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Abst rac t  

I n  response t o  concern over  t h e  negat ive  
e f f e c t  of phosphorus oxide  nega t ive  i o n s  on 
coal-fired MHD plasma c o n d u c t i v i t y ,  r e s u l t s  a r e  
presented of p r e d i c t i v e  modeling of s e v e r a l  com-
bustion gas  systems i n  which measurements of 
potassium and phosphorus s p e c i e s  concen t r a t ions  
were measured. Modeling i s  done wi th  a number 
of s e t s  of thermodynamic parameters  f o r  t hese  
species ,  with t h e  aim of showing t h a t  a l l  
observations can be  s imul taneously  predic ted  
and a r e  t h e r e f o r e  c o n s i s t e n t  with each o t h e r .  
Those models a r e  t hen  a p p l i e d  t o  gene ra to r  
performance p red ic t ion .  Among t h e  conclus ions  
a r e  t h a t  phosphorus oxide  nega t ive  ions  may have 
l e s s  e f f e c t  on PIHD plasma conduc t iv i ty  and gener- 
a t o r  performance then p rev ious ly  p r e d i c t e d ,  t h a t  
t h i s  is probably due t o  s t a b l e  n e u t r a l  potassium 
phosphate spec i e s ,  and t h a t  t h e  necessary  thermo-
chemical parameters f o r  some molecules a r e  s t i l l  
not adequately s p e c i f i e d .  

I.  I n t r o d u c t i o n  

Accurate p r e d i c t i o n  of t h e  plasma conduc-
t i v i t y  in open-cycle coa l - f i r ed  KID gene ra to r s  
has been known f o r  some time t o  depend on t h e  
thermochemical parameters f o r  a number of ash-
derived molecular spec i e s .  1 The requirement 
fo r  t hese  thermochemical p r o p e r t i e s ,  many of 
which a r e  q u i t e  unce r t a in ,  h a s  l e d  t o  s t u d i e s  
which have r e c e n t l y  i e lded  new information on 
phosphorus species .  The phosphorus system 3 . 3 9 4  

is of p a r t i c u l a r  i n t e r e s t  because i t s  nega t ive  
ions have been p red ic t ed  t o  t h e  t h e  most i m -
por tant  i n  MHD systems, e s p e c i a l l y  a t  t h e  cool  
end of t he  channel. '  

Experimental i n v e s t i g a t i o n s  a r e  cont inuing,  
and t h e  s t a t e  of knowledge f o r  a number of 
phosphorus spec i e s  i s  s t i l l  no t  s a t i s f a c t o r y .  
However, thermochemical modeling t o  a s s e s s  t h e  
impl ica t ions  of e x i s t i n g  d a t a  and t h e i r  un-
c e r t a i n t i e s  is always u s e f u l ,  i f  only  t o  show 
which thermochemical parameters  r e q u i r e  f u r t h e r  
study. For t h i s  p a r t i c u l a r  system, i t  i s  es-
p e c i a l l y  i n t e r e s t i n g  t o  s ee  i f  a l l  observat ions  
made under varying c o n d i t i o n s  can be  modeled with 
t he  same s e t  of thermochemical parameters ,  s i nce  
i n i t i a l l y  t h e  obse rva t ions  had been in t e rp re t ed  
t o  y i e ld  c o n f l i c t i n g  v a l u e s .  

To begin ,  it i s  a p p r o p r i a t e  t o  review t h e  
h i s t o r y  of phosphorus s p e c i e s  modeling i n  MHD 
systems. The f i r s t  obse rva t ion  which was in-
corporated i n t o  modeling of plasma chemistry was 
t h a t  by Mi l l e r  of t h e  e l e c t r o n  a f f i n i t y  of PO^.^ 
The PO; ion  was l a t e r  added t o  our modeling, wi th  
t h e  heat of formula t ion  s e t  by t h e  r a t i o  of PO7 
and PO2 concentra t ions  determined by our mass 
spect rometr ic  obse rva t ions  of combustion gases  
from a l abo ra to ry - sca l e  seeded methane burner ,  
a s  repor ted  i n  Reference 4 .  The p red ic t ed  e f f e c t  
of both phosphorus oxide  i o n s  was t o  cause  
s u b s t a n t i a l  r educ t ions  i n  conduc t iv i ty  upon t h e  

add i t i on  of phosphorus t o  an MHD plasma. Recent-
l y ,  Annen and co-workers performed j u s t  such 
phosphorus addi t ion  experiments i n  an ethanol-
fueled labora tory  sca l e  MHD ~ h a n n e l . ~They 
concluded t h a t  phosphorus a d d i t i o n  produced a 
much l e s s  severe  decrease in  conduct iv i ty  than 
was predic ted  by modeling using only oxides 
a s  major phosphorus species .  They in terpre ted  
these  observat ions  i n  terms of lower e lec t ron 
a f f i n i t i e s  f o r  t h e  phosphorus oxide species ,  in 
c o n f l i c t  wi th  t he  observat ions  of References 2 
and 4.  

It is a major goal of t h i s  paper t o  show 
t h a t  those observations can a l so  be modeled by 
r e t a i n i n g  l a r g e  phosphorus oxide e lec t ron 
a f f i n i t i e s  and including s t a b l e  potassium phos- 
phate molecules i n  t h e  species  considered. 
Although it i s  not su rp r i s ing  t h a t  molecules with 
l a r g e  e l e c t r o n  a f f i n i t i e s  such a s  PO2 and PO3 
should form s t a b l e  a l k a l i  compounds, our con-
s i d e r a t i o n  of such species  only began a t  the  
suggestion of J . W .  Has t ie  of t he  National Bureau 
of Standards (NBS), based on h i s  s tud ie s  of the 
l i t h ium and sodium analogs.  Subsequently, 
Hast i e  provided us  with thermochemical models 
f o r  both KP02 and KP03 gas-phase molecule^,^ 
with estimated hea t s  of formation based both on 
an e a r l i e r  observat ion  i n  each case , '>*  and on 
analogy t o  measurements of t h e  sodium species by 
both the  NBS group5 and by t h e  authors  of Refer-
ences 7 and 8.  

Meanwhile, our labora tory  burner measure- 
ments had been extended t o  n e u t r a l  mass spectro-
metr ic  observat ions  of combustion gases seeded 
with equal amounts of potassium and phosphorus 
which showed rough1.y equal peak he igh t s  f o r  KP02,  
KPO , and KOH under s imi l a r  condi t ions  t o  t he  
e a r ? i e r  ion measurements. These observations 
were repor ted  i n  Reference 9 ,  along with s tudies  
of combustion gases seeded with phosphorus alone. 
In  t hese  l a t t e r  systems, both References 5 and 9 
show PO and HP02 a s  t he  major spec i e s ,  with 
Reference 9 a l s o  iden t i fy ing  HP03 a s  an important 
cons t i t uen t .  However, i n  MHD systems these 
molecules a r e  of minor importance i n  comparison 
t o  t h e  potassium phosphates, and w i l l  not be 
d iscussed f u r t h e r  here .  

We now proceed t o  a s se s s  t h e  adequacy of the  
present  knowledge of PO?, POT, KP02, and KP03, 
f i r s t  by examining t h e  a b i l i t y  of var ious  s e t s  of 
choices  of molecular s t a b i l i t i e s  t o  predic t  a l l  
t h e  observat ions  de t a i l ed  above, and then by 
ca l cu l a t ing  t h e o r e t i c a l  MHD channel performance 
f o r  s eve ra l  of t hese  s e t s  of assumed thermody- 
namic parameters. It w i l l  be shown t h a t  t he  
e f f e c t  on predic ted  performance i s  qu i t e  sub- 
s t a n t i a l ,  and t h a t  al though not a l l  observations 
can be f i t  without allowing f o r  f a i r l y  l a rge  
e r r o r  l i m i t s ,  t h e  present  observat ions  s e t  con-
s t r a i n t s  on t h e  thermochemistry of t h e  potassium- 
phosphorus system. These c a l c u l a t i o n s  a l so  es- 
t a b l i s h  t h a t  previous l abo ra to ry  s tud ie s2  y 3  

a r e  no t  in c o n f l i c t  t o  t h e  ex t en t  assumed i n  
previous ana lyses .3  
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11. Thermodynamic Data S e t s  and Observations 

We begin  by comparing t h e  agreement between 
t h e  observat ions  o f  References 2,  3 ,  and 4 and 
model c a l c u l a t i o n s  us ing t h e  s e t  of h e a t s  of 
formation l i s t e d  i n  t h e  f i r s t  column of Table  1. 
This d a t a  s e t  A is one of a l a r g e  number of 
a r b i t r a r y  s e t s  whose v a l u e s  l i e  wi th in  e r r o r  
bounds of t hose  recommended i n  e i t h e r  Reference 
5 or 8 ,  and which show acceptable  agreement with 
t h e  obse rva t ions  of bo th  ~ i l l e r ~  a sand ~ n n e n ~  
wel l  a s  our o ~ n . ~ ~ ~Comparison with da t a  from 
M i l l e r ' s  f lames is  given both  i n  Figures 1  and 2  
and i n  Table  2 ,  which a l s o  con ta ins  comparisons 
with Annen's and our  own mass spect rometr ic  da t a .  

It can be seen t h a t  t h e r e  i s  a  sys temat ic  
t rend i n  t h e  comparison between model p red ic t ions  
and t h e  d a t a  from t h e  four  flames.  The p red ic t ed  
r a t i o s  of nega t ive  ion  and e l e c t r o n  concentra- 
t i o n s  a r e  much above t h e  observat ion  i n  t h e  
lowest tempera ture  flame, whi le  they a r e  below 
the  observat ion  a t  t h e  h ighes t  temperature.  
This sys temat ic  d i f f e r e n c e  w i l l  be  encountered 
by a l l  pos tu l a t ed  d a t a  s e t s ,  so  t h a t  agreement 
can only be  a t t a i n e d  a t  one point .  Although t h e  
cause of t h e  t r end  is  n o t  known, i t  has  been 
suggested t h a t  t h e  l a r g e s t  u n c e r t a i n t i e s  a r i s e  
i n  the  measurement of p o s i t i v e  i on  concentra- 
t i o n s  a t  low tempera tures ,  and t h a t  t h e  va lues  
obtained using t h e  2250K flame have been t h e  
most r e l i a b l e ,  based on agreement of i t s  r e s u l t s  
with o ther  s t u d i e s .  However, the  p o s s i b i l i t y  
t h a t  a  remaining problem i n  t h e  modeling (such a s  
yet  another  miss ing s p e c i e s  o r  a s u b s t a n t i a l l y  
d i f f e r e n t  s t r u c t u r e  and r e s u l t i n g  temperature 
dependence) is a c t u a l l y  i nd ica t ed  cannot be  
ru led  out .  I n  any case ,  M i l l e r  removed t h e  d a t a  
from t h e  lowest tempera ture  flame from t h e  de- 
te rminat ion  of a  PO2 h e a t  of formation,  and we 
w i l l  a l s o  on ly  compare wi th  t h e  o t h e r  t h r e e .  It 
can a l s o  be  mentioned h e r e  t h a t  h i s  grounds f o r  
d is regarding t h e  low tempera ture  d a t a  included 
the  upward cu rva tu re  i n  t h e  N-/Ne.plot, and t h a t  
an upward cu rva tu re  is  a l s o  seen In  t h e  pre- 
d i c t i ons .  

With t h e  Set A v a l u e s ,  agreement wi th  t h e  
Mil ler  d a t a  is  b e s t  a t  h igh  tempera tures ,  and 
a l s o  c l e a r l y  q u i t e  good wi th  a l l  t h e  Annen 
observat ions .  ( I t  should be  pointed out t h a t  t he  
model always p r e d i c t s  no-phosphorus e l e c t r o n  
concen t r a t ions  q u i t e  w e l l  .) POT. t o  PO2 r a t i o s  
of between 10 and 100 were observed i n  t h e  work 
repor ted  i n  Reference 4 ,  presumably varying wi th  
changes i n  bu rne r  s to i ch iome t ry .  Stoichiometry 
was a t  t h a t  t ime n o t  a s  w e l l  known a s  i s  d e s i r -  
ab l e .  The re fo re ,  t h e  p red ic t ed  r a t i o  f o r  nominal 
cond i t i ons  c o n s t i t u t e s  q u i t e  accep tab le  agree- 
ment. Whether t h e  KOH/KPO, r a t i o s  correspond t o  
t h e  obse rva t ion  of s i m i l a r  mass spectrum peak 
he igh t s  depends on t h e  degree  of d i s s o c i a t i v e  
i on iza t ion  which i s  assumed f o r  each spec i e s .  
KOH has been observed t o  be  r e l a t i v e l y  s t a b l e  
through mass s p e c t r o m e t r i c  s a m ~ l i n g , ~  and t h e  
high degree of c r ack ing  observed i n  molecules 
l i k e  KC1  may sugges t  s i m i l a r  behavior  f o r  h igh ly  
ion ic  KPOx s p e c i e s ,  l e a v i n g  agreement between 
p red ic t ion  and obse rva t ion  a t  l e a s t  a p o s s i b i l i t y .  

Heat of format ion set B i n  Table 1 is t h a t  
suggested by ~ a s t  i e .6 The recommended va lue  
f o r  KP02 i n d i c a t e s  a s l i g h t l y  more s t a b l e  mole- 
c u l e  t han  d i d  t h e  only  d i r e c t  experiment,  t h e  
(unspeci f ied)  measurement r epo r t ed  i n  Reference 7 

That f o r  KPO3, on t h e  o the r  hand, corresponds  t o  
a  s l i g h t l y  more s t a b l e  compound than  t h a t  implied 
by the  s i n g l e  measurement of Reference 8 .  The 
molecular s t r u c t u r e  f o r  both  s p e c i e s  was a l s o  
estimated by Has t i e ,  based on spec t roscop ic  
s t u d i e s  by I.  B e a t t i e ,  and t h e  r e s u l t i n g  ent ro-
p i e s  and heat c a p a c i t i e s  a r e  used i n  a l l  modeling 
repor ted  he re .  ( A  good d i scuss ion  of t h e  knowl- 
edge of t h e  s t r u c t u r e  of PO2 is conta ined in  
Reference 10 ,  and t h i s  informat ion i s  incorpo- 
r a t ed  i n t o  t h e  present  modeling.) The same 
comparisons with obse rva t ion ,  i n  Table  3 ,  now 
show t h a t  t h e  KP03 model i s  so s t a b l e  t h a t  very 
l i t t l e  e f f e c t  would have been seen by Annen upon 
add i t i on  of even l a r g e  amounts of phosphorus, 
while t h e  KPO, models s t i l l  a l low t o o  many 
negat ive  ions  under M i l l e r ' s  cond i t i ons .  The 
l a r g e  r a t i o  of KPO3 t o  KP02 i s  n o t  n e c e s s a r i l y  
i n  c o n f l i c t  wi th  our observat ion  of s i m i l a r  mass 
spectrum peak h e i g h t s ,  s i n c e  KP02 could r e s u l t  
simply from cracking of KPO3 i n  t h e  e l e c t r o n  
impact i on i ze r .  

Has t i e  a s s igns  u n c e r t a i n t i e s  of '10 k c a l l  
mole t o  both t h e  KP02 and KPO3 h e a t s  of forma-
t i o n ,  whi le  Mi l l e r  quoted C0.3 eV ( i 6  kcallmole) 
l i m i t s  f o r  P02, and e r r o r  l i m i t s  f o r  PO? a r e  
l a r g e r  s t i l l .  A s  w i l l  become c l e a r  a s  more 
cases  a r e  considered ,  t h e r e  a r e  two ways t o  
improve agreement w i th  Annen's d a t a  - i n  t h i s  
ca se  e i t h e r  lowering t h e  n e u t r a l  s t a b i l i t i e s  o r  
r a i s i n g  those  of t h e  ions .  Modified parameter 
s e t s  C and D i n  Table 1 g ive  examples of each 
op t ion ,  with Set C decreas ing t h e  s t a b i l i t y  of 
KP03 by s l i g h t l y  more than t h e  es t imated e r r o r  
bounds, and Set D inc reas ing  t h e  POT s t a b i l i t y  
by t h e  6  kcallmole e r r o r  l i m i t  ( a s  w i l l  be 
explained below, t h i s  does n o t ,  however, neces-
s a r i l y  br ing  POT t o  i t s  l i m i t i n g  s t a b i l i t y . )  

The r e s u l t s  of model p r e d i c t i o n s  us ing 
these  two s e t s  of va lues  a r e  given i n  Tables  4 
and 5. It can be seen t h a t  Set C s t i l l  shows 
too  l i t t l e  e f f e c t  upon phosphorus a d d i t i o n  wi th  
r e spec t  t o  both Annen and h igh  tempera ture  
Mi l l e r  d a t a .  Although only a  s l i g h t  f u r t h e r  
reduct ion  i n  KPO3 s t a b i l i t y  would r e s u l t  i n  
good agreement with Annen, only a  s t r o n g e r  PO;! 
would improve agreement wi th  M i l l e r .  On t h e  
o the r  hand, Set D shows s l i g h t l y  t o o  many pre- 
d i c t ed  negat ive  ions  i n  comparison t o  t h e  Mi l l e r  
2250K flame d a t a ,  whi le  s t i l l  not showing enough 
i n  t h e  Annen systems. A t  t h i s  po in t  i t  must be 
mentioned t h a t  one r e a n a l y s i s  of M i l l e r ' s  ex-
periments us ing t h e  f i n a l  va lue  of t h e  HP02 hea t  
of formation chosen by as tie^ would r e s u l t  i n  
a  PO2 hea t  of formation which i s  more s t a b l e  by 
8 kcallmole.  Therefore ,  even t h e  -152 kcal lmole  
va lue  (4 eV e l e c t r o n  a f f i n i t y )  is no t  necessar-
i l y  too high. It a l s o  should be pointed  out 

h e r e  t h a t  t h e  much h ighe r  equivalence  r a t i o s  

(1.7 t o  2.0) used by Mi l l e r  (ve r sus  0 .9  used by 
Annen) favor  PO;! and KP02 over PO; and KPOY 
Thus one way t o  ob ta in  b e t t e r  agreement is seen 
t o  be  an inc rease  i n  KP02 s t a b i l i t y  ( temporar i ly  
lowering t h e  nega t ive  ions  p red ic t ed  i n  M i l l e r ' s  
systems) coupled wi th  e i t h e r  a f u r t h e r  i nc rease  
i n  PO2 s t a b i l i t y  or a f u r t h e r  dec rease  i n  KP03 
s t a b i l i t y  ( thereby r a i s i n g  a l l  p r ed ic t ed  nega- 
t i v e  ion  l e v e l s ) .  

One s e t  of h e a t s  of formation which does 
move i n  t h i s  d i r e c t i o n  i s  t h a t  denoted by Set  E 
i n  Table 1,  which is  t h a t  suggested i n  Refer- 
ence 9 .  A s  d e t a i l e d  t h e r e ,  t h e  KP02 and KP03 
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values  a r e  chosen e n t i r e l y  by analogy t o  o the r  
compounds. The comparisons i n  Table 6 show t h a t  
t h i s  s e t  r e s u l t s  i n  t h e  p r e d i c t i o n  of t oo  many 
negat ive  ions  under Annen's cond i t i ons ,  too  few 
in  M i l l e r ' s  high tempera ture  f lames ,  and too  many 
a t  low temperatures.  It t u r n s  out  t h a t  one way 
t o  improve agreement wi th  bo th  Annen and t h e  
Mil ler  high temperature d a t a  i s  t o  i nc rease  t h e  
s t a b i l i t y  of a l l  f o u r  s p e c i e s ,  but t o  make l a r g e r  
increases  i n  t h e  s t a b i l i t y  of t h e  n e u t r a l  spec i e s .  
Changes in  t h i s  d i r e c t i o n  r e s u l t e d  i n  t h e  o ther-  
wise a r b i t r a r y  va lues  of Set  A ,  whose good agree- 
ment with both s e t s  of d a t a  has  a l r eady  been 
demonstrated. 

A f i n a l  po in t  t o  be  i n v e s t i g a t e d  i s  r a i s ed  
by the  observat ion  t h a t  Annen's experiment d id  
not provide d i r e c t  informat ion about phosphorus 
negat ive  ion  s t a b i l i t i e s ,  bu t  only on t h e  r e l a -  
t i v e  s t a b i l i t i e s  of t h e  i o n s  and t h e  potassium 
phosphate n e u t r a l s .  It i s  of i n t e r e s t  t o  lower 
a l l  s t a b i l i t i e s  by an equal  amount, and see  i f  
t h e  r e s u l t  of t h e  compet i t ion  i s  t h e  same. 
Therefore,  i n  Set F  of Table 1 ,  a l l  t h e  Set A 
heats  of formation have been reduced by 15 k c a l l  
mole. The comparisons i n  Table 7 show t h a t  
agreement with Annen's obse rva t ions  remains q u i t e  
s a t i s f a c t o r y .  However, comparison t o  M i l l e r ' s  
observat ions  shows t h e  POT s t a b i l i t y  t o  be  much 
too low. Considering t h a t  it was designed t o  
produce d a t a  on t h e  PO; ion ,  it i s  not  s u r p r i s i n g  
t h a t  M i l l e r ' s  experiment should be q u i t e  s ens i -  
t i v e  t o  i t s  heat  of format ion.  What i s  worthy 
of no te  i s  t h a t  Annen's exper imenta l  cond i t i ons  
a r e  such t h a t  h i s  measurements were not  s ens i -
t i v e  t o  negat ive  ion  h e a t s  of format ion,  but 

only t o  t h e  r e l a t i v e  s t a b i l i t i e s  of PO; and 

KPOx spec i e s  . 


1I I .P red ic t ions  of T h e o r e t i c a l  MHD 

Channel Performance 


Annen's experimental  cond i t i ons  have t h e  
v i r t u e  t h a t  they a r e  c l o s e r  ( e s p e c i a l l y  i n  terms 
of s to ichiometry  aqd seed loading)  t o  cond i t i ons  
in an MHD channel than were M i l l e r ' s .  However, 
t he re  remains a  gap t o  be bridged us ing predic-  
t i v e  modeling, s i n c e ,  f o r  i n s t a n c e ,  even higher 
temperatures than those  i n v e s t i g a t e d  by Annen 
a r e  encountered i n  a r e a l  channel.  As another  
considera t ion ,  MHD combustors a r e  t y p i c a l l y  
operated s l i g h t l y  f u e l  r i c h  ( t o  minimize N O  
concen t r a t ions ) ,  while Annen r an  under s l i g h t l y  
l ean  cond i t i ons ,  i n t end ing  t o  promote PO, for-
mation. Therefore ,  i n  t h i s  s e c t i o n  we present  
r e s u l t s  of MHD channel performance c a l c u l a t i o n s  
f o r  parameter s e t s  A ,  C ,  and E ,  a s  wel l  a s  f o r  
s e t  E with KP02 and KP03 omit ted  from consider-  
a t i o n ,  which corresponds t o  t h e  system used i n  
our more recent  previous  modeling s t u d i e s  .I The 
inpu t s  t o  t h e  gene ra to r  model a r e  t hose  f o r  t h e  
20% oxygen enriched case  used i n  t hose  e a r l i e r  
s t u d i e s , l , l l  which i s  s i m i l a r  t o  t h e  ETF design 
i n  many r e spec t s ,  but c o n t a i n s  some f e a t u r e s  
leading t o  s h o r t e r  channels  (and s h o r t e r  
computat ion  t imes) f o r  a d e s i r e d  f r a c t i o n a l  
enthalpy ex t r ac t  ion .  These i n p u t s  a r e  d isplayed 
i n  Table 8 ,  and more d i s c u s s i o n  can be found i n  
References 1  and 11. 

To give  an idea  of t h e  tempera ture  range 
involved, Figure 3 shows t h e  temperature h i s t o r y  
f o r  t h e  nominal gene ra to r  and t h e  phosphorus 
thermodynamic input  d a t a  s e t  A i n  Table 1. A s  
w i l l  be seen,  t h i s  s e t  g ives  t h e  h ighes t  plasma 

conduc t iv i ty  and l a r g e s t  enthalpy e x t r a c t i o n  of 
t h e  parametric cases  considered h e r e ,  and the re -
f o r e  t h e  o the r  temperature drops i n  t h e  same 
channel l eng th  a r e  sma l l e r .  

The f a c t  t h a t  more e f f i c i e n t  (due t o  h ighe r  
conduc t iv i ty ,  f o r  example) gene ra to r s  e x t r a c t  
energy i n  s h o r t e r  channel l e n g t h s ,  leading t o  
lower downstream temperatures (and even tua l ly  
lower conduc t iv i ty ) ,  must be kept i n  mind i n  
consider ing Figure  4 ,  which p re sen t s  conduc t iv i ty  
h i s t o r i e s  f o r  a l l  four parametric c a l c u l a t i o n s .  
As mentioned be fo re ,  Set  A with ve ry  s t a b l e  va lues  
f o r  both KP02 and KP03 has t h e  h ighes t  i n i t i a l  
conduc t iv i ty ,  but by t h e  above comment t h e  conduc- 
t i v i t y  curve eventual ly  drops  below the  o the r s  
due t o  t h e  l a r g e r  temperature drop. Set E ,  wi th  
l e s s  s t a b l e  KPOx spec i e s ,  r e s u l t s  i n  a lower 
conduct iv i ty  except a t  t he  low temperature end. 
Set C ,  which a l s o  agrees  wel l  with Annen's 
observat ions  i n  t h e  2200 - 2400K range,  i s  seen 
t o  have a  y e t  lower i n i t i a l  conduc t iv i ty .  This  
i s  because Set C depends on a  very s t a b l e  KP03 
alone t o  reduce t h e  phosphorus negat ive  ion 
concentra t ions ,  and KPO3 i s  l e s s  s t a b l e  a t  h igher  
temperatures than t h e  KP02 which con t r ibu te s  t o  
t h e  chemistry i n  t h e  o the r  two s e t s .  F i n a l l y ,  by 
f a r  t h e  lowest conduct iv i ty  i s  predic ted  by using 
Set E but omit t ing  KP02 and KP03 from consider-  
a t i o n .  This corresponds t o  t h e  thermodynamic s e t  
used i n  e a r l i e r  parametric s t u d i e s  . l ,l1 

F i n a l l y ,  F igure  5 shows how these  d i f f e r ences  
i n  conduct iv i ty  a r e  t r a n s l a t e d  i n t o  f r a c t i o n a l  
enthalpy e x t r a c t i o n  p red ic t ions .  A s  expected,  
t h a t  based on Set A i s  t h e  most e f f i c i e n t  gener- 
a t o r .  However, by t h e  downstream end of t he  
channel Set C is doing a  b i t  b e t t e r  than Set E ,  
because a t  lower temperatures t h e  b e n e f i t s  of 
increased KP03 i n  Set C more than o f f s e t  t hose  
of increased KP02 a t  the  high temperature end f o r  
Set E.  Ignoring t h e  ex i s t ence  of KPOx molecules 
while r e t a i n i n g  PO; ions  i s  seen t o  g ive  very  
s i g n i f i c a n t l y  lower performance. 

Figures 6 through 9 show, f o r  each case ,  t h e  
concentra t ions  of t h e  va r ious  spec i e s  which con- 
t r i b u t e  t o  t h e  conduct iv i ty  p red ic t ion .  As yet  
a f u r t h e r  specu la t ion ,  a s t a b l e  KFe02 gas  phase 
molecule was included, but it t u r n s  out  t h a t  i t  
has l i t t l e  e f f e c t  on t h e  FeOT concen t r a t ion ,  a s  
t h e  major i r o n  spec i e s  a r e  q u i t e  s t a b l e  l i q u i d  
phases.  

I V .  Conclusions 

The l e s sons  of t h i s  s tudy a r e  t h ree fo ld .  
F i r s t ,  t h e  observat ions  by Annen of smal l  e f f e c t s  
of added phosphorus i n  heav i ly  potassium-seeded 
plasmas a r e  by no means incons i s t en t  wi th  even a 
h ighe r  e l e c t r o n  a f f i n i t y  f o r  PO2 than t h a t  
determined by Mi l l e r  under low potassium, fue l -
r i c h  cond i t i ons .  On t h e  con t r a ry ,  t he re  i s  a  
body of evidence f o r  t h e  ex i s t ence  of s t a b l e  
potassium phosphate spec i e s  which a l low bo th  
observat ions  t o  co-exis t .  Second, t h e  ex i s t ence  
of t hese  potassium phosphate spec i e s  means t h a t  
predic ted  plasma conduc t iv i t i e s  and e f f i c i e n c i e s  
f o r  coal - f i red  open-cycle MHD gene ra to r s  should 
be s u b s t a n t i a l l y  l a r g e r  than would have been 
obtained wi th  t h e  thermodynamic inpu t s  used 
t o  d a t e .  F i n a l l y ,  it was seen t h a t  t h e  observa- 
t i o n s  d iscussed here  do no t  unambiguously d e f i n e  
a l l  of t he  key molecular p r o p e r t i e s ,  a l t hough  they 
do provide c o n s t r a i n t s .  Therefore ,  s i g n i f i c a n t l y  
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d i f f e r e n t  per formances  may be  p r e d i c t e d  u s i n g  11 .  Wormhoudt, J . C . ,  Kolb, C.E. ,  Y o u s e f i a n ,  V . ,  
e q u a l l y  j u s t i f i a b l e  sets of parameters ,  and more and Mart inez-Sanchez,  M . ,  " S t u d i e s  of MHD 
e x p e r i m e n t a l  work is i n d i c a t e d  t o  b e t t e r  d e f i n e  Genera tor  Performance w i t h  Oxygen Enriched 
t h e  p r o p e r t i e s  of b o t h  t h e  i o n s  and n e u t r a l s .  Coal Combustion ,"Paper 80-1343, AIAA 1 3 t h  

F l u i d  and Plasma Dynamics C o n f e r e n c e ,  
F i n a l l y ,  u n c e r t a i n t i e s  i n  n e g a t i v e  i o n  Snowmass, CO, J u l y  1980. 

f o r m a t i o n  e f f e c t s  on c o a l  combustion plasma con-
d u c t i v i t y  is  n o t  l i m i t e d  t o  phosphorus.  S e r i o u s  

TABLE 1 - H E A T  OF F O R M A T I O N  D e T A  S E T S  F O R  K E Y  
gaps i n  our  knowledge of thermochemical  parameters  PHOSPHORUS S P E C I E S  ( K C A L / H O L E )  

f o r  i r o n  and aluminum o x i d e  s p e c i e s  a l s o  l i m i t  
o u r  c u r r e n t  p r e d i c t i v e  c a p a b i l i t y .  l 

T h i s  work was s u p p o r t e d  by t h e  O f f i c e  of 
Magnetohydrodynamics of  t h e  U.S. Department of 
Energy under  C o n t r a c t  No. EX-76-C-01-2478. The 
a u t h o r s  would l i k e  t o  t h a n k  D r s .  J.W. H a s t i e ,  PO- -215 -211 -211 -211 -211 -200  

3W . J .  M i l l e r ,  and K.D. Annen f o r  t h e i r  h e l p f u l  
d i s c u s s  i o n s .  

TABLE 2. C O M P A R I S O N S  BETWEEN PHOSPHORllS I O N  O R S E R V A T I O N S  AND 
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TABLE 4. C O M P A R ~ S O N SBETWEEN PHOSPHORIIS I O N  ORSERVATIONS AND 
P R E D I C T I O N S  U S I N G  HEAT OF F O R M A T I O N  SET C 

& 4LLE.d 
b 

T A B L E  7 .  C O M P A R ~ S O N SBETWEEN PHOSPHORIIS I O N  ORSERVATIONS 
P R E D I C T I O N S  I l S l N G  H E A F  OF F O R M A T I O N  S E T  F 

AND 

N 2 / 0 2  = 1.4, 2 2 7 4 ' K  H2/N2/O2 = 4 / 4 / 1 ,  2 0 2 0 ° K  

OLE FRACTION ~ ( 1 0 - 5 )  3.2 31 M O L E  FRACTION ~ ( 1 0 - 6 )  2.0 R.0 

~ B S E R V E D~ ~ ( 1 0 ~ ~ t 4 - ~ )1 . 4 6  0 . 8 2  ~ ~ B S E R V E ~N - / N ~  0.5 2.0 

P R E O I C T E ~N-/NE 0.03 O.fl4 

TABLE 8. BASELINE COMBUSTOR/GENERATOR PROPERTIES
TABLE 5. COUPARISONS BETWEEN PHOSPHORUS ION OBSERVATIONS AND 

P R E D I C T I O N S  U S I N G  HEAT OF F O R M A T I O N  SET D 
COAL: MONTANA ROSEBUD SUBBITUMINOUS 

LWlEn? 	 ? l u E B i  
OXIDIZER: A IR W I T H  2 0 %  BY VOLUME ENRICHMENT 

N2/02 = 1.4, 2274'K H2/N2/02 = 4 / 4 / 1 ,  2020'K 
(N2 0.618 NASS FRACTION,  o2 0.371 

I 
n ~ s sFRACTION), PREHEATED TO 866'K 

1SEED: 	 DRY K2CO3, 1x BY WEIGHT OF T O T A L  FLOW 

S L A G  REJECTION FRACTION- 0.85 
( A T  FIRST STAGE) 

SECOND STAGE COMBUSTOR 2807'K 
TEMPERATURE (AFTER SEED 
ADDITION) 

CHANNEL INLET 3.15PRESSURE ATM. 

CHANNEL INLETTEMPERATURE271SDK 

TABLE 6. COMPARISONS BETWEEN P H O S P H O R U S  ION OBSERVATIONS AND 
P R E D I C T I O N S  U S I N G  HEAT OF FORMATION SET E 

[PI, .Mole Fraction x lo6 

Figure  1. 	 Comparison of observed ( s o l i d  l i n e s )  2  
and p red ic t ed  (dashed l i n e s )  r a t i o s  
of nega t ive  i o n s  t o  e l e c t r o n s  i n  
H z / O ~ / N ~flames a t  2250 and 2475 K.  
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[P], .Mole Froct~onr 10' 

2


F i g u r e  2 .  	 Comparison of Observed ( s o l i d  l i n e s )  
and P r e d i c t e d  (dashed l i n e s )  R a t i o s  
of Negative I o n s  t o  E l e c t r o n s  i n  o 2 9 6 a 

CHANNEL LENGTH, B 
H ~ / O ~ / N ~Flames a t  1815 and 2020 K.  

F i g u r e  5. 	 Entha lpy  E x t r a c t i o n  Down Channel 
f o r  Four D i f f e r e n t  Phosphorus  
Thermodynamic Parameter  S e t s .  

F i g u r e  3 .  	 Temperature H i s t o r y  Down Channel of  

Nominal MWD Genera tor  Using Phosphorus 

Thermodynamic Parameter  S e t  A. 


CHANNEL LENGTH, M 

Figure  6 .  	 Spec ies  Mole F r a c t i o n s  Down 
Channel f o r  Nominal G e n e r a t o r  
Using Phosphorus Thermodynamic 
Parameter  S e t  A .  

0 2 4 6 8 

CHANNEL LENGTH, H 


F i g u r e  4 .  	 C o n d u c t i v i t y  Down Channel f o r  Four 
D i f f e r e n t  Phosphorus Thermodynamic 
Parameter  S e t s .  
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10-8 
0 2 4 6 8 

CHANNEL LENGTH. R 

F i g u r e  7 .  	 S p e c i e s  Mole F r a c t i o n s  Down 
Channel  f o r  Nominal G e n e r a t o r  Using 
Phosphorus  Thermodynamic Parameter  
S e t  C .  

i0-7 , , , , , , 

S i 6 8 
CLANNEL LENGTE. M 

F i g u r e  8. 	 S p e c i e s  Mole F r a c t i o n s  Down 

Channel f o r  Nominal Genera tor  

Using Phosphorus Thermodynamic 

P a r a m e t e r  S e t  E. 


10-7 , , , , , , , 

3 2 0 6 8 
CHANNEL LEIIGTH, I1 

F i g u r e  9 .  	 Spec ies  Mole F r a c t i o n  Down Channel 
f o r  Nominal Genera tor  Using 
Phosphorus Thermodynamic Parameter E 
b u t  o m i t t i n g  KP02 and KP03. 
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