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ABSTRACT

The  s t a t us  of  t he  I n t eg r a t ed  Topp i ng  Cyc l e  ( ITC)  
MHD  gene r a t o r  t es t i ng  i s  p r esen t ed .  Th i s  gene r a t o r  i s  
pa r t  of  a 50  MW-)- p r o t o t yp i c  powe r t r a i n  t ha t  i s  
cu r r en t l y  unde r go i ng  p r oo f - o f - concep t  (POC)  t es t i ng  a t  
t he  U.S .  Depa r t men t  of  Ene rgy ' s  Componen t  Deve l opmen t  
and  I n t eg r a t i on  Fac i l i t y  i n  Bu t t e ,  Mon t ana .  Tes t  
ob j ec t i v es  a r e  t o  es t ab l i sh  componen t  l i f e t i mes  a t  
p r o t o t yp i c  ope r a t i ng  cond i t i ons  and  t o  ve r i f y  t he  
des i gn  pe r f o r mance  pa r ame t e r s .

The  ITC  gene r a t o r  has  comp l e t ed  Des i gn  
Ve r i f i ca t i on  Tes t i ng  and  i s  now  we l l  i n t o  t he  POC 
du r a t i on  t es t .  To  da t e  (May  1,  1993) ,  ove r  360  hour s  
of  t he  p l anned  1000  hour s  of  t es t i ng  has  been  
comp l e t ed .  Gene r a t o r  t es t i ng  i s  be i ng  pe r f o r med  a t  
cond i t i ons  r ep r esen t a t i ve  of  comme r c i a l  powe r  p l an t  
ope r a t i ng  cond i t i ons .  Pro t o t yp i c  gene r a t o r  channe l  
ha r dwa r e  i s  pe r f o r m i ng  ve r y  we l l .  Based  on  t es t  
r esu l t s  ob t a i ned  t hus  f a r ,  t he  p r ognos i s  i s  exce l l en t  
f o r  mee t i ng  a l l  of  t he  POC t es t  ob j ec t i ves .

I .  I NTRODUCT I ON

The  s t a t us  of  t he  I n t egr a t ed  Topp i ng  Cyc l e  MHD 
gene r a t o r  t es t i ng  i s  p r esen t ed  in t h i s  pape r .  Th i s  
gene r a t o r  i s  a  pa r t  o f  a  50  MW t  p r o t o t yp i c  
powe r t r a i n  t ha t  i s  cu r r en t l y  unde rgo i ng  
p r oo f - o f - concep t  t es t i ng  a t  t he  U.S.  Depa r t men t  of  
Ene r gy ' s  Componen t  Deve l opmen t  and  I n t egr a t i on  
Fa c i l i t y  (CDI F )  i n  Bu t t e ,  Mon t ana .  The  POC t es t  i s  
p l anned  f o r  1000  hour s  dur a t i on ,  w i t h  t he  t es t  
ob j ec t i v es  be i ng  t o  es t ab l i sh  componen t  l i f e t i mes  a t  
p r o t o t yp i c  ope r a t i ng  cond i t i ons  and  t o  ve r i f y  t he  
des i gn  pe r f o r mance  pa r ame t e r s .  The  I TC gene r a t o r  has  
comp l e t ed  Des i gn  Ve r i f i ca t i on  Tes t i ng  (DVT)  and  i s  now  
we l l  i n t o  t he  POC du r a t i on  t es t .  A  summa r y  of  t he  MHD 
gene r a t o r  pe r f o r mance  cha r ac t e r i s t i cs  and  ha r dwa r e  
eva l ua t i ons  a r e  p r ov i ded  he r e i n .

The  pu r pose  of  t he  DVT  was  t o  es t ab l i sh  nom i na l  
ope r a t i ng  cond i t i ons  f o r  t he  POC du r a t i on  t es t ,  t o  
con f i r m  t ha t  t he  powe r t r a i n  componen t s  mee t  t he  
pe r f o r mance  ob j ec t i ves  o f  t he  S t a t emen t - o f - Wo r k  (SOW) ,  
and  t o  i den t i f y  any  gene r a t o r  ha r dwa r e  " i n f an t  
mo r t a l i t y " p rob l ems .

Des i gn  Ve r i f i ca t i on  Tes t i ng  was  o r i g i na l l y  
schedu l ed  t o  be  accomp l i shed  in  50  hour s . '  Howeve r ,  
because  of  i nconc l us i ve  r esu l t s ,  t he  t es t  se r i es  was  
ex t ended .  The  f i r s t  pa r t  of  t he  DVT  se r i es  ( t he  
i n i t i a l  50  hou r s )  t ook  p l ace  i n  Sep t embe r  1992 ,  and  
t he  second  be t ween  Janua r y  and  Ma r ch  1993 .  Long  
du r a t i on  POC t es t i ng  commenced  in  Apr i l  1993 .  *

*Th i s  wo r k  was  sponso r ed  by  t he  U.S.  Depa r t men t  o f  
Ene r gy  unde r  Con t r ac t  No.  DE -AC22 - 87PC90274  and  
f unded  t h r ough  TRW ,  Inc .  unde r  Subcon t r ac t  
No .  CX I 36D58S .

Mos t  of  t he  ea r l y  DVT  was  ded i ca t ed  to  
t r oub l eshoo t i ng  an  ex t ens i ve l y  mod i f i ed  t es t  f ac i l i t y  
(a  " shakedown "  pe r i od) ,  es t ab l i sh i ng  combus t o r  
ope r a t i ng  pa r ame t e r s ,  and  s t udy i ng  t he  e f f ec t s  of  
combus t o r  ha rdwa r e  con f i gu r a t i on  changes .  I t  a l so  
p rov i ded ,  f o r  t he  f i r s t  t i me ,  a  means  t o  t es t  a l l  t he  
new l y  i ns t a l l ed  i n t eg r a t ed  powe r  t r a i n  componen t s .

The  l a t e r  DVT  se r i es  was  a i med  p r i ma r i l y  a t  
de t e r m i n i ng  t he  e f f ec t s  o f  va r i ous  changes ,  i n  bo t h  
ha r dwa r e  and  ope r a t i ng  pa r ame t e r s  i den t i f i ed  du r i ng  
ea r l y  DVT ,  on  ove r a l l  channe l  pe r f o r mance  and  ha r dwa r e  
r e l i ab i l i t y .  On  t he  bas i s  of  t hese  t es t s ,  a  se t  of  
nom i na l  combus t o r  ope r a t i ng  cond i t i ons  was  chosen .
A l so ,  a mod i f i ed  segmen t ed  d i f f us e r  l oad i ng  scheme  was  
i mp l emen t ed .

As  of  May  1,  1993 ,  a  t o t a l  o f  360  hour s  of  
coa l - f i r ed  ope r a t i on  have  been  accumu l a t ed  w i t h  t he  
1A4 gene r a t o r  channe l ,  i nc l ud i ng  app r ox i ma t e l y  
200  hour s  a t  t he  des i gn  powe r  ope r a t i ng  cond i t i ons .  
Channe l  r e l i ab i l i t y  has  been  exce l l en t ,  desp i t e  o f t en  
abno r ma l l y  ha r sh  ope r a t i ng  cond i t i ons  f rom  t he  
a f o r emen t i oned  " shakedown "  pe r i ods  du r i ng  t he  ea r l y  
DVT  se r i es .  The  SOW  gene r a t o r  pe r f o r mance  l eve l  and  
t he  p ro t o t yp i c  channe l  wa l l  s t r ess  cond i t i ons  have  
been  ach i eved  a t  t he  nom i na l  powe r  t r a i n  ope r a t i ng  
cond i t i ons .

Th i s  pape r  p r i ma r i l y  add r esses  pe r f o r mance  and  
ha rdwa r e  eva l ua t i ons  of  t he  channe l ,  noz z l e  and  
d i f f use r .  Resu l t s  of  t he  coa l - f i r ed  combus t o r  and  
cu r r en t  con t ro l  dev i ces  a r e  d i scussed  in  Re f e r ences  2 
and  3,  r espec t i ve l y .  The  pe r f o r mance  cha r ac t e r i s t i cs  
of  t he  I A4 gene r a t o r  du r i ng  t he  DVT  se r i es  a r e  
d i scussed  in  Sec t i on  I I ,  f o l l owed  by  a  r epo r t  on  t he  
cond i t i ons  of  t he  channe l  ha r dwa r e  in Sec t i on  I I I .
The  ope r a t i ng  cha r ac t e r i s t i cs  o f  t he  gene r a t o r  du r i ng  
du r a t i on  t es t i ng  a r e  d i scussed  i n  Sec t i on  IV.

I I .  PERFORMANCE  CHARACTER I ST I CS

A summa r y  of  t he  gene r a t o r  pe r f o rmance  
t h r oughou t  t he  DVT  se r i es  i s  p r esen t ed  in  t h i s  
sec t i on .  I nc l uded  a re :  1)  a  compa r i son  of  e l ec t r i ca l  
conduc t i v i t y  measu r ed  ea r l y  and  l a t e  i n  t he  DVT  
se r i es ,  2 ) a  compa r i son  be t ween  p r e t es t  p r ed i c t ed  
pe r f o r mance  and  measu r ed  da t a ,  and  3)  a  compa r i son  of  
f l uc t ua t i ons  in t he  measu r ed  gene r a t o r  e l ec t r i ca l  
va r i ab l es  f o r  d i f f e r en t  powe r t r a i n  ope r a t i ng  
cond i t i ons .

E l ec t r i ca l  Conduc t i v i t y  Measu r emen t s

Many  conduc t i v i t y  me asu r emen t s  made  ea r l y  i n  t he  
DVT  se r i es  we r e  l owe r  t han  expec t ed .  The  
i nves t i ga t i on  desc r i bed  be l ow  i nd i ca t ed  t ha t  combus t o r  
and  f ac i l i t y  mod i f i ca t i ons  du r i ng  t he  DVT  have  
r esu l t ed  in cons i de r ab l e  i mp r ovemen t  in measu r ed  
conduc t i v i t y .  The  deg r ee  of  i mp r ovemen t  i s  quan t i f i ed  

11.2.1  t h rough  compa r i son  w i t h  ca l cu l a t ed  mode l  r esu l t s .
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P l asma  conduc t i v i t y  i s  measu r ed  us i ng  a  dc  powe r  
supp l y  connec t ed  be t ween  t he  noz z l e  and  t he  d i f f use r .  
The  p l asma  conduc t i v i t y  a t  a  g i ven  ax i a l  l oca t i on  i s  
p ropo r t i ona l  t o  t he  measu r ed  powe r  supp l y  cu r r en t  and  
i nve r se l y  p r opo r t i ona l  t o  t he  measu r ed  i n t e r e l ec t r ode  
vo l t age .  F i gu r e  1 shows  a  t yp i ca l  ax i a l  p r o f i l e  of  
p l asma  conduc t i v i t y ,  de t e r m i ned  i n  t h i s  manne r .

A l so  shown  in  F i gur e  1 a r e  ca l cu l a t ed  e l ec t r i ca l  
conduc t i v i t y  p r o f i l es  us i ng  d i f f e r en t  va l ues  of  t he  
conduc t i v i t y  mu l t i p l i ca t i on  f ac t o r  ( s i g f ac ) .  The  
va l ue  of  s i g f ac  r equ i r ed  t o  sca l e  t he  ca l cu l a t ed  
p r o f i l e  t o  ma t ch  t he  t es t  da t a  can  be  used  as  a 
measu r e  of  t he  combus t i on  e f f i c i ency ,  seed  
u t i l i z a t i on ,  and  o t he r  f ac t or s  a f f ec t i ng  p l asma  
conduc t i v i t y .  Second  s t age  ox i d i z e r  m i x i ng  a l so  
a f f ec t s  t he  s l ope  of  measu r ed  conduc t i v i t y  pro f i l es .  
When  m i x i ng  was  poor ,  as  was  o f t en  t he  case  dur i ng  
ea r l y  DVT ,  measu r ed  conduc t i v i t y  p ro f i l es  t ended  t o  be  
f l a t t e r  t han  ca l cu l a t i ons  wou l d  p r ed i c t .

F i gu r e  2 shows  t he  measu r ed  powe r  supp l y  
cu r r en t s  du r i ng  ea r l y  DVT  t es t s  i nves t i ga t i ng  
d i f f e r en t  f i r s t - s t age  combus t o r  s t o i ch i ome t r i es  and  
ove r a l l  ox i dan t  N - t o -0  r a t i os .  The  bu l k  
conduc t i v i t i es  of  t he  p l asma  a r e  d i r ec t l y  p r opor t i ona l  
t o  t he  me asu r ed  powe r  supp l y  cur r en t s  s i nce  t he  same  
powe r  supp l y  vo l t age  was  used  in  a l l  measu r emen t s .  
Compu t e r  ca l cu l a t i ons  of  conduc t i v i t y  we r e  a l so  
ca r r i ed  ou t  f o r  t hese  ope r a t i ng  cond i t i ons .  The  bes t  
ag r eemen t s  w i t h  da t a  we r e  ob t a i ned  f o r  ca l cu l a t i ons  
w i t h  a  s i g f ac  o f  app r ox i ma t e l y  0 . 7 .  In  con t r as t ,  a 
s i g f ac  of  app r ox i ma t e l y  0 . 9  has  t yp i ca l l y  been  
r equ i r ed  t o  ma t ch  t he  conduc t i v i t y  da t a  f r om  t he  TAq 

wo r kho r se  gene r a t o r  t es t s .

F i gu r e  3 compa r es  measu r ed  powe r  supp l y  cu r r en t s  
f r om  bo t h  ea r l y  and  l a t e  DVT  t es t  se r i es .  The  
i mp r oved  conduc t i v i t y  in t he  l a t e r  DVT  da t a  i s  
p r i ma r i l y  t he  r esu l t  of  changes  in  t he  g l oba l  
combus t i on  equ i va l ence  r a t i o  and  in  t he  ha r dwa r e  
con f i gu r a t i on  of  t he  coa l - f i r ed  p r ecombus t o r .  The  
bes t  ag r eemen t  w i t h  l a t e r  DVT  da t a  was  f o r  ca l cu l a t ed  
conduc t i v i t i es  us i ng  a  s i g f ac  of  0 .88 .

Compa r i son  of  Pr e t es t  Pr ed i c t i on  w i t h  Measur ed  
Gene r a t o r  Pe r f o r mance

A p r e l i m i na r y  compa r i son  i s  made  be t ween  a 
p r e t es t  gene r a t o r  pe r f o r mance  p r ed i c t i on  and  ac t ua l  
DVT  measu r emen t s .  A gene r a t o r  ope r a t i ng  cond i t i on  
du r i ng  t es t  92 - DVT - 10  was  se l ec t ed  f o r  t he  pe r f o r mance  
compa r i son .  Th i s  t es t  cond i t i on  was  se l ec t ed  because  
i t  had  nea r l y  i den t i ca l  gene r a t o r  pe r f o r mance  as  t he  
Pr oo f - o f -Concep t  " S t r ess "  Re f e r ence  Ope r a t i ng  
Cond i t i ons  (ROC)  spec i f i ed  in  t he  t es t  p l a n J  
Tab l e  1 compa r es  t he  p r ed i c t ed  and  measu r ed  gene r a t o r  
pe r f o rmance .  The  ca l cu l a t ed  r esu l t s  ma t ched  we l l  w i t h  
t he  measu r ed  da t a .  The  ax i a l  d i s t r i bu t i ons  of  va r i ous  
measu r ed  e l ec t r i ca l  va r i ab l es  a l so  ag r eed  we l l  w i t h  
t he  ca l cu l a t ed  p ro f i l es ,  as  shown  in  F i gur e  4.

A l t hough  t he  ca l cu l a t ed  and  measu r ed  gene r a t o r  
pe r f o r mances  a r e  s i m i l a r ,  t he  p r ocess  f l ow  pa r ame t e r s  
and  t he  amoun t  of  combus t o r  hea t  l oss  assumed  in  t he  
p r e t es t  ca l cu l a t i ons  we r e  d i f f e r en t  f r om  t hose  
ob t a i ned  du r i ng  t he  DVT ,  as  seen  i n  Tab l e  1.  One  
poss i b l e  exp l ana t i on  f o r  t he  c l ose  ag r eemen t  be t ween  
t he  ca l cu l a t ed  and  measu r ed  r esu l t s  i s  t ha t ,  even  
t hough  t he  ups t r eam  combus t o r  hea t  l osses  and  seed  
f r ac t i on  we r e  d i f f e r en t ,  t he  p l asma  e l ec t r i ca l  
conduc t i v i t y  du r i ng  t he  t es t  was  s i m i l a r  t o  t ha t  of  
t he  ca l cu l a t i on .  To  see  i f  t h i s  was  i ndeed  t he  case ,  
p r e t es t  conduc t i v i t y  ca l cu l a t i ons  we r e  compa r ed  to.

es t i ma t es  o f  conduc t i v i t y  f r om  t es t  92 -DVT - 10 .  The  
p l asma  e l ec t r i ca l  conduc t i v i t y  a t  t he  noz z l e  t h r oa t  in 
t he  p r e - t e s t  ca l cu l a t i on  was  7 . 5  mhos / m .  Conduc t i v i t y  
was  no t  me asu r ed  du r i ng  t he  92 -DVT - 10  t es t ,  bu t  t he  
e l ec t r i ca l  conduc t i v i t y  a t  t he  noz z l e  t h r oa t  can  be  
es t i ma t ed  f rom  compu t e r  ana l yses  to  be  app r ox i ma t e l y  
6 . 5  mho / m .  Th i s  conduc t i v i t y  va l ue  i s  de t e r m i ned  by  
ex t end i ng  t he  ca l cu l a t ed  conduc t i v i t y  p r o f i l e  (wh i ch  
bes t  ma t ched  da t a  a t  m i d - channe l )  f o r wa r d  to  t he  
noz z l e  t h roa t ,  as  shown  ea r l i e r  i n  F i gu r e  1.

The  I A4 gene r a t o r  p r oduced  1 . 0  MW  of  
e l ec t r i ca l  powe r  w i t h  a  p l asma  conduc t i v i t y  of  l ess  
t han  6 . 5  mhos / m  ( a t  t he  noz z l e  t h roa t )  du r i ng  t he  
powe r  t es t  92 -DVT-10 .  On  t he  o t he r  hand ,  t he  p r e t es t  
ana l ys i s  p r ed i c t ed  a  conduc t i v i t y  va l ue  of  7 . 5  mho / m  
wou l d  be  necessa r y  t o  p r oduce  t he  same  powe r .  Th i s  
sugges t s  t ha t  t he  amoun t  of  cu r r en t  l eakage  assumed  in  
t he  p r e t es t  ana l ys i s  was  t oo  h i gh .  The  app r oach  
adop t ed  f o r  mode l i ng  t he  wa l l  l eakage  was  s i m i l a r  to  
t ha t  used  ea r l i e r  i n  Re f e r ence  4,  wh i ch  i n  e f f ec t  a l so  
accoun t s  f o r  o t he r  powe r  l oss  mechan i sms  no t  
spec i f i ca l l y  i nc l uded  in  t he  mode l  ( such  as  f l ow  
nonun i f o r m i t i es  and  poo r  m i x i ng ) .  The  assumed  ax i a l  
l eakage  cu r r en t  was  mo r e  t han  120A  a t  a  m i d - channe l  
l oca t i on .  The  h i gh  wa l l  cu r r en t  l eakage  es t i ma t e  
compensa t ed  f o r  t he  h i ghe r  i n l e t  conduc t i v i t y  and  
r esu l t ed  i n  a  l owe r  ca l cu l a t ed  powe r  ou t pu t .
The r e f o r e  w i t h  l ess  ax i a l  cu r r en t  l eakage  and  a  noz z l e  
t h r oa t  conduc t i v i t y  of  7 . 5  mhos / m ,  t he  I A4  gene r a t o r  
shou l d  be  ab l e  t o  p r oduce  subs t an t i a l l y  mor e  powe r  
t han  t he  p r e t es t  p r ed i c t i on  of  1 . 0  MW .

Vo l t age  and  Cu r r en t  F l uc t ua t i ons

Subs t an t i a l  f l uc t ua t i ons  we r e  obse r ved  in  t he  
measu r ed  gene r a t o r  powe r  ou t pu t ,  t he  d i agona l  l oad  
cu r r en t  (w i t h  t i me )  and  t he  i n t e r anode  vo l t age  
d i s t r i bu t i on  (w i t h  t i me  and  space )  du r i ng  t he  DVT  
se r i es .  The  magn i t udes  of  t hese  f l uc t ua t i ons  we r e  
cons i de r ab l y  h i ghe r  t han  t hose  obse r ved  du r i ng  ea r l i e r  
1A]  wo r kho r s e  gene r a t o r  t es t s .  Such  uns t eady  
gene r a t o r  ope r a t i on  i s  a sou r ce  o f  conce r n ,  s i nce  t he  
I A4  gene r a t o r  channe l  i s  be i ng  sub j ec t ed  t o  
po t en t i a l l y  damag i ng  e l ec t r i ca l  s t r esses  unde r  t hese  
c i r cums t ances .  These  e l ec t r i ca l  s t r esses  a r e  mo r e  
seve r e  t han  wha t  i s  cons i de r ed  to  be  p ro t o t yp i c .

The  causes  of  t he  uns t ead i ness  a r e  unde r  
i nves t i ga t i on ,  bu t  p r i me  cand i da t es  i nc l ude  uns t eady  
p rocess  f l ows  and  r educed  combus t i on  e f f i c i enc y. 2 ’ 5 
The  gene r a t o r ' s  e l ec t r i ca l  ou t pu t  da t a ,  measu r ed  a t  
va r i ous  i n t e r va l s  du r i ng  t he  DVT  se r i es ,  we r e  exam i ned  
in  o r de r  t o  compa r e  t he  f l uc t ua t i ons  f o r  d i f f e r en t  
combus t o r  ope r a t i ng  con f i gu r a t i ons  and  a f t e r  f a c i l i t y  
mod i f i ca t i ons .  Some  gene r a l  t r ends  conce r n i ng  f ac t o r s  
a f f ec t i ng  t he  f l uc t ua t i ons  we r e  obse r ved .  The  amoun t  
o f  e l ec t r i ca l  f l uc t ua t i on  appea r ed  t o  be  pa r t i cu l a r l y  
sens i t i v e  t o  t he  s t ead i ness  of  t he  coa l  f eed  and  a i r  
ox i dan t  sys t ems .  Gene r a t o r  f l uc t ua t i ons  a l so  t ended  
t o  change  w i t h  d i f f e r en t  combus t o r  con f i gu r a t i ons  and  
ope r a t i ng  cond i t i ons .  In  gene r a l ,  t he  gene r a t o r  
t ended  t o  ope r a t e  mor e  smoo t h l y  w i t h  i nc r eas i ng  
combus t o r  equ i va l ence  r a t i o ,  w i t h  h i ghe r  powe r  ou t pu t ,  
w i t h  h i ghe r  s t o i ch i ome t r y  i n  t he  p r ecombus t o r  can ,  and  
w i t h  i mp r oved  second - s t age  m i x i ng. 2

Some  examp l es  of  i n t e r anode  vo l t age  and  l oad  
cu r r en t  f l uc t ua t i ons  f o r  d i f f e r en t  combus t o r  ope r a t i ng  
cond i t i ons  a r e  compa r ed  in  F i gu r es  5 t h r ough  7.  The  
measu r ed  i n t e r anode  vo l t age  ( IAV)  p r o f i l es  f o r  
d i f f e r en t  2nd s t age  con f i gu r a t i ons  a r e  compa r ed  in 
F i gu r e  5.  F i gu r es  5(a )  and  5(b)  show  t yp i ca l  IAV ' s  
f r om  t es t s  93 -DVT - 8  and  93 -DVT- 36 ,  r espec t i ve l y .  A l l
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t he  combus t o r  ope r a t i ng  cond i t i ons  f o r  t he  t wo  t es t s  
we r e  compa r ab l e ,  excep t  t he  l a t t e r  t es t  had  a  h i ghe r  
equ i va l enc e  r a t i o  i n  t he  coa l - f i r ed  p r ecombus t o r  can  
wh i ch  i mp r oved  ove r a l l  combus t i on  e f f i c i ency  and  wh i ch  
r esu l t ed  i n  be t t e r  f l ow  m i x i ng  in  t he  second  s t age  
duc t .  Th i s  was  ev i den t  f r om  t he  h i ghe r  measu r ed  
second  s t age  hea t  l oss  (an  i nd i ca t i on  of  be t t e r  
bu rn i ng)  du r i ng  93 -DVT -36 .  The  f i gu r es  show  t he  mean  
va l ues  of  t he  i n t e r anode  gap  vo l t ages  ( ave r aged  ove r  
one  m i nu t e )  i n  t he  m i d - channe l  r eg i on ,  as  we l l  as  t he  
s t anda r d  dev i a t i on  of  each  vo l t age  ove r  t he  same  t i me  
pe r i od .  No t  on l y  a r e  t he  mean  va l ues  i n  93 -DVT - 8  
sca t t e r ed  abou t  mor e ,  bu t  t he  dev i a t i on  of  each  
i n t e r anode  vo l t age  i s  much  g r ea t e r  t han  i n  93 -DVT-36 .  
In  add i t i on ,  seve r a l  o f  t he  IAV' s  r anged  f r om  nega t i ve  
t o  pos i t i ve  ove r  t he  cour se  of  a  m i nu t e .

In o r de r  t o  quan t i f y  t he  magn i t ude  of  IAV 
f l uc t ua t i ons  f o r  a  spec i f i c  gene r a t o r  channe l  r eg i on ,  
t he  spa t i a l  s t anda r d  dev i a t i on  f o r  a g roup  of  
i n t e r anode  vo l t ages  a t  a  g i ven  t i me  was  no r ma l i z ed  by  
t he  mean  vo l t age  of  t ha t  same  group ,  and  t he  r esu l t  
exam i ned  ove r  t i me .  Th i s  va r i ab l e  ( f o r  k i n t e r anode  
gaps  r ang i ng  f rom  anodes  n t o  n+k)  i s  g i ven  by  t he  
f o l l ow i ng  exp r ess i on :

gene r a t o r  channe l  f l uc t ua t i ons  t ended  t o  dec r ease  a t  
h i ghe r  va l ues  o f  equ i va l ence  r a t i os  ove r  t he  r ange  o 
s t o i ch i ome t r y  t es t ed .

I I I .  HARDWARE  COND I T I ON

The  1A4  gene r a t o r  channe l ,  noz z l e ,  and  
d i f f use r  have  accumu l a t ed  mor e  t han  360  hour s  of  
ope r a t i on  as  of  t h i s  w r i t i ng  (May  1,  1993) ,  i nc l ud i n  
200  hour s  a t  t he  des i gn  powe r  cond i t i on .  The  
p r o t o t yp i c  MHD  ha rdwa r e  pe r f o r med  we l l  t h r oughou t  th  
DVT  se r i es .  Some  p rob l ems  d i d  a r i se  ea r l y  i n  t he  DV 
bu t  t hey  occu r r ed  e i t he r  ou t s i de  t he  gene r a t o r  chann  
(noz z l e  e ros i on  and  d i f f use r  shor t i ng)  o r  we r e  
assoc i a t ed  w i t h  t he  l i m i t a t i ons  of  t he  nondes t r uc t i v  
i nspec t i on  t echn i que  used  f o r  some  o f  t he  f ab r i ca t ed  
pa r t s  ( i . e . ,  a  f ew  l i f t ed  caps  on  t he  e l ec t rodes ) .  
These  p rob l ems  we r e  no t  l i f e - t h r ea t en i ng  to  t he  MHD 
gene r a t o r  and  co r r ec t i ve  measu r es  have  been  
i mp l emen t ed .  These  i ssues  w i l l  be  d i scussed  l a t e r .

The  ove r a l l  phys i ca l  cond i t i on  of  t he  gene r a t o  
channe l  i s  good .  Many  of  t he  des i gn  f ea t ur es  wh i ch  
we r e  i nco r po r a t ed  i n to  t he  1A4  have  con t r i bu t ed  to  
t he  ove r a l l  soundness  of  t he  channe l .

X n to (n+k)
Standard Deviation [LAVn to (n+k)] 

Mean [IAVn t0 (n+k)]

F i gu r e  6  shows  t yp i ca l  t i me  h i s t o r i es  o f  X  f o r  
anodes  151 - 160  dur i ng  t he  t es t s  r e f e r enced  in  
F i gu r e  5.  Bo t h  t he  mean  and  amp l i t ude  of  X  du r i ng  
t es t  93 - DVT - 8  we r e  much  g r ea t e r  t han  in 93-DVT-36 .
Th i s  beha v i o r  i nd i ca t es  l a rge  spa t i a l  va r i a t i ons  
be t ween  ad j ac en t  IAV' s ,  as  we l l  as  l a rge  t empor a l  
va r i a t i ons  among  t he  i nd i v i dua l  IAV ' s .  These  
va r i a t i ons  sugges t  t he  i n i t i a t i on  and  quench i ng  of  
s t rong  a r cs  (bo t h  Fa r aday  and  Ha l l  a r cs )  a t  t he  anode  
wa l l .  The  l ow  l eve l  o f  IAV f l uc t ua t i ons  du r i ng  t es t  
93 -DVT - 36  i s  compa r ab l e  t o  t ha t  ob t a i ned  du r i ng  t he  
ea r l i e r  1Aq wo r kho r se  t es t i ng .

The  sens i t i v i t y  of  l oad  cu r r en t  f l uc t ua t i ons  to  
equ i va l ence  r a t i o  i s  shown  in  F i gur e  7.  F i gu r e  7(a )  
shows  t he  t i me  h i s t o r y  of  t he  measu r ed  l oad  cu r r en t  
f r om  t es t  93-DVT -7 ,  du r i ng  wh i ch  t he  combus t i on  
equ i va l ence  r a t i o  was  i nc r eased .  F i gur e  7(b)  shows  
t he  t i me  va r i a t i ons  of  a  pa r am e t e r ! ,  wh i ch  i s  used  to  
quan t i f y  t he  l oad  cu r r en t  f l uc t ua t i on .  X  i s  de f i ned  
as  f o l l ows :

^  (t=l min.) —
Standard Deviation [load current](t=i min.) 

Mean [load current](t=i min.)

I t  i s  appa r en t  f rom  t h i s  ea r l y  DVT  se r i es  r esu l t  
t ha t  X  ( and  t he r e f o r e  t he  amoun t  of  l oad  cu r r en t  
f l uc t ua t i ons )  dec r eased  subs t an t i a l l y  when  t he  
equ i va l ence  r a t i o  was  i nc r eased .

I t  shou l d  be  po i n t ed  ou t  t ha t  t he r e  i s  
unce r t a i n t y  i n  t he  combus t o r  equ i va l ence  r a t i o  
measu r emen t s  du r i ng  t he  DVT  se r i es . 2 The r e  i s  
ev i dence  ( f r om  t he  compa r i son  of  ca l cu l a t ed  and  
measu r ed  gene r a t o r  pe r f o r mances ,  and  f rom  
d i sc r epanc i es  be t ween  t he  ca l cu l a t ed  and  measu r ed  
concen t r a t i ons  of  02 and  C02 in  t he  s t ack  gas )  t o  
i nd i ca t e  t ha t  t he  ac t ua l  va l ues  o f  combus t o r  
equ i va l ence  r a t i o  a r e  l owe r  ( i . e . ,  mo r e  fue l  r i ch)  
t han  t he  measu r ed  va l ues  shown  in F i gur e  7.  Wha t e ve r  
t he  magn i t ude  of  equ i va l ence  r a t i o ,  t hough ,  t he  n.2.3

The  channe l  wa l l  box  s t ruc t u r e  has  p r oven  t o  b 
a i r t i gh t .  Ca r bon  monox i de  (CO)  senso r s  in t he  magne  
bor e  have  cons i s t en t l y  r ead  ze ro  t h r oughou t  t he  DVT  
se r i es .  The  absence  of  any  t r ace  of  CO  i nd i ca t es  th  
t he  gas  sea l s  on  t he  channe l  wa l l s  a r e  t i gh t .  A 
p r essu r e  l eak  r a t e  check  was  pe r f o r med  on  t he  channe  
box  f o l l ow i ng  t he  i n i t i a l  50  hour s  of  DVT .  Resu l t s  
t h i s  t es t  a l so  i nd i ca t ed  t ha t  a l l  gas  sea l s  we r e  
i n t ac t .  Fab r i ca t i ng  each  of  t he  wa l l s  as  a  s i ng l e  
un i t  m i n i m i z ed  t he  numbe r  of  r equ i r ed  gas  sea l s ,  
compa r ed  t o  p r ev i ous  channe l  des i gns .  Th i s  des i gn  
f ea t u r e  a l so  con t r i bu t ed  t o  t he  pneuma t i c  i n t eg r i t y  
t he  1A4  channe l .

The  wa l l  co r ne r  sea l s  a r e  a l l  i n  good  
cond i t i on .  No  s i gns  of  deg r ada t i on  of  t he  j o i n t  sea  
we r e  ev i den t  du r i ng  1A4  channe l  d i sassemb l y .  Corne r  
j o i n t  p rob l ems  we r e  common  in  p r ev i ous  channe l  bu i l d  
(1Aq ) a t  t he  CDI F  because  of  a r c  damage  and  
unde r cu t t i ng  due  t o  gas  i mp i ngemen t .  The  p r ob l em  of  
s i dewa l l - t o - e l ec t r ode  wa l l  a r c i ng  was  ove r come  by  th 
use  of  a l um i num  n i t r i de  (AIN)  ce r am i c  t i l es  a t  t he  
co r ne r  j o i n t s .  Th i s  e l i m i na t ed  t he  necess i t y  of  
hav i ng  t he  r ubbe r  cemen t  j o i n t  sea l  a l so  ac t  as  an  
e l ec t r i ca l  i nsu l a t o r .  The  A I N  ce r am i c  e l emen t s  we r e  
b r a zed  on t o  t he  ends  of  t he  wa t e r - coo l ed  e l ec t rodes  
and  t hus  r ema i ned  coo l ,  f u r t he r  r educ i ng  t he  po t en t i  
f o r  a r c i ng  a t  t he  corne r s .  None  of  t he  co rne r  
ce r am i cs  we r e  worn  or  c r acked .

S i gn i f i can t  e f f o r t  was  made  du r i ng  t he  des i gn  
t he  1A4  t o  s t r eam l i ne  t he  ex t e r i o r  packag i ng  of  t he  
channe l .  Layou t s  of  t he  wa t e r  coo l i ng  hoses ,  coo l i r  
man i f o l ds ,  suppor t  b r acke t s ,  w i r i ng  and  w i r i ng  
connec t i on  pane l s  we r e  ca r e f u l l y  a r r anged  i n  o r de r  1 
ease  magne t  c l osur e .  These  e f f o r t s  have  r esu l t ed  i r  
r educed  t i me  f o r  channe l  i ns t a l l a t i on  a t  t he  
f ac i l i t y .  Mor eove r ,  t he r e  have  been  no  i ns t ances  oi  
p i nched  hoses  o r  w i r es ,  o r  of  magne t  i n t e r f e r ence  
p r ob l ems  du r i ng  t he  DVT .

The  cond i t i on  of  t he  channe l  s i dewa l l s  i s  goot  
Exce l l en t  s l ag  cove r age  was  ob t a i ned  on  bo t h  
s i dewa l l s .  Dur i ng  t he  de t a i l ed  channe l  i nspec t i on  < 
Novembe r  1992 ,  ev i dence  of  s l i gh t  wea r  was  no t i ced  < 
t he  t ops  of  some  of  t he  s i dewa l l  end  ba rs .  Howeve r  
t he  amoun t  of  wea r  was  no t  excess i ve  g i ven  t he i r  
100  t he rma l  hour s  of  ope r a t i on .  The r e  was  a l so  no
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i nd i ca t i on  o f  unde r cu t t i ng  of  t he  s i deba r s  o r  p rob l ems  
a t  t he  s i dewa l 1 / ca t hode  wa l l  co r ne r  j o i n t s .  Based  on  
t hese  obse r va t i ons ,  s i dewa l l  l i f e t i me  can  be  
ex t r apo l a t ed  we l l  beyond  t he  2000 - hou r  des i gn  
r equ i r emen t .

The  ca t hode  wa l l  i s  a l so  in  ve r y  good  
cond i t i on .  The  ca t hode  wa l l  s l ag  cove r age  has  been  
exce l l en t  and  t he r e  i s  no  ev i dence  o f  wea r .  The  
cond i t i on  of  t h i s  wa l l  sugges t s  t ha t  t he  2000 -hour  
l i f e t i me  r equ i r emen t  w i l l  be  eas i l y  me t .

The  cond i t i on  of  t he  anode  wa l l  was  sa t i s f ac t o r y  
a t  t he  conc l us i on  of  Des i gn  Ve r i f i ca t i on  Tes t i ng  g i ven  
t he  some t i mes  adve r se  cond i t i ons  i t  expe r i enced .
La r ge  f l uc t ua t i ons  in  i n t e r anode  vo l t ages  we r e  
expe r i enced  t h r oughou t  much  of  t he  DVT ,  as  men t i oned  
ea r l i e r .  Th i s  behav i o r  sugges t s  s t r ong  a r c i ng  a t  t he  
anode  wa l l  su r f ace .  A l so ,  ve r y  h i gh  i n t e r anode  
vo l t ages  (80  t o  140  vo l t s )  we r e  f r equen t l y  measur ed  
du r i ng  t he  t e s t  se r i es .  At  such  h i gh  gap  vo l t ages ,  
a r c i ng  be t ween  t he  anodes  i s  i nev i t ab l e .  Pr ev i ous  
expe r i ence  du r i ng  subsca l e  gene r a t o r  t es t i ng  a t  
Tex t r on  has  shown  t ha t  a r c i ng  appea r s  when  IAV ' s  a r e  
i n  excess  of  60  t o  80  vo l t s .  In sp i t e  of  t hese  l a rge  
i n t e r anode  vo l t ages ,  no  pe r manen t  sho r t s  have  occu r r ed  
on  t he  IA4 anode  wa l l .  Th i s  i nd i ca t es  t ha t  t he  
f au l t  p r o t ec t i on  f ea t u r es  o f  t he  anode  des i gn  (a rc  
s t r e t ch i ng  g r ooves  and  a  noncha r r i ng  G-7  back  wa l l )  
have  wo r ked  suc c e s s f u l l y.^1 Ma r b l i ng  of  t he  p l a t i num  
t op  cap ,  l i ke  t ha t  seen  du r i ng  Tex t r on  Mk -VI I  and  CDI F  
1A-) ma t e r i a l s  con f i r ma t i on  t es t s ,  appea r ed  on  some  
anodes .  Howeve r ,  t h i s  wea r  i s  a  r esu l t  of  norma l  
channe l  s l agg i ng  ope r a t i on  and  i s  no t  
l i f e - t h r ea t en i ng .  Some  o f  t he  anode  p l a t i num  t op  caps  
have  l i f t ed .  The  damage  t o  t hese  caps  i s  r e l a t ed  to  
manu f ac t u r i ng  p r ocedur es  and  i s  no t  assoc i a t ed  w i t h  
t he  ope r a t i on  of  t he  gene r a t o r ,  as  w i l l  be  d i scussed  
l a t e r .

The  cu r r en t  con t ro l  dev i ces  ope r a t ed  we l l  du r i ng  
t he  DVT  se r i es .  The  ana l ys i s  and  summa r y  o f  t he i r  
pe r f o r mance  a r e  r epo r t ed  in  Re f e r ence  3.  The  c i r cu i t s  
pe r f o rmed  w i t h  no  f a i l u r es  unde r  nom i na l  gene r a t o r  
ope r a t i ng  cond i t i ons ,  as  we l l  as  du r i ng  vo l t age  and  
cu r r en t  t r ans i en t s  r esu l t i ng  f r om  eme r gency  shu t downs  
of  t es t s .  The  f ew  c i r cu i t  f a i l u r es  t ha t  occu r r ed  
dur i ng  t he  DVT  se r i es  we r e  d i r ec t l y  a t t r i bu t ab l e  to  
t r ans i en t s  f r om  i nve r t e r  t r i ps  and / o r  l oca l  
open - c i r cu i t s  i n  w i r i ng  ex t e rna l  t o  t he  cu r r en t  
con t ro l  c i r cu i t s .

Ove r a l l ,  t he  1A4  gene r a t o r  channe l  and  
assoc i a t ed  ha r dwa r e  pe r f o r med  ve r y  we l l  t h r oughou t  t he  
DVT  se r i es .  As  men t i oned  ea r l i e r ,  t hough ,  t he r e  we r e  
t h r ee  p r ob l em  a r eas  i den t i f i ed  du r i ng  t he  DVT  se r i es .  
These  a r e  desc r i bed  be l ow ,  as  we l l  as  t he  cor r ec t i ve  
measu r es  t ha t  we r e  i mp l emen t ed  t o  ach i eve  subsequen t  
success f u l  t es t i ng .

Noz z l e  Wa l l  E r os i on

Ea r l y  i n  t he  DVT  se r i es ,  l oca l i z ed  damage  was  
f ound  in  t he  l owe r  r i gh t  s i dewa l 1 / bo t t om  wa l l  co rne r  
r eg i on  of  t he  i n l e t  noz z l e .  The  bu l k  of  t h i s  damage  
occu r r ed  a l ong  t he  pa t h  o f  an  ax i a l  s t r eame r  ( abou t  
18  i nches  l ong)  ex t end i ng  f r om  t he  noz z l e  t h r oa t  to  
t he  i n l e t  of  t he  channe l .  See  F i gu r e  8 . A l l  o f  t he  
damaged  ba rs  we r e  wa t e r - coo l ed ,  coppe r  based  e l emen t s  
w i t h  a  0 . 375 "  t h i ck  t ungs t en  cap .  Th r oughou t  t he  
ea r l y  DVT  se r i es ,  i t  was  a l so  obse r ved  t ha t  t h i s  
r eg i on  of  t he  r i gh t  noz z l e  s i dewa l l  d i d  no t  s l ag  we l l ,  

wh i l e  t he  same  a r ea  on  t he  oppos i t e  wa l l  d i d  have  
be t t e r  s l ag  cove r age .  A l so ,  t he  measu r ed  r i gh t  noz z l e

s i dewa l l  hea t  f l ux  was  h i ghe r  t han  t ha t  of  t he  l e f t  
wa l l ,  some t i mes  by  as  much  as  40  pe r cen t .

Two  t ypes  of  su r f ace  e f f ec t s  we r e  no t i ced  in  t he  
wo rn  r eg i ons  of  t he  noz z l e  wh i ch  sugges t  t wo  d i f f e r en t  
wea r  mechan i sms .  Mos t  o f  t he  noz z l e  wea r ,  
pa r t i cu l a r l y  i n  t he  r eg i on  of  t he  e l onga t ed  s t r eame r  
shaped  cav i t y ,  had  a  smoo t h  po l i shed  appea r anc e  on  t he  
su r f ace  ( F i gu r e  9) .  Th i s  wea r  appea r ed  to  r esu l t  f r om  
e ros i on  by  t he  p l asma  f l ow  o r  by  t he  i ron  ox i de  wake .  
Conve r se l y ,  t he  we a r  r eg i on  l oca t ed  c l ose r  t o  t he  
l owe r  co r ne r  of  t he  noz z l e  had  a  ve r y  rough  ( o r ange  
pee l - l i ke )  appea r ance .  Me t a l l u r g i ca l  eva l ua t i on  of  
t he  s i deba r s  r emoved  f r om  t h i s  r eg i on  sugges t ed  t ha t  
t he  su r f ace  wea r  r esu l t ed  f r om  ox i da t i on  of  t he  
t ungs t en  ( f o rm i ng  t ungs t a t es ,  WO3 ) ,  f o l l owed  by  
co r r os i on  of  t he  t ungs t en  ox i de .  The  ox i da t i on  of  t he  
t ungs t en  caps  m i gh t  have  occu r r ed  f r om  a  r eac t i on  w i t h  
oxygen - r i ch  wakes  o r i g i na t i ng  f r om  t he  second - s t age  
combus t o r  duc t .  None  of  t he  we a r  was  e l ec t r i ca l  in 
o r i g i n .  The  mos t  s i gn i f i can t l y  wo rn  e l emen t s  of  t he  
noz z l e  we r e  r ep l aced  du r i ng  t he  Novembe r  1992  
gene r a t o r  channe l  i nspec t i on  pe r i od .

Seve r a l  of  t he  t es t s  du r i ng  t he  DVT  se r i es  we r e  
devo t ed  t o  i den t i f y i ng  t he  cause ( s )  o f  noz z l e  wa l l  
e ros i on .  Spec i f i ca l l y ,  t h i s  wea r  p r ob l em  was  
add r essed  by  va r y i ng  t he  i ron  ox i de  i n j ec t o r  l oca t i ons  
and  t he  numbe r  of  second - s t age  oxygen  i n j ec t o r  
noz z l es ,  and  t he i r  d i ame t e r s ,  t o  i mprove  f l ow  m i x i ng .  
These  mod i f i ca t i ons  r educed  f l ow  asymme t r y ,  as  
i nd i ca t ed  by  t he  noz z l e  s i dewa l l  hea t  f l ux  

measu r emen t s .  In  add i t i on ,  t o  p r even t  t he  i ron  ox i de  
i n j ec t o r s  f rom  p l ugg i ng  due  t o  i mp r ope r  i ns t a l l a t i on ,  
t hey  we r e  mod i f i ed  t o  i nsu r e  t ha t  t hey  can  be  se t  i n  
pos i t i on  in  a  cons i s t en t  manne r  f rom  t es t  t o  t es t .  
A f t e r  t he  93 -DVT - 28  t es t ,  t he  i ron  ox i de  i n j ec t i on  
por t s  we r e  r e l oca t ed  f u r t he r  ups t r eam  i n  t he  
second - s t age  combus t o r  duc t ,  away  f r om  t he  noz z l e  
t h roa t .  The  noz z l e  wea r  r a t e  has  s l owed  s i gn i f i can t l y  
(or  s t opped  en t i r e l y )  as  a  r esu l t  of  t he  r ecen t  
ha r dwa r e  mod i f i ca t i ons .

S t r ong  seconda r y  f l ows  ( co r ne r  vo r t i ces  and  
sw i r l i ng  f l ows  l eav i ng  t he  combus t o r  and  i n t ens i f i ed  
by  t he  conve r g i ng  subson i c  noz z l e )  have  a l so  been  
pos t u l a t ed  as  an  add i t i ona l  poss i b l e  cause  of  t he  
obse r ved  noz z l e  wa l l  e r os i on. 7 E f f o r t s  have  been  
i n i t i a t ed  t o  f ab r i ca t e  noz z l e  e l emen t s  w i t h  a  mo r e  
g r adua l  va r i a t i on  in  t he  noz z l e  c ross - sec t i ona l  a r ea .  
Howeve r ,  t he  f ac t  t ha t  r ecen t  i nspec t i ons  of  t he  
noz z l e  have  i nd i ca t ed  t ha t  wea r  has  s l owed  
subs t an t i a l l y  (o r  even  s t opped )  sugges t s  t ha t  co r ne r  
vo r t i ces  may  no t  be  a  ma j o r  con t r i bu t o r  t o  noz z l e  
wea r .  Th i s  w i l l  be  ve r i f i ed  by  mo r e  ca r e f u l  wea r  
measu r emen t s  du r i ng  t he  nex t  channe l  i nspec t i on  and  
r e f u r b i shmen t  pe r i od .

E l ec t r i ca l  Sho r t i ng  i n  t he  D i f f use r

The  powe r  t es t  93 -DVT - 36  (Ma r ch  1,  1993)  was  
t e r m i na t ed  as  a  r esu l t  o f  a  gas  l eak  i n  t he  supe r son i c  
d i f f use r ,  j us t  downs t r eam  of  t he  channe l / d i f f use r  
i n t e r f ace .  F rom  ana l ys i s  of  ope r a t i ona l  da t a  and  a 
pos t - t es t  i nspec t i on  of  t he  d i f f use r ,  i t  was  
de t e r m i ned  t ha t  t he  gas  l eak  was  due  t o  f a i l u r e  of  t he  
G- l l  back  wa l l  caused  by  e l ec t r i ca l  sho r t s  and  
c i r cu l a t i ng  cu r r en t s  i n  t he  d i f f use r .

A r ev i ew  of  e l ec t r i ca l  da t a  i nd i ca t ed  t ha t  t he  
shor t s  i n  t he  d i f f us e r  s t a r t ed  du r i ng  t he  f i r s t  powe r  
gene r a t i on  t es t  a f t e r  t he  Nov embe r  1992  
channe l / d i f f use r  r ebu i l d .  F i gu r e  10  shows  t he  
va r i a t i on  in t he  mea su r ed  anode  and  ca t hode  wa l l
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vo l t age  d i s t r i bu t i ons  a t  t he  a f t  end  of  t he  channe l .
A t  t he  s t a r t  o f  t he  t es t ,  t he  Fa r aday  vo l t ages  in t he  
segmen t ed  d i f f use r  sec t i on  we r e  i n  excess  of  
80 - 100  vo l t s .  I mmed i a t e l y  a f t e r  t he  s t a r t  of  t he  
t es t ,  t he  measu r ed  Fa r aday  vo l t ages  d ropped  s t ead i l y  
f o r  40  m i nu t es ,  a t  wh i ch  t i me  t he  Fa r aday  vo l t ages  
we r e  a l l  l ess  t han  30  vo l t s .  Th i s  dec r ease  in  t he  
Fa r aday  vo l t ages  r esu l t ed  f r om  an  e l ec t r i ca l  shor t  
l oca t ed  a t  t he  second  d i f f us e r  f r ame  downs t r eam  f rom  
t he  channe l / d i f f use r  i n t e r f ace .  These  r educed  Fa r aday  
vo l t ages  pe r s i s t ed  t h r oughou t  a l l  subsequen t  t es t s  up  
t o  and  i nc l ud i ng  t es t  93 -DVT -36 .  The  r esu l t s  of  
F i gu r e  10  sugges t  t ha t  t he  ex i s t i ng  d i f f use r  des i gn  
and  cons t r uc t i on  me t hod  d i d  no t  p r ov i de  t he  i nsu l a t i on  
neces sa r y  t o  sus t a i n  t he  Fa r aday  vo l t age  gene r a t ed  by  
t he  f r i nge  magne t i c  f i e l d .  The  ex i s t i ng  t r ansve r se  
segmen t a t i on  (3  i nsu l a t o r  gaps )  i s  t oo  coa r se .

The  ex t e rna l  e l ec t r i ca l  l oad i ng  was  r econ f i gu r ed  
t o  be t t e r  d i s t r i bu t e  t he  Fa r aday  vo l t age  in t he  
d i f f use r .  Th i s  was  done  by  add i ng  Fa r aday  l oad  
r es i s t o r s  be t ween  t he  d i f f us e r  s i deba r s ,  t hus  a l l ow i ng  
some  cu r r en t s  t o  c i r cu l a t e  in exchange  f o r  h i gh  gap  
vo l t ages .  In  add i t i on ,  Fa r aday  g r ad i ng  r es i s t o r s  we r e  
added  t o  t he  l as t  f ew  channe l  e l ec t r odes  t o  m i n i m i z e  
t he  vo l t age  m i sma t ch  p r esen t  a t  t he  channe l / d i f f use r  
i n t e r f ace .  In  o r de r  t o  r epa i r  t he  d i f f use r  and  r esume  
t he  du r a t i on  t es t i ng  as  qu i ck l y  as  poss i b l e ,  a 
noncha r r i ng  G-7  f i be r g l ass  l i ne r  ( s i m i l a r  t o  t he  
l i ne r  used  i n  t he  channe l )  was  p l aced  unde r  t he  f i r s t  
f ou r  ba r  f r ames  of  t he  d i f f use r  t o  p r even t  poss i b l e  
e l ec t r i ca l  sho r t i ng  of  t he  back  wa l l s .

Th i s  so l u t i on  f o r  con t r o l l i ng  t he  d i f f use r  
vo l t age  i s  wo r k i ng  we l l .  The r e  have  been  no  
i nd i ca t i ons  of  e l ec t r i ca l  b r eakdowns  o r  shor t i ngs  
du r i ng  r ecen t  powe r  t es t s .

L i f t i ng  of  t he  Anode  P l a t i num  Top  Caps

Dur i ng  t he  gene r a t o r  i nspec t i on  a t  t he  
comp l e t i on  of  t he  i n i t i a l  DVT  se r i es  i n  Novembe r  1992 ,  
i t  was  d i scove r ed  t ha t  t he  p l a t i num  t op  caps  had  
sepa r a t ed  f r om  app r ox i ma t e l y  5 pe r cen t  of  t he  
p l a t i num - c l ad  t ungs t en  anode  cap l e t s .  The  l i f t i ng  of  
t he  p l a t i num  t op  caps  appea r ed  t o  have  been  i n i t i a t ed  
by  t he  f a i l u r e  of  t he  b r a z e  j o i n t  and  the  r esu l t i ng  
sepa r a t i on  of  t he  cap  a t  t he  t r a i l i ng  edge  of  t he  
cap l e t s .  An  en l a r ged  v i ew  o f  a pa r t i a l l y  l i f t ed  cap  
i s  shown  i n  F i gu r e  11 .  Th i s  sepa r a t i on  of  t he  t op  cap  
ev en t ua l l y  l eads  t o  me l t i ng  of  t he  p l a t i num  f rom  
ove r hea t i ng .  Abou t  126  ou t  o f  t he  t o t a l  2200  Pt / W  
cap l e t s  on  t he  anode  wa l l  we r e  f ound  t o  be  m i s s i ng  a l l  
o r  pa r t  of  t he  p l a t i num  t op  cap  as  a  r esu l t  o f  t h i s  
t ype  of  b r a z e  de f i c i ency .  None  of  t he  anodes  w i t h  

m i ss i ng  p l a t i num  t op  caps  we r e  r ep l aced  a t  t he  t i me  of  
t he  channe l  i nspec t i on ,  a l t hough  some  of  t he  pa r t i a l l y  
l i f t ed  caps  we r e  r emoved .  The  I A4  gene r a t o r  channe l  

was  t hen  r eboxed  t o  a l l ow  t he  con t i nua t i on  o f  DVT .

Reco r ds  o f  t he  anode  f ab r i ca t i on  and  b r a z i ng  
h i s t o r i es  we r e  r ev i ewed  i n  an  a t t emp t  to  co r r e l a t e  
l i f t ed  t op  caps  t o  spec i f i c  f ab r i ca t i on  t echn i ques  
and / o r  oven  b r a z e  cyc l es .  Nea r l y  70  pe r cen t  o f  t he  
l i f t ed  anode  caps  we r e  p r oduced  in  f ewe r  t han  
10  pe r c en t  o f  t he  P t / W  cap l e t  subassemb l y  b r aze  
cyc l es .  The  r ema i nde r  o f  t he  p l a t i num  cap  l osses  
appea r  t o  be  r andom ,  and  mos t  l i ke l y  r ep r esen t  t he  
" i n f an t  mo r t a l i t y "  f a i l u r es  an t i c i pa t ed  dur i ng  t he  DVT  
se r i es .

The  l oss  of  p l a t i num  anode  t op  caps  i s  no t  
l i f e - t h r ea t en i ng  t o  t he  ITC gene r a t o r  t es t s .  At  t he  
t i me  of  t he  anode  wa l l  i nspec t i on ,  i n  Novembe r  1992 ,

t he r e  was  no  ev i dence  of  any  wea r  on  t he  exposed  
t ungs t en  sur f aces  whe r e  t he  p l a t i num  cap  ma t e r i a l  was  
m i ss i ng .  The  pu r pose  of  t he  back - up  t ungs t en  capp i ng  
i s  p r ec i se l y  t o  p ro t ec t  t he  anodes  aga i ns t  t he  
poss i b l e  l oss  o f  t he  p l a t i num  t op  caps .  The  r esu l t s  
of  ma t e r i a l s  du r a t i on  t es t s  ca r r i ed  ou t  p r ev i ous l y  in 
t he  Tex t r on  Mk -VI I  MHD f ac i l i t y  have  i nd i ca t ed  t ha t  
t he  p r o t o t yp i c  anode  des i gn  can  ope r a t e  i n  excess  of  
1400  hour s  in t he  absence  of  a  Pt  t op  c ap. 8

IV.  DURAT I ON  TEST  OPERAT I NG  CHARACTER I ST I CS

Dur a t i on  t es t  ope r a t i ng  cond i t i ons  and  
p r e l i m i na r y  t es t  r esu l t s  a r e  p r esen t ed .  These  r esu l t s  
show  t yp i ca l  ope r a t i ng  cha r ac t e r i s t i cs  of  t he  I A4 
gene r a t o r  i n  P0C du r a t i on  t es t s  conduc t ed  t o  da t e .  At  
t he  nom i na l  gene r a t o r  ope r a t i ng  cond i t i on  ( shown  in 
Tab l e  2) ,  t he  r equ i r ed  p r o t o t yp i c  va l ues  of  channe l  
wa l l  s t r esses  a r e  ach i eved  and  f l uc t ua t i ons  i n  t he  
e l ec t r i ca l  pa r ame t e r s  a r e  m i n i m i z ed .  I t  shou l d  be  
no t ed  t ha t  t he  va l ues  of  t he  equ i va l ence  r a t i os  shown  
in  Tab l e  2 a r e  based  on  measu r ed  p rocess  f l ows .  As  

men t i oned  ea r l i e r ,  t he r e  i s  ev i dence  t o  sugges t  t ha t  
ac t ua l  va l ues  of  s t o i ch i ome t r y  a r e  somewha t  l owe r .

F i gur es  12  and  13  show  t yp i ca l  measu r ed  
e l ec t r ode  cur r en t  and  i n t e r anode  vo l t age  d i s t r i bu t i ons  
a t  t he  ope r a t i ng  cond i t i ons  of  Tab l e  2.  The  
un i f o rm i t y  of  t he  e l ec t r ode  cu r r en t  d i s t r i bu t i on  
i nd i ca t es  t ha t  t he  cu r r en t  con t ro l s  a r e  pe r f o r m i ng  as  
i n t ended .  I n t e r anode  vo l t ages  a r e  w i t h i n  a l l owab l e  
l i m i t s ,  and  t he  absence  of  pe r manen t  e l ec t r i ca l  shor t s  
sugges t s  t ha t  t he  boron  n i t r i de  i nsu l a t or s  a r e  i n  good  
cond i t i on .  A l so  shown  in t hese  f i gu r es  a r e  t he  va l ues  
of  t he  p ro t o t yp i c  cu r r en t  dens i t y  (Jy)  and  ax i a l  
e l ec t r i c  f i e l d  i n t ens i t y  (Ex ) .

F i gu r e  14  shows  a  t yp i ca l  measu r ed  i n t e r ca t hode  
vo l t age  pro f i l e .  These  vo l t ages  a r e  a l l  w i t h i n  
accep t ab l e  bounds  ( l ess  t han  70  V) .  The  nea r  absence  
of  s l ag  shor t i ngs  i nd i ca t es  t ha t  t he  i ron  ox i de  
i n j ec t i on  sys t em  i s  e f f ec t i ve  i n  p r even t i ng  s l ag  
po l a r i z a t i on. 9

The  measu r ed  e l ec t r i ca l  cha r ac t e r i s t i cs  of  t he  
gene r a t o r  dur i ng  du r a t i on  t es t i ng  a r e  r e l a t i ve l y  
smoo t h ,  as  i l l us t r a t ed  in  F i gur es  15  and  16.
F i gur e  15  shows  t he  l eve l  of  m i d - channe l  i n t e r anode  
vo l t age  f l uc t ua t i ons , X  , and  F i gur e  16  shows  t he  
amoun t  of  l oad  cu r r en t  f l uc t ua t i ons , T  . Bo t h  f i gu r es  
a r e  based  on  a  one - hou r  pe r i od  f r om  t es t  93-P0C-8 .
Th i s  t es t  had  ove r  20  hour s  of  un i n t e r r up t ed  powe r  
ope r a t i on  w i t h  s t eady  e l ec t r i ca l  cha r ac t e r i s t i cs  
t h r oughou t .  The  deg r ee  of  IAV f l uc t ua t i ons  i s  
subs t an t i a l l y  l owe r  t han  t hose  obse r ved  in  ea r l i e r  
Des i gn  Ve r i f i ca t i on  Tes t s ,  as  seen  by  compa r i ng  
F i gu r e  15  t o  F i gur e  6 (a) .  The  l eve l  o f  f l uc t ua t i ons  
in  t he  l oad  cu r r en t  was  a l so  r educed  subs t an t i a l l y  i n  
r ecen t  P0C t es t s ,  as  seen  by  a  compa r i son  of  
F i gur es  16  and  7 ( a ) .

I nspec t i ons  of  t he  gene r a t o r  channe l  gas - s i de  
sur f aces  have  shown  no  ev i dence  of  unusua l  wea r  or  
s i gns  of  wa t e r  l eaks .  In  add i t i on ,  t he r e  have  been  no  
i nd i ca t i ons  of  any  r educ t i on  in  t he  channe l  e l ec t r i ca l  
i n t egr i t y .

I nspec t i on  of  t he  noz z l e  a r ea  i s  pe r f o r med  a t  
eve r y  oppor t un i t y .  No  d i sce r n i b l e  i nc r ease  i n  wea r  
has  been  obse r ved  s i nce  t he  oxygen  por t  
r econ f i gu r a t i on  was  comp l e t ed .  In  add i t i on ,  t he  
pe r f o r mance  of  t he  f o rwa rd  segmen t ed  d i f f use r  has  
con t i nued  t o  be  good  t h r oughou t  du r a t i on  t es t i ng .  The  
p l acemen t  o f  r es i s t o r s  be t ween  t he  s i deba r s  i s
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e f f ec t i ve  i n  r ed i s t r i bu t i ng  t he  Fa r aday  vo l t age  
be t ween  t he  t r ansve r se  d i f f us e r  segmen t s .  A l so ,  t he  
Fa r aday  vo l t age  i n  t he  d i f f use r  r eg i on  r ema i ns  s t eady ,  
i nd i ca t i ng  an  absence  of  i n t e rna l  shor t i ngs .

V.  SUMMARY

The  pu r pose  of  t he  Des i gn  Ve r i f i ca t i on  Tes t  was  
t o  assu r e  t he  r ead i ness  of  t he  p r o t o t yp i c  ha r dwa r e  f o r  
POC du r a t i on  t es t i ng  and  t o  ve r i f y  ope r a t i ng  
cond i t i ons  t o  be  used  du r i ng  t he  du r a t i on  t es t .  Ea r l y  
Des i gn  Ve r i f i ca t i on  Tes t i ng  cons i s t ed  of  f ac i l i t y  
shakedown  and  combus t o r  op t i m i z a t i on ,  wh i ch  f r equen t l y  
r esu l t ed  in  o f f - des i gn  ope r a t i on  and  ha r sh  ope r a t i ng  
cond i t i ons  f o r  t he  gene r a t o r  channe l .  The  p r ob l ems  
we r e  r eso l ved  i n  l a t e r  Des i gn  Ve r i f i ca t i on  Tes t s .
Powe r  t r a i n  ope r a t i on  g r ew  smoo t he r ,  t es t s  o f  l onge r  
du r a t i on  we r e  poss i b l e ,  and  pe r f o r mance  (as  
cha r ac t e r i z ed  by  powe r ,  conduc t i v i t y  and  t he  deg r ee  of  
f l uc t ua t i on  of  e l ec t r i ca l  p r ope r t i es )  i mproved  
d r ama t i ca l l y .  At  t he  comp l e t i on  of  DVT ,  " i n f an t  
mo r t a l i t y "  p r ob l ems  had  been  i den t i f i ed  and  
e l i m i na t ed ,  and  nom i na l  ope r a t i ng  cond i t i ons  f o r  t he  
du r a t i on  t es t  had  been  ve r i f i ed .

Pr oo f - o f - concep t  t es t i ng  i s  now  we l l  unde rway .
To  da t e ,  ove r  360  hour s  of  t he  p l anned  1000  hour s  of  
t es t i ng  has  been  comp l e t ed .  Gene r a t o r  t es t i ng  i s  
be i ng  pe r f o rmed  a t  ope r a t i ng  cond i t i ons  r epr esen t a t i ve  
of  cor ranerc i a l  p l an t  ope r a t i on .  Powe r  t r a i n  ope r a t i on  
i s  ve r y  smoo t h  and  p r o t o t yp i c  channe l  ha rdwa r e ,  shown  
in  F i gu r es  17  and  18,  i s  pe r f o r m i ng  ve r y  we l l .

Based  on  t es t  r esu l t s  ob t a i ned  t hus  f a r ,  t he  
p r ognos i s  i s  exce l l en t  f o r  mee t i ng  a l l  of  t he  POC t es t  
ob j ec t i ves .
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Table 1

S u m m a ry  o f  O p era tin g  C o n d it io n s  a n d  M o d e l A s su m p t io n s

P re-T est C a lc u la t io n s  9 2 -D V T -1 0
(S tress  ROC) b t =  1 5 : 4 7 -1 6 :0 0

O x id a n t N /O 0 .8 4 0 .8 2
ls l-S ta g e  E q u iv a le n c e  R atio NA 0 .5 5
2 n d -S ta g e  E q u iv a le n c e  R atio 0 .9 0 0 .9 1
S eed  F ra ctio n  (w t. % K) 1.7 1 .8 3
Iron  O x id e  S lu rry  ( lb /m in )  
C o m b u sto r  + N o z z le  H eat

4 .0

L oss (% th e r m a l in p u t) 8 .7 5 8 .0

G as C o n d u c t iv ity  a t  N o zz le
T h r o a t ( m h o /m ) 7 .5 ?

P ow er (M W e) 0 .9 7 1 .0 2
Load C u rren t (A) 1 7 8 . 1 8 2 .
Load V o lta g e  (kV ) 5 .4 5 .6

A s su m e d  C o n sta n t  W all
L eak age  C u rren t (A) 

A s su m e d  W all R e s is ta n c e
9 0 . NA

(o h m s /g a p ) 1 .2 NA
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Table 2

N o m in a l POC D u r a tio n  T e st
"Stress" Operating Conditions

Combustor Parameters

Vitiator Preheat 2900 OF
CFPC Stoichiometry 0.64
Stage 1 Stoichiometry 0.55 to 0.58
Stage 2 Stoichiometry 0.95 to 0.98
Seed Oxygen Carrier 1900 lbm /hr
Seed 1.8 wt. % K
Burner Pressure 6.0 Atm

MHD Generator Parameters

Power Output 1.0 MW
Load Current 200 A
Lead Voltage 5.0 - 5.5 kV
Maximum J y 0.7 A/cm2
Maximum Ex 2.1 kV/m
Maximum Heat Flux 250 W/cm2
Iron Oxide Slurry 5.0 lbs/m in
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F i gu r e  4 Compa r i sons  of  Measu r ed  and  Ca l cu l a t ed
E l ec t r ode  Cur r en t ,  I n t e r anode  Vo l t age ,  and  
Fa r aday  Vo l t age  D i s t r i bu t i ons .
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F i gur e  5 S t r eamw i se  D i s t r i bu t i ons  of  Mean  and  
S t anda r d  Dev i a t i on  of  1AV f r om  Tes t s  
93 - DVT - 8  and  9 3 -DVT-36.

F i gur e  6 I n t e r anode  Vo l t age  F l uc t ua t i ons  Ve r sus  T i me  
f rom  Tes t s  9 3 -DVT-8  and  93-DVT - 36 .

F i gu r e  7 Equ i va l ence  Ra t i o  E f f ec t  on  Measu r ed  Load  
Cu r r en t  F l uc t ua t i ons .
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F i gu r e  10  The  Measu r ed  Vo l t age  D i s t r i bu t i ons  in t he  
D i f f use r  Dur i ng  93 -DVT - 27  Tes t .
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F i gur e  11 A C l ose -Up  V i ew  of  t he  L i f t ed  T r a i l i ng  Edge  
of  a P l a t i num  Top  Cap .
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ur e  12  Typ i ca l  E l ec t r ode  Cu r r en t  D i s t r i bu t i on  f or  
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ur e  13  Typ i ca l  I n t e r anode  Vo l t age  D i s t r i bu t i on  f or  
a P0C Du r a t i on  Tes t .
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F i gu r e  15  I n t e r anode  Vo l t age  F l uc t ua t i ons  Ve r sus  T i me  
f r om  Tes t  93-P0C-8 .

TIM E (m in u tes)

F i gu r e  16  Measu r ed  Load  Cu r r en t  F l uc t ua t i ons  Dur i ng  
Tes t  93-P0C-8 .

F i gu r e  14 Typ i ca l  I n t e r ca t hode  Vo l t age  D i s t r i bu t i on  
f or  a P0C Dur a t i on  Tes t .
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F i gur e  17 1A4  Pro t o t yp i c  MHD Gene r a t o r  Channe l

F i gur e  18  1A4 Segmen t ed  Supe r son i c  D i f f use r
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