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Abstract 

This paper describes a prototype 20-MW MHD 
coal-f i red combustor t h a t  was designed, fabrica-
ted, and tested under contract  t o  the Department 
of Energy. The design incorporates features  t o  
(1) maximize the plasma e l e c t r i c a l  conductivity, 
(2 )  minimize the thermal heat loss ,  ( 3 )  maximize 
the slag removal eff ic iency,  and ( 4 )  minimize 
constraints  on scaleup. A two-stage combustor 
was selected with a s lag separator  located 
between the two combustors. The intermediate 
temperature and associated f i r s t - s t a g e  stoichio-
metry r a t i o  were selected t o  provide adequate 
slagging temperatures, temperatures within s t a t e -
of- the-ar t  material 1imitat ions,  and minimum slag 
vaporization. The s lag separator  selected was a 
high-efficiency cyclone with refractory 1ining 
to minimize heat loss. Each of the two f i r s t -
stage combustors has a combined water-cooled and 
refractory-1 ined combustion chamber. These com-
bustors f i r e  tangent ial ly  in to  the s lag separator. 
The second-stage combustor i s  a s ingle  u n i t  and 
i s  completely water cooled. A performance 
evaluation module i s  located downstreani from the 
second-stage co~iibustort o  measure the  plasma 
e lec t r ica l  conductivity. Unfortunately, funding 
and schedule constraints  prevented completion of 
the t e s t  program. Limited r e s u l t s  t o  date, how-
ever, indicate  promising combustor performance. 

I .  Design Objectives 

The design objectives used f o r  the 20-MW coal-
f i red  combustor a re  to: 

1. Maximize combustor performance (plasma 
e l e c t r i c a l  conductivity) consis tent  w i t h  
the program requirements. 

2. Provide a design with minimum constraints  
i n  system scaleup f o r  50-MW and larger  
s izes .  

3. Provide a modular design so t h a t  each 
component can be optimized and rapidly 
changed o r  modified t o  accommodate 
development program variat ions.  

These design objectives resul ted i n  the follow-
ing combustor key features:  

1. A two-stage combustor w i t h  an in te r -
mediate s lag separator  t o  remove s lag a t  
a low temperature, thus minimizing 
enthal py losses  associated w i t h  heating 
and vaporizing the  s lag.  

2 .  A f i r s t - s t a g e  pentad (four  a i r  streams 
impinging on one coal stream) in jec tor  
design with demonstrated e f f i c i e n t  
mixing t o  promote high carbon burnout. 

3. A two-section, f i r s t - s t a g e  combustion 
chamber w i t h  the f i r s t  s tage using a 

th in ,  water-cooled, slag-protected 
refractory layer and the second section 
using a thick refractory layer ,  both to 
minimize heat 1osses. 

4. A refractory lining in the s lag separa-
t o r  to minimize heat losses. 

5. A second-stage combustor providing both 
de-swirl of the combustion products 
exiting froni the slag separator and 
simple mixing of the vi t ia ted secondary 
a i r  and seed. 

6. A dense-phase coal feed system to 
minimize cold ca r r ie r  gas entering the 
f i rs t -s tage combustors. 

7. A dry seed injection system using 
pulverized K2CO3 with a 1%amorphous, 
fumed s i  1icon dioxide additive to enhance 
flowabili t y ,  resulting i n  rapid vaporiza-
tion and ionization and ensuring maximum 
performance. 

8. A performance evaluation module (PEM) of 
rugged design based on an existing, 
successfully tested u n i t .  

These design features resul t  in the highest 
theoretical e lectr ical  conductivity achievable 
consistent with state-of-the-art material 
l imitations and system design requirements. 

11. Combustor Configuration 

The combustor system i s  i l lus t ra ted  i n  Figure 1 
The combustor consists of three major subassem-
blies:  the two f i r s t - s tage  (or  primary) combus-
t o r s ,  the slag separator, and a s ingle  second-
stage secondary combustor. All of the coal i s  
injected into the two primary combustors, where 
i t  i s  mixed and combusted with -37% of the a i r  
oxidizer. The a i r  i s  preheated t o  800'~ and then 
v i t i a ted ,  ut i l iz ing oi l  and gaseous oxygen to 
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Figure 1. 20-MW MHD Coal Combustor Design 
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o b t a i n  a  temperature o f  2 9 0 0 ~ ~ .  The coal  and 
preheated a i r  a re  i n j e c t e d  i n t o  t h e  combustion 
chamber th rough a  p r imary  i n j e c t o r  assembly i n  
which f o u r  a i r  streams impinge on a  s i n g l e  coa l  
s t ream and produce a  un i f o rm  d i spe rs ion  o f  r eac t -  
an t s  across t h e  chamber. The e n t i r e  upstream 
s i d e  o f  t he  i n j e c t o r s ,  i n c l u d i n g  the  v i t i a t e d  a i r  
entrance, i s  r e f r a c t o r y  l i n e d  t o  minimize heat  
1  oss. 

The pr imary  combustors a re  designed t o  operate 
a t  a  s t o i c h i o m e t r i c  r a t i o  o f  0.33. Th is  s t o i c h i -  
ometry was se lec ted  t o  ensure s lagg ing opera t ion  
o f  t h e  p r imary  combustion chambers, terr~peratures 
w i t h i n  s t a t e - o f - t h e - a r t  m a t e r i a l  1  i m i t a t i o n s ,  and 
minimum s l a g  vapo r i za t i on .  Th i s  t r a d e o f f  between 
s t o i c h i o m e t r y  and temperature i s  i l l u s t r a t e d  i n  
F igu re  2.  I n  t h e  p r imary  combustors, two proc- 
esses occur  - combustion and g a s i f i c a t i o n .  The 
combustion process i s  exothermic,  t he  g a s i f i c a -  
t i o n  process endothermic.  As a  r e s u l t ,  t he  gas 
tempegature i n  t he  exothermic reac t i on  may reach 
-3700 F. Fo r  t h i s  reason, the  i n i t i a l  l eng th  o f  
t h e  p r imary  combustion chaniber i s  water cooled. 
The remain ing pr imary  combustion chamber length ,  
which a t taches t o  t h e  s l a g  separator,  i s  r e f r a c -  
t o r y  l i n e d .  A  des ign goal  was t o  achieve a t  
l e a s t  90% carbon burnout  i n  t h e  pr imary  combus- 
t o r s .  The des ign o f  t h e  f i r s t - s t a g e  i n j e c t o r  i s  
shown i n  F igu re  3. The i n j e c t o r  rece ives  heated 
a i r  through f o u r  nozz les  on the  i n j e c t o r  face. 
Coal i s  i n j e c t e d  a t  t h e  center  o f  t he  face 
through a  water-cooled tube. The impingement o f  
t h e  a i r  and coa l  p rov ides h i g h l y  e f f i c i e n t  mix ing 
and combustion. Heat l o s s  has been minimized by 
1 i n i n g  the  i n j e c t o r  housing w i t h  r e f r a c t o r y  
m a t e r i a l .  

PRIMARY COMBUSTOR STOlCHlOMETRlCRATlO 

F i g u r e  2. F i  rs t -Stage Combus t o r  

Opera t ing  P o i n t  Se lec t i on  


The e x i t  gases o f  t h e  p r i m a r y  combustors con-
t a i n i n g  e n t r a i n e d  s l a g  d r o p l e t s  a r e  i n j e c t e d  
t a n g e n t i a l l y  i n t o  t h e  s l a g  separa tor .  Because o f  
t he  a d d i t i o n a l  res idence t i m e  i n  t h e  s l a g  separa- 
t o r ,  most o f  t h e  remain ing carbon w i l l  be reacted. 
The s l a g  removal occurs  as a r e s u l t  o f  t he  
c y c l o n i c  a c t i o n  o f  t h e  gases imposed by t he  
t a n g e n t i a l  entrance. The s l a g  i s  thrown t o  t h e  
w a l l ,  moves t o  t h e  bot tom o f  t h e  s l a g  separa tor  

MOLDABLECERAMlC FIBER INSULATION 

TABULAR AIUMINAMULLITE BONO 
I L I C O N  NITRIDE BONOEDSlLlCDNCARBIDE 

WATER 

I 
PRESSURE BOUNDARY 1316L SS' 301L 55 INJECTOR BOD,! SETTlNO CASTABLE 

Figure 3. MHD Primary Combustor I n j e c t o r  

by g r a v i t y  ac t ion ,  and e x i t s  through a  t a p  a t  
the bottom center  o f  t he  u n i t .  

The s lag  separator cons i s t s  o f  a  n a t u r a l -  
convection-cooled, carbon s t e e l  pressure vessel  
which i s  r e f r a c t o r y  l i n e d .  The l i n i n g  c o n s i s t s  
o f  fused-cast Cr203/A1203 b locks  backed up w i t h  
h igh  alumina h y d r a u l i c  s e t t i n g  cas tab le .  An 
i d e n t i c a l  r e f r a c t o r y  l i n i n g  i s  used i n  t h e  p r i -  
mary combustion chambers. The fused-cast  r e f r a c -
t o r y  used has been t e s t e d  by ANL. Specimens have 
been exposed t o  a g i t a t e d  Rosebud coal  s l a g  f o r  
500 h  w i t h  no p e r c e p t i b l e  cor ros ion.  Tempera-
turea o f  these specimens ranged from 2700 t o  
2800 F and reached g rea te r  than 3 0 0 0 ~ ~  f o r  
-20 h. 

The "cleaned" h o t  gases then pass from t h e  s l a g  
separator t o  the  second stage o r  secondary com- 
bustor ,  where the remainder o f  the  v i t i a t e d  
o x i d i z e r  a i r  i s  added. Th is  completes t h e  com- 
bus t i on  process a t  an o v e r a l l  s to i ch iome t r y  o f  
0.95, ach iev ing the requ i red  e x i t  temperature.  
Potassium carbonate (K2C02) seed i s  a l s o  added t o  
the  secondary a i r  and dispersed un i f o rm ly  across 
t he  secondary combustor. The product  gases h e a t  
and vaporize t he  K2CO3 seed t o  produce an e lec -  
t r i c a l l y  conduct ive plasma. The r e s u l t i n g  
plasma then f lows through the  combustor t o  an 
e x i t  nozzle, where the gas i s  acce le ra ted  t o  
Mach 0.3. The secondary combustor i s  water-  
cooled t o  accommodate the  h igh  combustor ternpera- 
t u r e  i n  t h i s  stage. 

The ho t  plasma f rom the  secondary combustor 
enters a  performance eva lua t i on  module. The PEM 
i s  u t i l i z e d  t o  e s t a b l i s h  t he  c o n d u c t i v i t y  o f  
combustor plasma; i t  was designed and f a b r i c a t e d  
by J .  B. Dicks and Associates,  Inc., under sub- 
con t rac t  t o  Rockwell I n t e r n a t i o n a l .  The PEM t e s t  
sec t i on  cons is ted o f  30 e lec t rodes i n s u l a t e d  f rom 
each o ther  i n  such a  way t h a t ,  by imposing a  con-
s t a n t  vo l tage between se lec ted  e lec t rodes,  t h e  
r e s u l t i n g  cu r ren t  f l o w  through the  plasma a l l owed  
deternii n i  ng t he  bu lk  e l e c t r i c a l  c o n d u c t i v i t y .  

111. Combustor Performance 

The o r i g i n a l  performance parameters s e l e c t e d  t o  
e s t a b l i s h  base l ine  ope ra t i ng  cond i t i ons  were 
based on us ing a  21% oxygen enr ichment f o r  t h e  
v i t i a t e d  a i r  and an o v e r a l l  s t o i c h i o m e t r i c  r a t i o  
of  0.9. Also, a  conservat ive  carbon burnout  o f  
90% was se lec ted because o f  t he  unknown e f f e c t  o f  
the  s lag separa tor  i n  t h e  complete r e a c t i o n  o f  
t he  coal. The r e s u l t a n t  base l ine  ope ra t i ng  
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conditions a r e  presented in the f i r s t  column of 
Table 1. Before running the demonstration t e s t s ,  
technical requirements were received from DOE 
a1 ter ing the base1 ine operating conditions. The 
resul tant  operating conditions and performance 
predictions f o r  these requirements are presented 
in the second column of Table 1. Since checkout 
t es t ing  had demonstrated the  a b i l i t y  of the 
combustor to  achieve 100% carbon burnout, t h i s  
value was used i n  predicting performance f o r  the 
demonstration t e s t  conditions. I t  can be noted 
from Table 1 t h a t  the predicted e lec t r ica l  
conductivity f o r  the demonstration t e s t  operating 
conditions i s  90% greater  than f o r  the base1 i ne 
operating conditions. 

Tab1 e 1. 20-MW Combustor Performance Parameters 

Design 

First-stage stoichi- 
ometric ra t io  
Overall stoichio-
metric ra t io  

Design carbon 
burnout ( % )  

GOX enrichment (%) 

In1 e t  a i r  
temperature (OF) 
Adiabatic exi& 
temperature ( F) 

Adiabatic electr ical  
conductivity (S/m) 

Thermal input (MW) 
Predicted heat 
loss (%) 

Predicted exijj 
temperature ( F )  1 4427 1 4649 
Predicted electr ical  
conductivity (S/m) 5.35 10.18 

IV. 20-MW Test ing 

The 20-MW combustor was tested a t  the Thermo- 
dynamics Laboratory of Rockwell International.  
Photographs of the t e s t  setup a r e  shown in 
Figures 4 and 5. 

A to ta l  of four  t e s t s  were conducted on the 
20-MW combustor. Table 2 summarizes the combus- 
t o r  t e s t  history. The checkout t e s t  (Test 001) 
accumulated 37 min a t  coal-flow operation, and 
a1 1 systems operated successfully. The f i r s t  two 
performance t e s t s  (Tests 002 and 003) were termi-
nated because of minor, eas i ly  corrected hardware 
problems. The th i rd  performance t e s t  (Test 004) 
accumulated 65 min of coal-flow and 56 min of 
seed-flow operation. During Test 004, control 
d i f f i c u l t i e s  occurred with the coal feed system, 
causing tes t ing  t o  be run  over a wide range of 
stoichiometric conditions rather  than continu- 
ously a t  the design point.  This feed system 
problem resulted froni the compaction of coal i n  
the run tanks, which caused unstable coal flow. 
Schedule and money did not permit repeating the 
performance t e s t  a t  the reference operating 
conditions. 

Because of the range of stoichiometric condi- 
t ions encountered during the t e s t ,  data were 
analyzed a t  discrete  times when steady-state  
conditions occurred. PEM data were analyzed a t  
these times; the resu l t s  are  presented i n  
Figure 6. A t  the design point,  the indicated 
e lec t r ica l  conductivity was 9.7 S/m, compared to 
a predicted value of 10.2 S/m. Heat loss  measure- 
ments were made on a l l  components during the 
t e s t .  For the  design condition (stoichiometry 
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Table 2. 20-MW MHD Coal Combustor Test History 

Test Date Test Objective Results 

Check out;  charac-
t e r i z e  fac i  1i ty  
sys tems 

Test of 37-min dura- 
t ion. All systems 
characterized except 
seed feed. Hardware 
ok. 

Performance demon- Two PEM electrodes 
s t r a t i on  with PEM overheated during 

warrnup. Cooling
passages r e s t r i c t ed .  
Electrodes rep1 aced. 

Performance demon- 
s t r a t i on  with PEM 

Secondary combustor 
coolant over temper-
a tu re  a t  i n i t i a t i o n  
of coal combustion. 

Performance demon- , Test of 65-min dura- 
s t r a t i on  with P E M  , t ion .  

I I I I I I I I 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

OVERALL STOICH~OMETRYRATIO 

Figure 6. Electrical Conductivity Versus 
Stoichiometry Ratio - Test 004 

ra t io  = 0.95), the combustor heat loss  was 8.0%, 
compared w i t h  the predicted value of 7.0%. 

A1 though much more test ing i s  needed to estab- 
l i s h  combustor performance firmly, the limited 
resu l t s  t o  date are  indicative of the performance 
potential t h a t  can be realized by using a refrac- 
tory approach to l imi t  heat losses. Major ques- 
tions regarding refractory 1 i f e ,  s l  ag separator 
efficiency, and combustor operating 1 imi t s  
remain. We hope t h a t  additional tes t ing can be 
conducted a t  a future date t o  address these 
issues. 
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