s m a l l  g ra ined ,  porous  
a r e a s  s u r r o u n d i n g  l a r g e r  g r a in s  in the MgO s t r u c -  
t u r e ,  2) XRD evidence  of phase  changes  in c e r t a i n  
e l e c t r o d e s  and MgO i n s u l a t o r s  concomi tan t  with po-  
t a s s i u m  depos i t s ,  and 3) p r e s e n c e  of p o t a s s i u m  in 
c r a c k s  which o r ig ina t ed  at  the c o r n e r  be tween  the s ide  
wal l  and b a s e  of the MgO cup. 

c) The  ef fec ts  d e s c r i b e d  in (a) and (b), above,  we re  
much m o r e  p ronounced  on the cathode wal l  than on the 
anode wal l .  Cons ide r ing  the cathode wal l  only,  the 
ZrO~-CeO2 e l e c t r o d e s  we re  mos t  no t i ceab ly  a f fec ted .  
E l e c t r i c a l l y  loaded e l e c t r o d e  p a i r s  we re  af fec ted  
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m o r e  than those  which did not c a r r y  an e l e c t r i c  cu r -  
r en t .  

d) The d e g r e e  of swe l l ing  and f r agmen ta t i on  of e l e c -  
t r o d e s  (i .e. ,  p r o t r u s i o n  above the o r i g i n a l  wal l  s u r -  
face)  was r e l a t e d  qua l i t a t i ve ly  to p o t a s s i u m  concen-  
t r a t i o n s  in the s u b s u r f a c e  i n s u l a t o r - e l e c t r o d e  i n t e r -  
face  r e g i o n s .  Thus ,  ca thodes  were  much m o r e  a f fec ted  
than anodes;  the e q u i m o l a r  ZrO2-CeO2 cathode showed 
the mos t  s e v e r e  damage ,  and e l e c t r i c a l  loading  was 
aga in  a s s o c i a t e d  with in tens i f i ed  d a m a g e .  

e) I t  is  hypo thes ized  that swe l l ing  and f r a g m e n t a -  
t ion of e l e c t r o d e s  o c c u r r e d  with hydra t ion  of the 
K2CO3 d e p o s i t s  du r ing  cool  down. The 40 to 60 pc t  
vo lume expans ion  accompany ing  hydra t ion  would 
be expec ted  to p roduce  d e s t r u c t i v e  m e c h a n i c a l  
s t r e s s e s .  M e t a l l o g r a p h i c  evidence s u s t a i n s  th is  ex-  
p lanat ion .  M o r e o v e r ,  the ex tens ive  XRD evidence  of 
phase  t r a n s f o r m a t i o n s ,  e s p e c i a l l y  in the Z rO2-CeO2 
e l e c t r o d e s ,  i m p l i e s  r e s i d u a l  s t r e s s  in t ens i f i ca t ion  
f u r t h e r  con t r ibu t ing  to m e c h a n i c a l  damage .  

The  p r e c e d i n g  s u m m a r y  of p o s t - t e s t  a n a l y s e s  of the 
U-02 e l e c t r o d e  wal l s  e m p h a s i z e s  in fo rmat ion  and ob-  
s e r v a t i o n s  of mos t  d i r e c t  m a t e r i a l s  eng inee r ing  and 
des ign  concern .  R e f e r e n c e  20 p r o v i d e s  a m o r e  ex -  
tended s u m m a r y .  The fol lowing p a r a g r a p h s  d e s c r i b e  
add i t iona l  o b s e r v a t i o n s  of i m p o r t a n c e  to m a t e r i a l s  
eng inee r ing  conce rns .  

I n su l a to r s .  The MgO in su l a to r s  had r e c r y s t a l l i z e d  
to depths  of a s  much as  0.4 cm. In su l a to r  r eg ions  ad-  
j acen t  to the u p s t r e a m  side  of the e l e c t r o d e  exhib i ted  
g r e a t e r  d e g r a d a t i o n  and s t r u c t u r a l  change than r e -  
gions ad jacen t  to the d o w n s t r e a m  s ide .  This  was m o r e  
pronounced  on the anode wal l  than the cathode.  C r a c k -  
ing of MgO i n s u l a t o r s  o r i g ina t ed  at  the c o r n e r  of ma-  
chined r e c e s s e s .  These  c r a c k s  did not  v a r y  no t i ceab ly  
with loca t ion  of the i n su l a to r .  P o t a s s i u m  was p r e s e n t  
in a l l  these  c r a c k s .  

On the cathode s ide ,  p o t a s s i u m  p e n e t r a t e d  the in-  
s u l a t o r  and ZrOe cemen t  m a t e r i a l s  beyond the th ick-  
ne s s  of the e l e c t r o d e  i n s e r t ,  w h e r e a s  on the anode 
s ide ,  p e n e t r a t i o n  beyond the body of the  e l e c t r o d e  was 
neg l ig ib le .  Again,  on the cathode s ide ,  g r e a t e s t  depths  
of p o t a s s i u m  p e n e t r a t i o n  c o r r e s p o n d e d  to h ighes t  c u r -  
ren t  d e n s i t i e s .  

E l e c t r o d e s .  The  mos t  no t i ceab le  ef fec ts  on ZrO2- 
CeO2 cathode s t r u c t u r e s  we re  phase  t r a n s i t i o n s  a n d / o r  
p o t a s s i u m  r eac t i on .  De ta i l ed  d i s c u s s i o n  of the XRD 
da ta  is  beyond the scope  of th is  r ev iew,  but  i t  should 
be noted that  subs t an t i a l  ev idence  was deve loped  to 
pos tu la t e  the in si tu r educ t ion  (at t e s t  t e m p e r a t u r e )  
and r e o x i d a t i o n  (dur ing cooldown) of the ZrO2-CeO2 
m a t e r i a l .  L o s s  of CeO~ by v a p o r i z a t i o n  was  a l s o  e s -  
t ab l i shed .  

The 88ZrO2-12YeO3 cathode a p p e a r e d  to have r e -  
c r y s t a l l i z e d  to a depth of l e s s  than 1 mm.  This  thin 
su r f ace  zone buckled  and s e p a r a t e d  f rom the sub-  
s t r a t e .  Monocl in ic  (des tab i l i zed)  z i r c o n i a  a s  wel l  as  
a cubic z i r c o n i a  so l id  solut ion,  with a cubic ce l l  p a r -  
a m e t e r  s m a l l e r  than that  fo r  the v i r g i n  88-12 s t r u c -  
tu re ,  were  de t ec t ed  in some  r eg ions  at  the bot tom of 
the e l e c t r o d e .  

L e a d - O u t s .  L e a d - o u t  f a i l u r e s ,  which o c c u r r e d  on 
s ix  e l e c t r o d e  p a i r s ,  a r e  a s c r i b e d  to me l t ing  of the 
0.51 mm p la t inum w i r e .  T h e r e  was no ind ica t ion  that  
c h e m i c a l  a t t a c k  had cont r ibu ted  to t hese  f a i l u r e s .  A 
m o r e  p robab le  explanat ion ,  b a s e d  upon e x p e r i m e n t a l  
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observa t ion ,  is that in tense  Joule  hea t ing  was r e spon -  
s ible ,  induced perhaps  by a local ly cons t r i c ted  c r o s s -  
sec t ion  (mechanica l  defect) combined with impa i r ed  
heat t r a n s f e r  (poor contact  with the ZrO2 cement) .  

This  tes t  r evea led  m a t e r i a l  and des ign  weaknesses  
(as it was intended) in the f i r s t  U.S. e lec t rode  modules  
tes ted in the U-02 faci l i ty .  Fo remos t ,  it c l ea r ly  high- 
lights the impor tance  of p reven t ing  t r an spo r t  of gase-  
ous KCO3 into the cooler ,  i n t e rna l  reg ions  of e i ther  
the e lec t rode  or insu la to r  s t r uc tu r e .  In this design,  
access  to the subs t ra te  reg ions  a re  apparent ly  af- 
forded p r inc ipa l ly  by the ZrO2 phosphate bond between 
the e lec t rode  and MgO cup. 

The tes t  a lso  provides  useful  in format ion  on ce r t a in  
c e r amic  e lec t rode  m a t e r i a l s  behavior  within known 
opera t ing  boundary  condi t ions.  It is r easonab ly  ce r -  
tain,  for example ,  that the ZrO2-CeOe m a t e r i a l s  a re  
unsui ted  to cathode appl ica t ions  under  the t he r ma l  de- 
s ign condit ions which exis ted  in this  test .  The ZrO2- 
Y203 cathode a lso  exhibited s t r u c t u r a l  ins t ab i l i t i e s  
under  these tes t  condit ions.  

It is not c lear  whether ,  in the absence  of po t a s s ium 
penet ra t ion ,  these m a t e r i a l s  would be sui ted to long- 
life anode duty. Indicat ions  of s t r u c t u r a l  ins t ab i l i t i e s  
would suggest  not. 

MgO insu la to r  s tabi l i ty  was probably  s eve re ly  com- 
p romised  by exposure  to K2CO3 which in i t ia l ly  gained 
access  main ly  through the cement .  Never the less ,  the 
p r e s e n c e  of po t a s s ium in a s soc ia t ion  with the f ine 
gra ined reg ions  of the MgO c lea r ly  points  to the need 
for  higher dens i ty  m a t e r i a l s  or effective b a r r i e r s .  

XRD evidence of A1203 vapor t r anspo r t  points  to the 
poss ib le  unsu i tab i l i ty  of this  m a t e r i a l  in high t e m p e r a -  
tu re ,  ups t r eam wall  appl icat ions .  

The lead-out  p rob lem disc losed  in  this tes t  indica tes  
the necess i ty  for s t u rd i e r  des ign of this impor tan t  
in te r face .  It  should be noted that the ma jo r  por t ion of 
phys ica l  damage to the cathode wall probably  occu r red  
dur ing  cool-down. Despi te  the obvious i n s t ab i l i t i e s  
noted, shutdown was not forced  and power opera t ion  
could probably  have been  continued for some addi t ional  
t ime .  

F ina l ly ,  it  is  not s u r p r i s i n g  to find po tas s ium p re -  
f e ren t i a l ly  concent ra ted  at the cathode wall  in view of 
the e lec t romot ive  fo rces  which p reva i l  in the channel .  
The e lec t rode  walls  exper ience  s i m i l a r  e l e c t roc he mi -  
cal  condit ions as a re  induced in e lec t ro ly t ic  c u r r e n t  
t r a n s f e r .  Pos i t ive  po t a s s ium ions would thus be at-  
t r ac ted  to the cathode wall  and repe l led  at the anode 
wall .  I n c r e a s i n g  c u r r e n t  dens i ty  would in tens i fy  this 
e lec t ro ly t ic  effect, as indicated qual i ta t ive ly  by the 
l abora to ry  f indings.  

D.2. Simulated C o a l - F i r e d  Tes t  

This  tes t  was conducted in a channel  model ing ex- 
p e r i m e n t a l  genera to r  tes t  r ig ,  des ignated the Mark  
VI by the EVCO Evere t t  R e s e a r c h  Labora to ry ,  Inc. 21 
E s s e n t i a l  e l emen t s  of this tes t  r ig  compr i se  an o i l -  
f i red  combustor ;  the channel ,  including the inle t  noz-  
zle and diffuser;  i n s t rumen ta t i on  and controls ;  and a 
30,000 G wate r -coo led  i ron  core magnet .  The Mark  
VI-C d iverg ing  channel  d imens ions  were :  length: 2 m; 
average  c r o s s - s e c t i o n :  210 cm2; exit to in le t  a r e a  
ra t io :  3.3 to 1. The channel  was opera ted  s u p e r s o n i -  
cal ly to obtain max imum power levels  avai lable  with 
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Fig. 5-(a) Button Wall Design. (b) Rail Wall Design. ]Plasma 
flow from left to right for cathodes, right to left for anodes. 

a 3T field. This  was n e c e s s a r y  to ensu re  that MHD 
s t r e s s  levels  would mos t  nea r ly  s imula te  base  load 
cen t ra l  s ta t ion duty condit ions.  ("MHD s t r e s s "  is 
used here  to exp res s  the eng inee r ing  des ign  condit ions 
which genera tor  m a t e r i a l s  would be r e q u i r e d  to sus -  
ta in  in c o m m e r c i a l  se rv ice . )  

The in t e rna l  e l emen t s  of the channel  were mounted 
on f ibe rg l a s s  walls  to fo rm 108 segmented  f r a m e s  at 
an average  angle of 45 deg re la t ive  to the channel  axis .  
Each f r a me  cons is ted  of s ix e l ec t r i ca l ly  d iscont inuous  
Inconel  e l emen t s .  Two dif ferent  t h e r m a l  des igns  were  
tested.  The f i r s t  twenty e lec t rodes  used a new button 
design to provide an e lec t rode  sur face  t e m p e r a t u r e  of 
approximate ly  815 K (Fig. 5(a)). The r e m a i n i n g  e lec-  
t rodes  r e p r e s e n t e d  a r a i l  configurat ion,  des igned to 
achieve approximate ly  1370 K (Fig. 5(b)). The r a i l  
type e lec t rodes  had been used in prev ious  t es t s .  The 
buttons were new. E l e c t r i c a l  connect ions  of the chan- 
nel  f r a m e s  a re  shown schemat i ca l ly  in Fig.  6. The 
r e su l t a n t  loading of the genera to r  is in a mixed mode 
where nomina l ly  90 pct or more  of the total  power is 
de l ive red  to a s ingle  main  axial  load (11 ohms for the 
Mark  VI-C).  Nomina l  tes t  condit ions a re  s u m m a r i z e d  
in Table  I. 

Seed was injected as K2CO3, e i ther  dry  or in an 
aqueous solut ion.  F ly  ash was in jec ted  at a ra te  to 
s imula te  25 pct ash c a r r y o v e r  f rom a coal combus tor .  
Nomina l  fly ash  composi t ion and bulk s lag  product  
ana lys i s  is given in Table  II. 22 

The tes t  continued for 103 h. Power  levels  of 200 
kw or more  were achieved over the f i r s t  98 h. Tota l  
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Fig. 6--Schematic of intraframe current controls, Mark VI-C 
channel. 

power  ex t r ac t i on  was 20,500 kWh. A v e r a g e  power  
densi ty  was 5 M W / m  3 with a peak densi ty  of 12.5 MW/ 
M 3. Maximum c u r r e n t  dens i ty  was 1 A / c m  2 with Hal l  
vo l tages  up to 1500 V / m .  Inspect ion  a f te r  t e a r - d o w n  
r e v e a l e d  two wate r  leaks,  one at a defec t ive  weld in 
the inlet  nozz le  and the o ther  in the f ront  s ide wall  
power  t ake-of f  e l emen t .  

P o s t - T e s t  Ana lyses .  P o s t - t e s t  ana lyses  w e r e  p e r -  
f o r m e d  by the Nat ional  Bureau  of Standards  22 Resu l t s  
of mos t  s ignif icant  des ign i n t e r e s t  to the M a t e r i a l s  
Eng inee r  a r e  s u m m a r i z e d  in this sec t ion .  The r e f e r -  
enced Bureau  of Standards paper  p rov ides  cons ide rab le  
addi t ional  data.  

The  p o s t - t e s t  ana ly t ica l  data d i f f e ren t i a t e s  between 
t h e r m a l  and po la r i ty  e f fec ts ,  as indicated in the fol low- 
ing s u m m a r y  of s igni f icant  f indings.  

Cons ider ing ,  f i r s t ,  t h e r m a l  e f fec t s :  It is  i n s t ruc t ive  
to d i r ec t ly  compa re  the p e r f o r m a n c e  of the 1370 K r a i l  
des ign  with the 810 K button des ign on the anode wai ls .  
The  r a i l  anode wall  had e roded  away to v e r y  nea r ly  a 
plane su r face ,  as i l l u s t r a t ed  s chema t i ca l l y  in Fig .  7. 
The  button anode wall  had e roded  fa r  l e s s .  In effect ,  
then, e ro s ion  of the r a i l  anode brought  this des ign 
c l o s e r  to the t h e r m a l  condit ions (810 K) of the button 
design.  M o r e o v e r ,  o sc i l l og raph  t r a c e s  of the inte-  
gra ted  cool ing water  bulk t e m p e r a t u r e  r i s e  on the 
anode wall  sugges t  that t h e r m a l  equ i l i b r ium was e s -  
t a b l i s h e d  within the f i r s t  for ty  t es t  hours .  

Table I. Test Conditions for the Mark VI-C .240 

Total mass flow 2.5 kg/s t t 
N/O 0.8 .080 
Seed concentration 0.8 pct wt (powder) 

1.2 pct wt (aqueous) 

Ash flow rate 0.25 pct total mass flow 
Burner stagnation pressure 3.5 atm 
Channel inlet mach number ~ 1 
Estimated stagnation temperature 2800 K 

E l e c t r o c h e m i c a l  s ens i t iv i ty  is c l e a r l y  i l lumina ted  
by com par i son  of the r a i l  anode with adjacent  r a i l  s ide 
wall .  P r e s u m a b l y ,  the ma jo r  d i f f e rence  h e r e  is cu r -  
r en t  densi ty:  the e l ec t rode  wall  co l l ec t s  mos t  of the 
F a r a d a y  cu r ren t .  This  compar i son  r e v e a l s  that e r o -  
s ion had p r o c e e d e d  f a r t he r  on the anodes than on a d -  
jacent  s ide wal ls ,  which sus ta ined  cons ide rab ly  lower  
cu r r en t  dens i t i e s .  This  points  to e l e c t r o c h e m i c a l  in-  
f luences  opera t ing  concur ren t ly  with the t h e r m a l  ef-  
fect .  

F u r t h e r  ev idence  of e l e c t r o c h e m i c a l  inf luences  were  
af forded by XRD, SEM, and me ta l log raph ic  ana lyses ,  
of s ide wall  r a i l s ,  to wit: 

" E r o s i o n  appea r s  to occur  not only on the r a i l  top, 
but around the rounded edges and toward the neck.  The 
SEM m i c r o g r a p h s  indicate  that the re  a r e  e s sen t i a l l y  
th ree  zones n e a r  the s lag  in t e r f ace .  The i n n e r m o s t  
zone is Inconel .  The  i n t e r m e d i a t e  zone is v e s i c u l a r  
and cons i s t s  of Inconel  r idges  and i r r e g u l a r  cav i t i e s  
r i c h  in c h r o m i u m  and i ron.  This  sugges t s  that the 
n icke l  is oxidiz ing p r e f e r e n t i a l l y .  The outer  zone has 
a g ranu la r  m i c r o s t r u c t u r e  and cons is t  of n ickel ,  chro-  
mium and i ron.  We sugges t  that this a r e a  r e p r e s e n t s  
an oxid ized  sca le  which u l t imate ly  spa l l s  and d i s s o l v e s  
in the s lag .  The m e c h a n i s m  for this degrada t ion  must  
be r e l a t ed  to ac t ive  oxidat ion of the me ta l  by chemica l  
r eac t i on  with oxygen a n d / o r  to e l e c t r o c h e m i c a l  c o r -  
ro s ion  r eac t i ons .  It is unc lear ,  however ,  whether  the 
c o r r o s i o n  obse rved  fo r  the s idewal l  anode r a i l s  is the 
dominant  p r o c e s s  leading to des t ruc t ion  of the anode 
wall,  in genera l .  If de s t ruc t i ve  oxidat ion domina tes ,  
o n e  would expec t  to find me ta l  oxide components  of 
Inconel  in the s lag  adjacent  to the anode e l e c t r o d e s .  
We s e a r c h e d  for  these  components  in the anode s lag 
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Fig. 7--Areas of electrode metal erosion after 150 power h. 

Table II. Semiquantitative Spectrochemical Analysis of Bulk Slag Materials from Several Locations in the Generator System. 
Only Elements Significant to the Experiment am Listed (Wt Pet). 

Upstream Upstream Cathode Anode Original 
Burner Cathode Anode Exit Exit Diffuser Fly-Ash 

A1 >13 >13 >13 >13 >13 >13 13.5" 
Si >13 >13 >13 >13 >13 >13 16.7" 
K >13 >13 >13 >13 >13 
Ca 1.5 2 1 1.5 1 1 4.08 
Cr 0.05 <0.05 <0.05 0.15 0.15 0.05 
Ni 0.05 0.2 0.2 0.5 0.2 0.2 
Fe >13 >13 5 to 10 5 to 10 5 to 10 >13 13 
Cu 0.15 3 1.5 0.05 1.5 0.05 

*Wet chemical analysis. 
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but  could not find s ign i f i can t  amounts .  However ,  if 
the s l ag  is  exchanged f requen t ly ,  m e t a l  components  
would not be p r e s e n t  in the newly f o r m e d  s l ag .  As  the 
to ta l  m a s s  r a t i o  of m e t a l  r e m o v e d  to coa l  s l ag  fed to 
the channel  du r ing  the 100 h run  i s  s m a l l ,  a d i lu t ion 
effect  is  ope ra t i ve .  P r e v i o u s  a n a l y s i s  of AVCO cathode 
and anode s l ag  under  d i f f e ren t  condi t ions  did  show 1 to 
5 wt pc t  of n icke l  in l oca l i zed  spo ts  in the anode 
slag."22 

T h e s e  o b s e r v a t i o n s  w e r e  made  on the r e m n a n t  r a i l  
s ec t i ons  of the anode s ide  wal l .  The anode wal l  r a i l s  
had e roded  to an e s s e n t i a l l y  plane su r f ace ,  as  p r e v i -  
ous ly  noted,  

P r i n c i p l e  e l e c t r o c h e m i c a l  inf luences  a r e ,  however ,  
mos t  c l e a r l y  exempl i f i ed  by c o m p a r i s o n  of anode and 
cathode wa l l s .  

The mos t  no t i ceab le  d i s t r e s s  on the cathode wal l  is  
i l l u s t r a t e d  s c h e m a t i c a l l y  by F ig .  8. Th is  ske tch  iden-  
t i f i e s  t h r e e  zones  in the space  be tween the copper  fin 
of the d o w n s t r e a m  r a i l  e l e c t r o d e  and the Inconel  r a i l  
of the u p s t r e a m  e l e c t r o d e .  In the ske tch ,  the p l a s m a  
flow is  lef t  (ups t r eam)  to r igh t  (downs t ream) .  The 
vo lume ( labe led  a, b, c) was in i t i a l ly  f i l l ed  with cas t  
A1203. De ta i l ed  a n a l y s e s  of the " s l a g "  m a t e r i a l  found 
in th is  space  a f t e r  t e s t  showed: 

A r e a  a - g l a s s y ,  no c r y s t a l l i n e  p h a s e s  conta in ing K, 
al though some  K is  p r e sen t ,  p r e s u m a b l y  in solut ion.  

A r e a  b -  conta ins  c r y s t a l l i n e  o r t h o r h o m b i c  KA1SiO4 
as  the p r e d o m i n a n t  phase  with t e t r agnna l  and cubic 
K 2 0 - a l u m i n a  s i l i c a t e s ,  r i c h e r  in K20 than KAISiO4, 
p r e s e n t  in d e e p e r  r eg ions  of th is  zone.  

A r e a  c - h i g h  K content ,  s a t u r a t e d  with condensed  
K2CO3. 

F u r t h e r  a n a l y s e s  of " s l a g "  m a t e r i a l  f r o m  these  r e -  
gions by magne t i c  s u s c e p t i b i l i t y  and XRD methods  
showed a high concen t ra t ion  of Fe304 (33 pct) be tween 
a r e a s  " a "  and " b " .  Fe304 in a r e a  " a "  was e s t i m a t e d  
at  15 pct .  By c o m p a r i s o n ,  anode s l a g s  m e a s u r e d  only 
about 3 pc t  Fe304. (These e s t i m a t e s  r e p r e s e n t  lower  
l i m i t s  of the i ron  content  ca l cu la t ed  by c o m p a r i n g  m a g -  
ne t ic  da ta  for  pu re  Fe304 aga ins t  the s l ag  s p e c i m e n s . )  

The  a n a l y t i c a l  da ta  taken with the e lec t rochemica l  
and t h e r m a l  t e s t  condi t ions ,  sugges t  a sequence  of 
events  which could log ica l ly  account  for  e r o s i o n  of the 
copper  fin as  ind ica t ed  by F ig .  8. 

F i r s t ,  c o n s i d e r  the e l e c t r i c a l  conduct iv i ty  of the 
modi f ied  s l ag  in the r eg ion  d i r e c t l y  u p s t r e a m  of the 
copper  fin. The  g l a s s y  r eg ion  (a) at  the top is  ind ica -  
t ive  of mol ten  s l ag .  The n o r m a l  e l e c t r i c a l  conduct iv i ty  
of mol ten  s l ag  conta in ing  i ron  is ,  in th is  case ,  en-  
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Fig. 8--Schematic diagram of cathode area between rai l  wall 
and copper fin. (a) Molten slag, (b) solidified slag, (c) high 
concentration of K and Ca. 

Fig. 9--Cathode rail  wall cross section, magnification 2 times. 

hanced  by the loca l ly  th ickened  l aye r  noted in F ig .  9. 
M o r e o v e r ,  the d e e p e r  r e g i o n s ,  b and c, a r e  r i c h  in 
p o t a s s i u m  and i ron  ions,  both con t r i bu to r s  to c u r r e n t  
t r a n s f e r .  F u r t h e r  subs t an t i a t ion  of ionic c u r r e n t  
t r a n s f e r  in th is  r eg ion  is p rov ided  by the XRD d e t e c -  
t ion of copper  concen t ra t ions  in r eg ions  u p s t r e a m  of 
the e roded  a r e a  on the fin. 

Tak ing  a l l  t hese  f ac to r s  into cons ide ra t i on ,  i t  ap-  
p e a r s  that  the af fec ted  r eg ion  be tween  the f in and the 
u p s t r e a m  r a i l  cons t i tu ted  a m i n i a t u r e  e l e c t r o c h e m i c a l  
ce l l  with a copper  fin anode,  an Inconel  cathode,  and a 
mixed  e l e c t r o l y t i c  r e s p o n s e  b e c a u s e  the d o w n s t r e a m  
copper  fin i s  pos i t ive  by a p p r o x i m a t e l y  20 V to the up- 
s t r e a m  Inconel  ca thode.  

A l l  the p o s t - t e s t  in situ evidence  poin ts  to e l e c t r o -  
c h e m i c a l  d e g r a d a t i o n  in the r eg ion  dep ic ted  in F ig .  8. 
The  ques t ion  begged by th is  o b s e r v a t i o n - n a m e l y ,  what 
i n i t i a t ed  the d e g r a d a t i o n  of the A1203 be tween  the cop-  
p e r  fin and the Inconel  r a i l - i s  not answered ,  however ,  
Two m e c h a n i s m s  may  be pos tu la ted .  The f i r s t  is  that  
deg rada t i on  of the A1203 cemen t  by r e a c t i o n  with the 
s e e d - s l a g  mix tu r e  was in i t i a t ed  chief ly  through t h e r -  
m o c h e m i c a l  r e a c t i o n s .  The m e t a m o r p h o s e d ,  c h e m i c a l l y  
and s t r u c t u r a l l y  banded c h a r a c t e r i s t i c s  of the o r ig ina l  
A1203 cement  sugges t s  a p r e d o m i n a n t l y  t h e r m o c h e m i -  
ca l  a t tack ,  abe t t ed  by  the g r e a t e r  p o t a s s i u m  and i ron  
ac t iv i ty  expec ted  in the cathode reg ion .  As this  ionic  
conduct ing s t r u c t u r e  developed,  e l e c t r o l y t i c  ac t iv i ty  
was in i t i a ted ,  which a c c e l e r a t e d  damage  to the copper  
fin.  The o the r  p o s s i b l e  m e c h a n i s m  which mus t  be 
c o n s i d e r e d  is that  c u r r e n t  t r a n s p o r t  f r om the p l a s m a  
to the cathode focused on the u p s t r e a m  edge of the 
copper  fin p roduc ing  s e v e r e  d e g r a d a t i o n  of the ad jacen t  
A1203 in su l a to r .  

The but ton ca thodes  (used in the f i r s t  twenty f r a m e s )  
exh ib i ted  s i m i l a r  e f fec t s .  The  u p s t r e a m  copper  l ip 
was s e v e r e l y  e roded .  In r eg ions  c l o s e s t  to the down- 
s t r e a m  Inconel  button,  damage  was r e s t r i c t e d  to the 
top and u p s t r e a m  edge.  In r e g i o n s  fu r t he r  r e m o v e d  
f r o m  the button the copper  l ip was comple t e ly  de -  
s t r o y e d  and the u p s t r e a m  A1203 i n t e r e l e c t r o d e  insu la -  
to r  e roded  away to depths  exceed ing  the t h i ckness  of 
the Inconel  button.  F i g u r e  11 shows a s ec t i on  through 
an a p p r o x i m a t e l y  90 deg  longi tudina l  chord  of an In-  
conel  button.  Note that  the copper  l ip is  com p le t e ly  
gone and that  the u p s t r e a m  in su l a to r  i s  e r o d e d  to a 
depth exceed ing  the t h i ckness  of the Incone l  button.  
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Fig. 10--Cathode button wall cross section. Rectangular dark 
area is Inconel button. Dark area to left of Inconel is glassy 
slag, magnification 4.6 times. 

Fig. 11--SEM micrograph of damage to cathode Inconel rail, 
magnification 110 times. 

The c r e scen t  shaped g lassy  region  to the left of the 
Inconel  button is cons idered  to be indicat ive of rapidly  
sol idif ied slag, as p rev ious ly  argued for the c o r r e -  
sponding reg ion  of the r a i l  des ign  spec imen .  And, 
again,  pa r a l l e l i ng  the s i tua t ion  noted in the ana lyses  
of the r a i l  des ign attack, the thickened mol ten s lag  
coating b r idges  the in t e re l ec t rode  gap, s t rongly  sug-  
ges t ing in t e re l ec t rode  shor t ing.  

The d is t inc t  chemica l  and s t r u c t u r a l  banding ob- 
se rved  in the r a i l  cathode examinat ion  is not as 
c lea r ly  d is t inguishable  in the button design.  This  is con- 
s i s t en t  with the t h e r m a l  des ign d i f fe rences  between 
the two conf igurat ions .  The button t h e r m a l  des ign an-  
t ic ipates  a n  810 K sur face  t e m p e r a t u r e  as agains t  
1370 K for the ra i l .  The t he rma l  gradient  for the but-  
ton is thus much s teeper  than for the r a i l  and t he re -  
fore  less  l ikely to exhibit  read i ly  detectable  t h e r m a l l y -  
d r iven  segregat ion .  

The s i m i l a r i t i e s  in the genera l  d i s t r e s s  suffered by 
the cathodes, noted above, suggest  the ex is tence  of a 
s eve re  e l ec t rochemica l  s t r e s s  at the ups t r eam edge 
of the e lec t rode .  (Note that both the copper fin, in the 
case of the ra i l ,  and the col~per lip, in the button de- 
sign,  f o rm the ups t r eam edges of the i r  r e spec t ive  

e lec t rodes . )  The seve re  damage i n c u r r e d  at these se -  
lected locat ions of both e lec t rode  types in fe rs  local ly 
steep c u r r e n t  dens i t i es  such as might be expected if 
the F a r a da y  c u r r e n t  p re fe ren t i a l ly  sought the leading 
edge of the cathode. A p rac t i ca l  m a t e r i a l s  e ng inee r -  
ing deduct ion is that minor  d i f fe rences  noted in the 
c h a r a c t e r i s t i c s  of the damaged a reas  of the two de- 
s igns  a re  of much less  impor tance  than s i m i l a r i t i e s  in 
the gross  condition, which, again, a re  bel ieved to be a s -  
sociated with s t rong  e l ec t rochemica l  s t r e s s  concen- 
t r a t ions .  The secondary  d i f fe rences  noted can be 
reasonab ly  a sc r ibed  to heat t r a n s f e r  effects,  viz, the 
cooler  button design provided g rea te r  pro tec t ion  
agains t  e ros ion  of the Inconel  sur face  and suppres sed  
development  of the slag-seed-AlzO3 reac t ion  product  
zones which were so c lea r ly  d is t inguishable  in the r a i l  
spec imens .  

(Note: Subsequent  to the above pos t - t e s t  ana lyses  of 
the Mark VI-C 100 h test ,  another  tes t  was conducted 
in which the button cathode was r e ve r s e d ,  i.e., the 
copper lip was located on the downstream side. In this 
configurat ion,  the upstream edges of the buttons eroded 
while the copper lip was re la t ive ly  unaffected. This  
c lear ly  shows that the J • B body force is  dominant ,  
under  these tes t  condit ions,  in concent ra t ing  the c u r -  
ren t  at the ups t r eam edge of the cathode. )23 

Another ,  less  severe  fo rm of cathode degradat ion  
was observed  on the sur face  of the cathode r a i l s .  This  
is i l lus t ra ted  by the SEM mic rograph  of Fig.  11. The 
t r a n s g r a n u l a r  f i s s u r e s  were found on top and under -  
side r a i l  su r faces .  SEM microscopy  and X - r a y  map-  
ping of a typical  reg ion  c lea r ly  identif ied K, Ca, and 
Cr  concent ra t ions  assoc ia ted  with the f i s s u r e s .  No 
explanat ion of the at tack mechan i sm was deduced f rom 
the ana ly t ica l  obse rva t ions ,  but the extent  of at tack 
was c lea r ly  in tens i f ied  by t e m p e r a t u r e .  No c o r r e l a -  
t ion with c u r r e n t  concent ra t ion  was evident.  

(The s i m i l a r i t y  between the c h a r a c t e r i s t i c s  of this 
a lkal i  meta l  a t tack and the at tack exhibited in a lkal i  
me ta l  heat t r a n s f e r  sys t ems  is worth noting.  Both 
show acute sens i t iv i ty  to ch romium and t e m p e r a t u r e  
and, in addition, there  a re  close r e s e m b l a n c e s  in the 
fo rm of attack.)  

The AVCO Evere t t  R e s e a r c h  Labora to ry  Mark VI-C 
test ,  under  s lagging condit ions,  demons t r a t e s  s e v e r a l  
impor tan t  d e s i g n - m a t e r i a l  in t e rac t ions .  

1) On the anode wail, e lec t rode  degradat ion  was a s -  
socia ted with oxidation. This  is c i r cums tan t i a l l y  
demons t r a t ed  by compar i son  of e ros ion  r a t e s  of the 
810 K and 1370 K designs .  The la t te r  were much more  
seve re ly  attacked; eroded, in fact,  to an extent ap- 
proaching  the t he r ma l  des ign conf igurat ion of the 
but tons.  Analy t ica l  evidence of oxidation as the major  
de t e rminan t  in e ros ion  was es tab l i shed  by SEM exam-  
inat ions  of the s l ag - Incone l  in te r face  reg ions .  Although 
it cannot be s ta ted unequivocally,  there  is s t rong  evi -  
dence to suggest  that anode oxidation is s igni f icant ly  
reenforced  by e l ec t rochemica l  act ivi ty.  Compar i son  
of e ros ion  r a t e s  of the anode wall (higher cur ren t )  
with the side wail  (lower cur ren t )  lends d i rec t  evi-  
dence of this .  It should be pointed out, f u r t he rmore ,  
that e ros ion  r a t e s  would logical ly be expected to de-  
c rease  with i n c r e a s i n g  loss of sur face  metal .  Exper i -  
menta l  evidence of a d e c r e a s i n g  ra te  is suggested by 
the osc i l lograph  t r ace  of anode wall  bulk cooling water  
t e m p e r a t u r e .  
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2) The dominant e ros ive  force  on the cathode wall 
was, most  probably,  an intense e lec t rochemica l  s t r e s s  
concentration at the leading edge of the cathode. This 
view is supported by gross  s i m i l a r i t i e s  in the nature 
of damage sustained by the two the rmal  designs.  The 
1370 K design exhibited the same general  type and 
local ized concentration of eors ion  as the 810 K design. 
The local ized current  concentration at the leading edge 
eroded the copper in both cases .  Local ly high t empera -  
tu res  des t royed  adjacent  insulator  ma te r i a l s  and proba-  
bly set  up secondary e lec t ro ly t ic  forces  which ac-  
ce le ra ted  destruct ion of the copper fin. 

3) Clear evidence of thermal  influences a re  a lso  r e -  
cognizable in the cathode wall, e.g., the 810 K design 
was less  eroded than the 1370 K design. However, the 
1370 K cathodes were not near ly  as eroded as the 
1370 K anodes, pointing again to the s t rong oxidation 
potential  at  the anode, as would be expected. An addi-  
t ional  source  of the rmal ly  assoc ia ted  damage is ex- 
hibited in the potass ium and calcium at tack on the 
1370 K cathodes. The 810 K cathodes show no damage 
of this kind. 

More recent  tes t s  of metal  e lect rode designs in a 
Mark VI channel indicate that cold copper e lec t rodes  
(770 K) a re  noticeably super io r  to higher t empera -  
ture ,  lower the rmal  conductivity ma te r i a l s .  A s e r i e s  
of four 25 h tes t s  showed negligible e ros ion  of copper 
cathodes.  Anodes, under the same conditions, eroded 
on the leading edge but to a much l e s s e r  extent than 
nickel  or cobalt base  a l loys .  Of these la t te r  ma te r i a l s ,  
TD nickel,  with super io r  the rmal  conductivity, was by 
far  the best ,  approaching the per formance  of copper.  
Slag accentuates eros ion (oxidation) on the anode but 
seems  to have l i t t le  effect on cathode erosion.  P r e -  
l iminary  tes ts  of a thin platinum (0.13 ram) cladding on 
copper anodes were  encouraging: the platinum clad 
was not significantly affected in 50 h, but the copper 
subs t ra te  was noticeably eroded (undercut) at the 
leading edge. A new design which extends the p la t i -  
num cladding around the leading edge corner  is sche-  
duled for future test .  This ini t ia l  U.S. tes t  on noble 
metal  e lec t rodes  confirms e a r l i e r  Br i t i sh  exper i -  
ence .13 

D.3. Slag Tes t s  

Coal slag becomes a c r i t i ca l  design element  in a 
coa l - f i r ed  MHD genera tor  intended to opera te  with 
s lag  coated walls .  The s lag must pe r fo rm two contra-  
d ic tory  design functions: a) in the d i rec t ion  perpendi-  
cular  to the p lasma  flow, it must t r anspor t  current  to 
(anode) and from (cathode) the plasma;  and b) in the 
d i rec t ion  p a r a l l e l  to the p l a sma  flow, it must  block 
in te re lec t rode  current  leakage. Thus, the s lag acts  as 
an e lec t rode  in the t r an sve r se  d i rec t ion  and as an in- 
sulator  in the axial  direct ion.  

The geometr ic  and the rmal  design conditions which 
most obviously affect this dual function are :  a) the 
ra t io  of the conductive path in the t r an sve r se  d i rec t ion  
(slag thickness) to the " i n su l a t i ve "  path in the axial  
d i rec t ion  ( in tere lec t rode gap width); and b) the inte- 
grated e l ec t r i c a l  and fluid dynamic p rope r t i e s  a c ro s s  
the s lag thickness.  The effective integrated s lag prop-  
e r t i e s  are ,  of course ,  dependent not only on the slag 
chemis t ry  but, just  as c r i t i ca l ly ,  on the steep tem- 
pera tu re  gradient  ac ross  the approximate ly  1 mm 
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thickness.  In most designs,  this gradient  is s teeper  
above the e lec t rodes  than above the in te re lec t rode  
insula tors .  

Design P rob lems .  As noted before,  a " s l a g g ing"  
MHD generator  ant ic ipates  s lag coated channel walls .  
So far ,  U.S. development has been predica ted  upon 
slag coating of the four walls .  No exper imenta l  efforts 
have been made to se lec t ive ly  coat some walls while 
keeping others  " c l e a n . "  Through proper  thermal  de- 
sign, for example,  side walls might be run in the 
" c l e a n "  condition while e lect rode walls a re  " s l a g g e d . "  
S imi lar ly ,  the e lect rode wails could be operated in 
e i ther  mode. 

Abil i ty to maintain a s lag coating on the channel 
walls depends, obviously, on wall t empera tu re  and 
wettabil i ty.  Es t imates  of the maximum wall t empera -  
ture l imit  neces sa ry  to ensure  s lag retention vary.  
We may assume,  however, that the maximum wall  
t empera tu re  at  which significant s lag deposi ts  can 
exis t  is somewhat less  than 1970 K. Very l i t t le  of the 
minera l  ash (from the coal combustion) or the seed 
will condense out above this t empera tu re .  At wall tem- 
pe ra tu re s  between approximate ly  1470 and 1970 K the 
s lag layer  will usually be ent i re ly  liquid. Retention of 
s lag at the upper end of this range may be difficult, 
however, because of excess ive  fluidity. A c r i t i ca l  v i s -  
cosi ty exis t s  below which the s lag  will flow as a t rue 
liquid, with negligible integrated shear  strength.  In 
this range,  the coating will be quite thin, assuming 
s lag is re ta ined at al l .  Surface wettabil i ty cha rac t e r -  
i s t ics  a re  c lear ly  of major  design influence in this 
range.  

At wall t empera tu res  below about 1470 K a sol idi-  
fied layer  of s lag can be expected at the s lag-wal l  in- 
terface .  Lowering the t empera tu re  fur ther  thickens 
the sol idif ied layer .  A wall t empera tu re  of 820 K 
would be expected to sustain a s lag coating thickness 
of approximately  1.5 mm. It should be pointed out that 
the rmal  losses  incur red  in reducing the wall t empera -  
ture of a " s l agg ing"  wall generator  a re  negligible 
since the s lag surface t empera tu re  is re la t ive ly  in- 
sensi t ive  to the wall t empera tu re .  

A number of c r i t i ca l  va r iab les  must be considered 
in evaluating s lag conditions in re la t ion  to design pe r -  
formance.  Coal cha rac t e r i s t i c s  and t rea tment ,  combus- 
tion conditions, and mass  flow al l  affect chemical  and 
physical  cha rac t e r i s t i c s  of the s lag deposi ts  on the 
channel walls .  Dynamic tes ts  a r e  pa r t i cu la r ly  im- 
portant ,  as suggested by the tes t  experience reviewed 
in the following section. 

Dynamic Slagging Rig Tes t s .  Inves t iga tors  at Stan- 
ford Univers i ty  a re  studying s lag deposit ion charac-  
t e r i s t i c s  and current  t r anspor t  through s lag l aye r s  24 
The tes t  apparatus  compr i ses  a fuel and oxidant flow 
sys tem,  combustor,  s lag deposit ion tes t  section, an 
e lec t rode  module, a diagnostic section, and suitable 
exhaust components. Independent control  of oxidant, 
fuel, coal or ash, and nitrogen allows simulat ion of a 
wide range of ash c a r r y - o v e r  into the tes t  section.  The 
slag deposit ion tes t  sect ion has a constant 3.8 cm x 7.6 
cm c ross  sect ion and is 45.7 cm long. One side wall 
and the top wall a r e  made of copper,  t r a n s ve r se ly  
grooved and cooled to a surface t empera tu re  of 405 K. 
The remaining side wall is  smooth magnesia  with a 
surface tempera ture  in the 1700 to 1900 K range.  The 
bottom wall is  made up of six grooved-type 304 SS 
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s labs  designed to operate  at ~1000 K. The t r an s ve r s e  
grooves in the s ta in less  and copper sur faces  a re  f i l led 
with cas table  ce ramic  to faci l i ta te  s lag  wetting. 

An e lec t rode  module is attached to the downstream 
end of the deposit ion section. The e lec t rodes ,  1.3 cm 
long by 3.8 cm wide, a r e  cooled by water or ni trogen 
to provide a wide range of tes t  t empera tu res .  Tes t s  
have been run with mild s tee l  and s ta in less  s tee l  (type 
304) e lec t rodes .  Plat inum voltage probes  on the mag- 
nesia  side walls (where s lag  l ayers  a re  thin) a re  used 
to measure  potential  drops ac ross  the gas path. 

The two se r i e s  of exper iments  were ca r r i e d  out 
under an applied e l ec t r i c  field. Both used Rosebud 
coal and both were conducted with gas t empera tu re s  of 
around 2700 K. Ash mass  fract ion and combustor plug 
flow res idence  t imes  differed:  in the f i r s t  tes t ,  ash 
flow and res idence  t ime were 0.84 pct and 18.5 ms, 
respec t ive ly ,  while in the second tes t  they were 0.46 
pct and 39.3 ms.  In the f i r s t  s e r i e s  of t es t s ,  the e lec -  
t rode t empera tu re  was maintained at 555 K ("cold  
e l ec t rode" )  and, in the second, between 1000 and 
1400 K ( "warm e lec t rode" ) .  The cathode side only 
was observed in the f i r s t  s e r i e s  with average cur ren t  
densi t ies  up to 0.6 A / c m  2. Both anode and cathode su r -  
faces  were observed in the second s e r i e s  at cur rent  
dens i t ies  up to 3.7 A / c m  2. 

These tes t s  provide an opportunity to examine, under 
a given set  of conditions, the influence of e lect rode 
po la r i ty  and e lec t rode  surface t empera tu re  on e lec-  
t r i c a l  conduction cha rac t e r i s t i c s .  This is poss ib le  
because slagging conditions were reasonably  constant, 
except,  of course ,  for  such chemical  and physical  dif- 
fe rences  as would be induced by e lec t rochemica l  influ- 
ences.  

Considering f i r s t  the " c o l d "  (550 K) cathode tes t s ,  
br ight  "hot  spo t s "  were  observed at the s lag surface 
for a l l  cur rent  densi t ies ,  e.g., 0.04 to 0.66 ~ / c m  2. The 
hot spots typical ly  formed on or near  the most com- 
plete ly  developed (flowing region) of the s lag layer .  
Based upon the measured  d iameter  of a typical  large 
quas i - s t eady  hot-spot  which formed on the leading 
edge of an e lect rode,  local ized cur ren t  concentrat ions 
were es t imated  to be approximate ly  16 A / c m  2. Here,  
the Stanford sc i en t i s t s '  verba t im comments a re  i l lumin-  
ating, to wit: 

"The joule d iss ipat ion  f rom this concentrated d i s -  
charge e levates  the s lag surface t empera tu re  local ly 
which inc reases  the s lag fluidity. A region of hot, 
fluid s lag emanating down s t r eam from the hot-spot  
can be observed.  During pos t - t e s t  examination of this 
e lect rode,  a large  eroded a r ea  was observed in the 
same 10cation as this l a rge  hot-spot .  A third form of 
hot spot . . . (occurs when) a "large" hot-spot  " b u r n s "  
a hole of about 2 mm diam through the s lag layer .  The 
bright  pe r iphery  of the hole impl ies  that the e l ec t r i c  
d i scharge  is through the s lag at the boundary of the 
hole. This hole closed up and re fo rmed  s eve r a l  t imes .  
At one point, the ups t ream s lag  flow was t empora r i ly  
sufficient to quench this hot-spot  and the above se-  
quence repeated i tself  with the ini t ia l  formation of 
s eve ra l  random sma l l e r  hot-spots  developing into one 
l a r g e r  quasis teady spot. ''24 

The warm elec t rode  tes ts  (1000 to 1400 K) d isc losed  
three dis t inct  current  d ischarge  modes which could be 
cor re la ted  with current  densi ty and e lec t rode  t empera -  
ture conditions. These may be descr ibed  as :  a) a s ta-  
ble diffuse mode; b) a quas i - s tab le  hot-spot  mode; and 
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c) an unstable s lag layer  mode. In the s table diffuse 
mode, the passage  of cur ren t  through the s lag has no 
v is ib le  effect on the s lag  surface .  The quas is table  
mode is cha rac te r i zed  by the emergence  of b r igh te r  
a r ea s  (hot spots),  pa r t i cu la r ly  at leading edges.  The 
hot spots  appear  to in terac t  with the flowing s lag and 
a re  mobile, somet imes  moving downstream. The s lag 
layer  flow is sufficient,  however, to prevent  d e s t r u c -  
tion of the s lag coating. The unstable s lag layer  mode 
is marked by the formation of intense hot spots which 
des t roy  the s lag  layer  locally and propagate down the 
s lag-void  boundary producing fur ther  d is in tegra t ion 
of the s lag coating. 

Trans i t ion  from the stable mode to the quasis table  
condition and then to the unstable was influenced 
s t r ik ingly  by current  densi ty and e lec t rode  t empera -  
ture .  Fo r  the anode, the l imited data avai lable (ten 
points) suggest  that the s table mode is promoted by 
ei ther  decreas ing  current  dens i t ies  or increas ing  tem-  
pe ra tu re s  (at leas t  within l imi ts  r ep resen ted  by the 
tes t  conditions, namely CDs between 0.2 and 2.5 A / c m  2 
and e lec t rode  t empera tu res  between 1000 and 1400 K). 
Unstable d ischarge  was observed in three of the four 
anode tes ts  in which t empera tu re  conditions fel l  below 
1240 K when current  dens i t ies  exceeded 1.0 A /cm a. 

Cathode behavior  showed considerably  g rea te r  sens i -  
t ivi ty to current  densi t ies ,  r e ga r d l e s s  of t empera -  
ture,  than the anode. Five of six tes ts  made with cur-  
rent  densi t ies  above about 1.8 A / c m  ~ displayed quasi-  
stable d ischarge  behavior  even at t empera tu re s  up to 
1400 K. The sixth exhibited unstable cha rac t e r i s t i c s  
at a cathode t empera tu re  of about 1000 K. Two tes ts  
below 1.8 A / c m  2 showed stable d ischarge  but these 
were run at 1400 K. By comparison,  a " c o l d "  (550 K) 
cathode tes t  d isplayed a constr ic ted,  hot-spot  d ischarge  
at a current  densi ty below 1.8 A / c m  2. 

Detailed analyses  of these data by Stanford sc ient i s t s  
suggests  that s tabi l i ty  in the anode region may be cor-  
r e la ted  on theore t ica l  grounds with wall t empera tu re  
and with published s lag  p roper t i e s .  25 Fur ther ,  cathode 
s tabi l i ty  is assoc ia ted  both with wall t empera tu re  and 
thermionic  emiss ion  l imi ta t ions .  An effective work 
function of 2.9 eV was postulated for the s lag  surface.  

A second slag p rogram which deserves  mention is 
being conducted by St ickier  and his a s soc ia tes  at the 
AVCO Evere t t  Research  Labora tory ,  Inc 26 There,  
investigations have been d i rec ted  more  toward the 
quantitative del ineat ion of s lag t ranspor t ,  s lag layer  
development, and fluid dynamic behavior in the ab- 
sence of e lec t r i c  field effects.  Var iables  studied in- 
clude velocity,  wall t empera ture ,  wall mater ia l ,  s lag 
mass  flow, and seed flow. 

The Univers i ty  of Tennessee Space Insti tute (UTSI), 
where coa l - f i red ,  slagging MHD genera tor  development 
was pioneered,  is  continuing studies of slagging phe- 
nomena. 27 Tes t  work at  MIT 28 and Westinghouse Elec-  
t r i c  Corporat ion 29 is contributing d i rec t ly  to the evalu- 
ation of e lec t rode  module designs under s imulated 
genera tor  the rmal  and e lec t rochemica l  design s t r e s s e s .  

The foregoing review of " s l agg ing"  tes t s  i l luminates  
some of the complex s lag-des ign  in teract ions  which 
a re  unique to MttD. Mate r ia l s  engineering respons i -  
bi l i ty  is p r i m a r i l y  concerned here  with quantifying 
the combined effects of s lag thermal ,  chemical ,  physi-  
cal, and e l ec t r i ca l  p rope r t i e s  on design per formance .  
The importance of s imulat ing the design environment 
in test ing is obvious. 
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E. SUMMARY 

This review has emphasized espec ia l ly  the unique 
combination of f luid-dynamic,  e lec t rodynamic ,  e lec -  
t rochemical ,  and the rmal  conditions which MHD gen- 
e ra to r  ma te r i a l s  endure. The following observat ions ,  
based upon the genera tor  tes t  r esu l t s  repor ted  here,  
appear  to be of pa r t i cu la r  significance to design ma-  
t e r i a l  select ion.  

a) Slag coated metal  (Inconel) anodes a re  suscept ible  
to local ized oxidation at the leading edge. Damage 
was much more severe  at 1370 K (design surface tem-  
pera ture)  than at 540~ indicating a s t rong thermal  
influence. Current  concentration and poss ib ly  mic ro-  
a rc ing  at the leading edge is indicated. P r e l i m i n a r y  
tes t s  of " c o l d "  copper anodes under s i m i l a r  MHD 
conditions, i .e. ,  0.8 A / c m  2 and 1500 V/m,  show signi-  
f icantly less  e ros ion  in 50 h than Inconel under the 
same conditions. This confirms Univers i ty  of Tennes-  
see  experience with " c o l d "  copper e lec t rodes .  In 
other recen t  tes ts ,  thin platinum claddings were not 
s ignif icant ly affected in 50 h, although the copper sub- 
s t r a te  showed some eros ion at the abutting edge on 
the u p - s t r e a m  face.  

b) Slag coated Inconel cathodes at 1370 or 810 K 
were damaged by current  concentrations at the lead- 
ing edge, resu l t ing  in local ized destruct ion of the in- 
t e re lec t rode  insulation. General  eros ion of the 810 K, 
cathode was considerably less  than the 1370 K design, 
indicating a significant the rmal  influence. Also, potas-  
sium attack was observed on the 1370 K design but 
not on the 810 K design. " C o l d "  Cu and 60W-40Cu 
cathodes showed no vis ible  damage in 50 h under s imi -  
lar  tes t  conditions. 

c) In tere lec t rode  insulation damage on metal  e lec-  
t rode walls is mit igated by high the rmal  diffusivity 
e l ec t rode- insu la to r  design. Copper e lec t rodes  at 
770 K combined with boron ni t r ide insula tors  were 
super ior  in this r egard .  

d) In higher t empera tu re  ce ramic  e lect rode sys tems  
(walls > 1970 K), in te re lec t rode  insula tors  display 
considerable  potassium penetrat ion,  pa r t i cu l a r ly  on 
the cathode s ide.  Poros i ty ,  e i ther  in the insulator  i t -  
self  or  in adjacent  castable  ce ramic  joints,  is bel ieved 
to promote this potass ium attack.  Subsurface regions ,  
where K vapor condenses, shows grea tes t  K concen- 
t ra t ions .  

e) High t empera tu re  ce ramic  e lec t rodes  may 
display phase ins tabi l i t ies .  This applies pa r t i cu la r ly  
to ZrO2-CeO2 mater ia l s ,  in which CeO2 volat i l izat ion 
is exper ienced.  

It should be noted that the metal  e lect rode tes ts  
desc r ibed  in this review more closely ref lec t  t rue 
power generation duty requi rements  than do the 
ce ramic  wall tes t s .  Hall voltage dif ferences  a re  pa r -  
t icu lar ly  worth noting: the metal  e lec t rode  tes ts  were 
made with Hall voltages exceeding 1500 V/m while the 
USSR "hot wal l "  tes ts  were in the 500 to 600 V/m 
range.  Heat fluxes were also more r ea l i s t i c ,  ~.g. up 
to 300 W/cm 2 as compared to a maximum of 30 W/cm 2 
in the U-02 tes ts .  

These tes t s  exemplify the broad range of design 
conditions which a re  p resen t ly  being considered in 
open-cycle  MHD generator  development.  In a s imp l i s -  
t ic view, the high tempera ture ,  ce ramic  ma te r i a l  ap- 
proach minimizes  e lec t rodynamic  (arcing) s t r e s s e s  

but intensif ies  chemical  and e lec t rochemica l  act ivi ty.  
Chemical  react ion of the seed with insula tors ,  high 
t empera tu re  s t ruc tu ra l  ins tabi l i t ies ,  and solid state 
diffusion a r e  a l l  potential  th rea t s  to durabi l i ty .  Another 
potential  source of trouble is the interface between the 
meta l  lead-out  and the ce ramic  e lec t rode .  Thermal  
design requ i res  a del icate  balance between conductivity 
of the ce ramic  and the rmal  r e s i s t ance  of the metal .  
Recent tes t s  in the U-02 have, however, provided some 
encouragement in solving these  problems.  Highly 
densif ied MgO exhibited much improved re s i s t ance  to 
potass ium attack. Fu r t he r m or e ,  s eve ra l  spinel  type 
e lec t rodes  have exhibited good the rmal  s tabi l i ty  com- 
bined with e lect ronic  conductance to t empera tu res  as 
low as 770 K. These include 0.75 MgAleO4-0.25 Fe304 
(Ref. 30) and 0.75 FeA1204-25 Fe304. 28 Lanthanum 
chromite  La(Mg)CrO3 also posses sed  des i rab le  prop-  
e r t i e s  and has pe r fo rmed  well in p re l imina ry  tests  .31 

Contrasted with the high t empera tu re  ce ramic  de- 
sign, the lower t empera ture  metal l ic  e lec t rode  sys -  
tem, while minimizing gross  thermal ly-dependent  
chemical  and e lec t rochemica l  attack, must deal  with 
more intense e lect rodynamic s t r e s s e s .  Exper imenta l  
evidence s t rongly suggests  that damage f rom this 
source  can be minimized by ra i s ing  the the rmal  dif- 
fusivity of the sys tem.  Colder Inconel anodes (810 K) 
showed much less  oxidation than warm (1370 K) 
anodes. S imi la r  improvement  was observed in Inconel 
cathode eros ion (presumably by K attack) and insula-  
tor  damage.  Additional evidence is avai lable  in the im- 
proved per formance  obtained with cold copper e lec-  
t rodes .  Evidently, the local ized the rmal  spike p ro-  
duced by an a r c  (or cur ren t  concentration) is effec- 
t ively quenched in a high the rmal  diffusivity sys tem.  
This points to the importance of high the rmal  conduc- 
t ivity insula tors .  The a rcs ,  or current  concentrat ions,  
typical ly appear  at e lec t rode  edges, adjacent  to the in- 
sula tor .  Rapid diffusion of these the rmal  effects de- 
pends s t rongly on both insulator  and e lec t rode  tem- 
pe ra tu res  and conductivit ies.  Boron nitr ide showed 
considerable  p romise  for this purpose.  Even higher 
conductivity, e.g. BeO, could be expected to further 
d iss ipa te  a rc  heating at e lec t rode  edges. Another 
major  advantage of such a high the rmal  conductance 
insulator  is  that the t empera tu re  of the s lag at the in- 
sula tor  surface would be lowered. This would increase  
e l ec t r i ca l  r e s i s t iv i ty  ac ross  the in te re lec t rode  gap. 

In a great ly  s impl i f ied  manner,  then, engineering de- 
sign select ion between " h o t "  ce ramic  and " c o l d "  me- 
ta l l ic  e lec t rodes  may t rans la te  to a choice between: 
a) high t empera tu re  e lec t rochemica l  problems involv- 
ing a re la t ive ly  narrow group of e lec t ronica l ly  con- 
ducting ce ramic  e lec t rodes  and dense, chemical ly in- 
er t ,  s t ruc tura l ly  s table ce ramic  insulators;  and b) 
mitigation of the des t ruct ive  effect of a rc  d ischarge  
through rapid heat d iss ipat ion  by a highly the rmal ly -  
conductive and s t ruc tu ra l ly  iner t  e l ec t rode- insu la to r  
combination. 
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