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1.0 INTRODUCTION 

1 1 BACKGROUND 

This report  contains the information developed during the Disk MHD Generator 

Study car r ied  out  under NASA Contract DEN3-139. The study was conducted by a 

contract  team composed o f  the Westinghouse Advanced Energy Systems D iv is ion  

(AESD) ; the Energy Laboratory o f  the Massachusetts I n s t i t u t e  o f  Technology; 

Burns and Roe, Incorporated; FluiDyne Engineering; and the Westinghouse 

Research and f'evelopment Center. Westinghouse AESD served as prime contre.ctor 

for  NASA on the program. 

The study was motivated by the various theore t i ca l  and experimental invest iga- 

t ions o f  disk-shaped MHD channels ca r r ied  out over the past decade and a ha l f .  

These studies indicated t ha t  the disk geometry had po ten t ia l  t o  1)rovide equiva- 

l e n t  performance t o  the more commonly studied l i nea r  k2D channels but w i t h  the 

potent i  a1 for  ce r ta in  geometrical, e l e c t r i c a l ,  and cost advantages. 

The configurat ions envisioned f o r  the disk MHD generator and i t s  magnet o f fer  

promise o f  substant ia l  generator cost  reductions i n  comparison w i th  1 inear 

channels and magnets designed t o  produce equivalent MHD power. The r a d i a l  flow 

disk generator i s  a Hal? device; w i t h  sw i r l  i t  can be considered t o  be the 

c y l i n d r i c a l l y  configured analogue o f  the 1 inear diagonal MHD generator. The 

advantageous geometry of  the disk permits the closure o f  the Faraday current  

e n t i r e l y  w i th in  the plasma. The simple configuration1; rea l i zab le  f o r  d isk  

generator system components ind icate  the p o s s i b i l i t y  f o r  use o f  higher design 

spec i f ica t ion values f o r  the performance-cri t ical parzimeters o f  magnetic 

induction and allowable e l e c t r i c  f i e l d  in tens i t y ,  thus implying a po ten t i a l  f o r  

achieving an enhanced performance from the disk generator i n  comparison t o  tha t  

provided by the more complicated Faraday or  diagonal 1 inear MHD generators. 

The simple disk generator conf igurat ions possible also hold promise o f  enhanced 

re1 i a b i  li t y  i n  comparison t o  the more complicated 1 inear MHD channels. 



The major e f f o r t  o f  the  Ddsk MHD Generator Study was a parametr ic power p l a n t  

systems analys is  comprised o f  th ree basic subtasks: 

Model i ng  o f  d i sk  generator power systems; 

Analysis o f  d isk  generator power systenr performance, ana sub- 
sequent op t im iza t i on  o f  t h i s  perfor:lfai.ce through se lec t  i o n  o f  
opt  imuta values f o r  c r i t i c a l  paraat tc:? . ; 

e Conceptual design and cos t  est imat  Iylc f o r  the  major components o f  
open cyc le  d isk  generator power systen~s. 

1.2 OBJECTIVES OF THE STUDY 

The key o b j e c t i v e  o f  the  Disk MHD Generator Study was establ ished i n i t i a l l y  t o  

be the  development o f  in format ion on the  expected performance, p o t e n t i a l  bene- 

f i t s ,  and development p o s s i b i l i t i e s  f o r  both combustion gas and i n e r t  gas MHD 

generators, when these are considered as p a r t  o f  appropr ia te ly  conf igured coa l -  

f i r e d  MHD/steam e l e c t r i c a l  power generat ing systems. 

Four "reference p l a n t "  conf igura t ions  were spec i f  ied  by NASA, which are thought 

t o  be representat ive o f  poss ib le  d isk  generator MHD/steam power system can- 

f i gu ra t i ons .  These fou r  conf igura t ions  formed a basis from which detai leci  

in fo rmat ion  on generator and system parameters was t o  be developed throuyh 

analysis. The expected performance o f  near-tern1 and longer-term disk generator 

MHD power syste~ris was t o  be established, w i t h  reference t o  the  f o u r  representa- 

t i v e  conf igurat ions.  

For the  major components of open-cycle d isk MHD power systems, estimates o f  

costs were t o  be made. The estimates then were t o  be u t i l i z e d  i n  a cost  conl- 

par ison between d i sk  MHD system components and t h e i r  analogous l i n e a r  MHD 

systeni components (as represented by the  costs obtained f o r  such components i n  

the  p a r a l l e l  NASA "Parametric Study o f  Po ten t ia l  Ea r l y  Commercial MHD Power 

Plants (PSPEC) . I 8 )  



As the study progressed, i t  became c l e a r  that. some comparisons o f  the  d i sk  

generator systems study performance r e s u l t s  would he made w i t h  the  para1 l e l  

l i n e a r  MHD systems study r e s u l t s .  The d i sk  generator power systems were 

reconf  igured where poss ib le  t o  more c l o s e l y  match the  systems designs assumed 

f o r  l i n e a r  MHD power systems i n  the  p a r a l l e l  studies. 

1.3 SYSTEMS STUDY STATUS 

I t  i s  emphasized t h a t  t h i s  s tudy represents a f i r s t  major attempt t o  r e l a t e  the  

d isk  generator i n t o  a complete system. As compared t o  l i n e a r  systems which 

have been the subject  o f  repeated s tud ies  w i t h  ever increas ing  refinement, i t  

should there fore  be considered a p r e l  iminary attempt. Design d e t a i  1 o f  t he  MP .I 

components was c a r r i e d  o n l y  t o  the  ex ten t  necessary t o  ob ta in  reasonable cos t  

estimates. No cos t  es t imat ing  was performed outs ide  o f  the  MHD d i sk  r e l a t e d  

components. 

Due t o  the lack o f  previous e f f o r t  on d i sk  generators i n  a complete system, 

much o f  the e f f o r t  had t o  he expended on determining the  l e v e l  and s e n s i t i v i t y  

o f  parameters t o  desi red o v e r a l l  p l a n t  performance. During the  course o f  the  

study several ref inements f o r  improvement became apparent. Continued study o f  

these ref inements as w e l l  as more d e t a i l e d  design i nves t i ga t i ons  could be 

pursued i n  an attempt t o  b e t t e r  t he  performance and g ive  greater  conf idence i n  

i t s  comparison t o  l i n e a r  systems. 
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2.0 SUMMARY AND CONCLUSIONS 

2.1 OPEN CYCLE DISK MHD STUDIES 

2.1.1 SYSTEM STUDIES 

Studies have been performed f o r  d i r e c t  l y - f  i red, separate ly- f  i red, and oxygen- 

augmented MHD power p l a n t s  incorpora t ing  a d i sk  geometry f o r  t he  MHD generator. 

As a r e s u l t  o f  these studies, base parameters f o r  f o u r  near-optimum-performance 

MHD/steam power systems of varfous types have been defined. The base 

parameters f o r  t he  selected systems and a performance summary f o r  each are 

presented i n  Table 2.1.1 and 2.1.2 respect ive ly ,  The f i n a l l y  selected systems 

consisted of two d i r e c t l y - f i r e d  cases, one a t  1920 K (2996OF) preheat and the  

o ther  a t  1650 K (2500°F) preheat; a separate ly- f  i red case where the  a i r  i s  

preheated t o  the  same l e v e l  as the h igher  temperature d i r e c t l y - f i r e d  case; and 

an oxygen-augmented case w i t h  the  same generator i n l e t  temperature o f  2839 K 

(4650°F) as the h igh  temperature d i r e c t l y - f  i r e d  and the separate ly- f  i r e d  

cases. Supersonic Mach numbers a t  the  generator i n l e t ,  gas i n l e t  s w i r l  and 

constant H a l l  f i e l d  operat ion were spec i f i ed  based on d isk generator 

op t imiza t ion  conducted as p a r t  of t he  study. System pressures were based on 

op t im iza t i on  of MHD net power. S u p e r c r i t i c a l  reheat steam p l a n t s  were used i n  

a l l  cases. 

Systern Performance 

The r e s u l t i n g  power p l a n t  e f f i c i e n c i e s  shown on Table 2.1.2 are found t o  be i n  

the  range of s i m i l a r  s tudies on l i n e a r  systems. As expected, a la rge 

d i f f e rence  of 6.5 percentage p o i n t s  i n  e f f i c i ency  e x i s t s  f o r  the  d i r e c t l y -  and 

separate ly- f i red cases a t  the  same preheat temperature leve l .  The separate ly-  

f i r e d  case studied used a pressur ized coal  g a s i f i e r  t o  f i r e  the  preheaters and 

a gas t u r b i n e  energy recovery system d r i ven  by the  preheater exhaust. The 

e f f i c i e n c y  of the  oxygen-augmented system i s  found t o  be s l i g h t l y  h igher (1.5 

percentage po in ts )  than the  separa te ly - f i red  case w i t h  the  same generator i n l e t  

temperature, Thus, previous conclusions on the performance competi t iveness o f  

oxygen-enriched systems f o r  l i n e a r  generators a lso  ho ld  t r u e  f o r  t he  d i sk  

systems. 



TABLE 2.1.1 

Plant  Size, MWe 

Oxidant 

BASE PARAMETERS FOR THE NEAR OPTIMUM-PERFORMANCE OPEh CYCLE DISK GEhEhATOR SYSTEMS 

DIRECTLY-FIRED DIRECTLt-FIRED SEPARATELY-FIRED 
1920K PREHEAT 1650K PREHEAT 1520K PREHEAT G 2  ENRICHED 

1000 
Nominal . - 

A i r  

1000 
Nominal 

A i r  

1000 
Nominal 

A i r  O2 Enriched 

A i r  

Oxidant Preheat Temperature, K 1920 1650 1920 922 

Oxidant Preheater Type Di rect -  Direct-  Ind i rec t -  Metal 1 i c  
F i red HTAH F i red HTAH Fired HTAH Heaters 

Generator I n l e t  Mach Number 1.9 1.7 1.9 1.9 

Generator I n l e t  S w i r l  0.5 0.5 0.5 b. 5 

Generator Design Mode Constant Constant Constant Constant 
Ha l l  F i e l d  Ha l l  F i e l d  Ha l l  F i e l a  Ha l l  F i e l d  

PJ 
I Maximum Ha l l  Field, kV/m 12 12 12 12 
: 3 

Di f fuser  Pressure Recovery Factor 0.6 0.6 0.6 0.6 

Magnetic Induction, T 7 7 7 7 

Steam Bottoming Plant 3500/l OOO/ 3500/1000/ 3500/1 OOO/ 3500/ 1 OW/ 
1000 1 000 '1 000 1000 

- Extract ion Extract ion Extract ion 
Type Type Type 

Extract ion 
Type 

NOx Scrubbing System NH3 Scrubber None Required None Required hone Requ i red 



TABLE 2.1.2 PERFORMANCE SUMMARY FOR THE NEAR-OPTIMUM-PERFORMANCE 
OPEN CYCLE D I S K  GENERATOR SYSTEMS 

Coal Input  t o  Plant, Mkt 
MHD Combustor 

G a s i f i e r  
Seed Regenerat i o n  
Tota l  

Gross Power Out, MWe 
MHD (dc) 

Steam 
Gas Turbine 
Tota l  

DIRECTLY-FIRED DIRECTLY-FIRED SEPARATELY-FIRED 
1920 K PREHEAT 1650 K PREHEAT 1920 K PREHEAT 02 ENRICHED 

Power Consumption, MWe 
Cycle A i r  Compressor 154.4 146.5 108.1 124.1 

w B o i l e r  Feed Pumps 21.6 25.1 24.8 27.7 
I 
w Oxygen Plant  - - - 71.9 

NOx Scrubber 12.2 - .. - 
Other 72.1 77.3 149.6 59.1 
Tot a 1 260.3 248.9 282.5 282.8 

Generator I n l e t  Pressure - Atm. 
Generator Mass Flow - kg/s 
Generator I n l e t  Temperature - K 
Disk I n l e t  Radius (m) 
Disk O u t l e t  Radium (m) 
Radial  E - f i e l d  (kv/m) 
Voltage (kV) 
Tota l  Enthalpy i n  (MU) 
Enthaipy Ex t rac t i on  (%) 
Generator Isent rop ic  e f f .  (%) 
Plant  Net Power Out, MWe 
Plant  Ef f ic iency,  % 



I n  ttie case o f  the d i r e c t l y - f  i r e d  system w i th  a  preheat l e v e l  o f  1920 tC 

( L39ii°F), i t  was found t h a t  the temperatures ou t  o f  the rad ian t  b o i  l ev  t o  the 

preheater had t o  be a t  such a h i g h  l eve l  as t o  preclude a t t a i n i n g  tne desi red 

low l e v e l  o f  NJx i n  t i le furnace exhaust gas. Thus, f o r  t ha t  case an NOx 

scrubber was snecif ied. 

Pzrforinance S e n s i t i v i t y  Studies 

Toe r e s u l t s  o f  s e n s i t i v i t y  s tud ies  on p l a n t  e f f i c i e n c y  f o r  the d i r e c t l y -  and 

separa te l y - f i r ed  cases are presented i n  Taole 2.1.3. 

A review o f  t h i s  t ab le  r e s u l t s  i n  some i n t e r e s t i n g  observations. F i r s t ,  i t  i s  

t o  be noted t h a t  over tne range o f  500 MWe t o  2000 MWe the o v e r a l l  p la r l t  e f  f  i- 

ciency i s  a f fec ted  approximately 1%. This i s  less than i s  found f o r  coniparable 

s tudies on 1  inear generator systems. 

Syste~ri perfor8rnance doe5 rlot requ i re  i n l e t  s w i r l  above 0.5 and performance i s  

not  ove r l y  s e n s i t i v e  t o  s w i r l  below t h i s  l eve l .  Thus, assuming conibustors can 

introduce s w i r l  i n  the range o f  0.5, ex t rao rd ina ry  measures t o  in t roduce s w i r l  

are not  requ i red  i n  the generator. This i s  f u r t h e r  re in fo rced  by the low 

e f f i c i e n c y  decrement o f  0.2 po in t s  which r e s u l t s  from a  doubl ing o f  the t o t a l  

combustor pressure loss from 8% t o  16%. Thus, some pressure loss can be traded 

f o r  achi3ving cornoustor induced s w i r l .  

For t h i s  study the design H a l l  f i e l d  was i n i t i a l l y  selected t o  be 12 ;\V/m. 

This value wds somewnat a r o i  t r a r i  l y  assigned, recogniz ing t h a t  tne d isk should 

oe t t l e o r e t i c a l  l y  capable o f  a much h igher  value than a  l i n e a r  generator, bu t  

w i t 1 1  a  desir-2 t o  remain on the conservat ive side. The study r e s u l t s  i n d i c a t e  

tha t  no s i g n i f i c a n t  performance improvement i s  achieved w i t n  reasonable 

increases aoove t h i s  value. The s i z e  o f  tne d isk,  however, can be decreased 

w i t h  h igher  values o f  H a l l  f i e l d  and thus the t radeo f f  can be between cos t  and 

r i s k  w i  thout  per fo r l~~dnce penal ty .  

Performance s e n s i t i v i t y  t o  a  B f i e l d  increase from 7 T t o  8 T and 12 T was 

evaluated. Based on the recommended c o n f i g u r a t i o n  f o r  the d isk  and magnet (see 



Table 2.1.3 OCD Power System S e n s i t i v i t y  Study Resul ts  

OCD DIRECTLY-FIRED SYSTEM - OCD INDIRECTLY- FIRED SYSTEM r 

CASE 

1-3 

VARIATION EFFICIENCY 
DELTA . 

Ha l f  Power -0.5 
1000 MWe + 500 Hide 
Reduced Channel -0.2 
Wall Temp. 
200C K + 1600 K 
Fuel Subs i tu t ion  to. 8 
I l l i n o i s  #6 
Reduced Preheat -0.6 
1920 K + 1810 K 

1650 K Preheat -2.0 
+ 32.5 w t .  % 02 
Subsonic, Constant -5.2 
Ve loc i ty  Disk 
1650 K Preheat 
Radial  Flow Disk -0.4 
S w i r l  = 0 
S w i r l  Increase +O. 0 
0 .5+ 1.0 

- 
Improved D i f f use r  +O. 5 
Recovery C o e f f i c i e n t  
0.45 + 0.60 
H a l i  F i e l d  Decrease -0.5 
12 kV/m + 8 kV/m 
H a l l  F i e l d  Increase +O.O 
52 kV/m + 16 kV/m - 
Reduced Magnetic F i e l d  
7 T + 6 T  
Increased Magnetic F i e l d  +0.4 
7 T + 8 T  
Increased Magnetic F i e l d  +1.2 
7 T + 1 2 T  
increased Combustor -0.2 
Pressure Loss 
8% + ;6% o f  P in  
Double Power +O. 5 
1000 MWe + 2000 MWe 

CASE VARIATION EFFICIENCY - .- 

DELTA 
2-3 Double Power +O. 3 

1000 MWe + 2000 MWe 
2-4 Half Power -0.5 

1000 MWe + 500 MWe 

2-6 Subsonic Constant -2.2 
Ve loc i t y  
1650 K Preheat 

2-7 Radial  Flow Disk -0.2 
S w i r l  = 0 

2-8 S w i r l  Increase +O. 0 - 
0.5 + 1.0 

OCD OXYGCN-ENHANCED SYSTEM 4 
i 

CASE VARIAT ION EFFICIENCY 
i DELTA 

Spec i a1 30% Increased +O. 4 I 2 
Conduct iv i ty  

f Spec i a1 30% Decreased -0.7 4 
Conduct i v i ty  g 

j 



2.2 below) increased t e s l a  design cond i t ions  appear t o  be more e a s i l y  a t ta ined  

f o r  the d isk  than f o r  the l i n e a r  systetn. I n  the i i n g l e  c o i l  d i s k  magnet design 

the major s t r u c t u r a l  l im i ta t !ons  encountered i n  the design of  l i n e a r  system 

magnets w i t h  h igh  t e s l a  f i e l d s  are no t  expected t o  be evident.  An e f f i c i e l c y  

increase of 1.2 percentage po in t s  was ca lcu la ted  f o r  the increase o f  magnetic 

induc t ion  from 7 T t o  12 T. 

The d i f f u s e r  recovery c o e f f i c i e n t  i s  reasonably i n f l u e n t i a l  nn o v e r a l l  

performance, w i t h  0.5 p o i n t s  of e f f i c i e n c y  gained by increasing the assumed 

recovery f a c t o r  front 0.45 t o  0.60. For a we1 I - i n teg ra ted  generator, d i f f u s e r ,  

and rad ian t  furance design, the h igher  values of recovery f a c t o r  can be more 

e a s ~ i y  achieved i n  d isk generator systerns, s ince boundary layer  blockage a t  the 

d i f f u s e r  e n t r y  i s  expected t o  be minimal, and the ho t  w a l l  design o f  the d isk 

yenerator dna d i f f u s e r  minimize dens i ty  and v e l o c i t y  d i f fe rences i n  tne f low 

cross-sec t ion  a t  any radius.  

For d e t a i l e d  information on the bas is  f o r  the study and systerns design, the 

reader i s  r e f e r r e d  t o  Sect ion 3.0 and 4.0. D e t a i l s  of the systerns ana lys is  

i t s e l f  w i l l  de found i n  Sect ion 5.0. 

Plas~na Conduct iv i ty  -- 

I n  per forming and rev iewing t h i s  study, i t  was found t h a t  d i f f e rences  i n  

ca l cu la ted  plasma c o n d u c t i v i t i e s  e x i s t  when compared t o  cornpatlion l i n e a r  gen- 

e r d t o r  studies. S p e c i f i c a l l y  tne ? S P E C  study performed by AVCOilj uses higi l rr .  

c o n d u c t i v i t i e s  and tne PSPEC study performed by General E l e c t r i c i 2 j  uses lower 

ca r \duc t i v i t y  values. High plasma c o n d u c t i v i t y  i s  important f o r  the open cyc le  

d isk  generator conf igura t ion ,  which optirnizes from a performance standpoint  a t  

supersonic i n l e t  v e l o c i t i e s .  Tne uncer t ,~ :3 ty  i n  c o n d u c t i v i t y  d i f f e r s  from the 

o ther  parameters s tudied i n  t h i s  progran, because i t  i s  not  a design parameter, 

except insofar  as i t  i s  affected by tne se lec t i on  o f  a seeding l eve l .  I t s  

inportance l i e s  p r i m a r i l y  i n  assuring consistency tetween the r e s u l t s  of 

var ious s tud ies  from which conclusions are t o  be drawn. A i  though the 

eva lua t ion  of the e f fec ts  of a gross percentage cnange i n  c o n d u c t i v i t y  i s  f e l t  

t o  be an extreme s i m p l i f i c a t i o n  ( s ince  the actual  c o n d u c t i v i t y  changes are 



der ived from species i ncluded, r a t e  constants, i o n i z a t i o n  po ten t i a l ,  

c a l c u l a t  i ona l  methods, e tc .  ) , two cases, one each f o r  an "across-the-boardu 

increase and decrease i n  conduct iv i ty ,  were ca l cu la ted  and are included i n  

Table 2.1.3. As expected, the performance o f  the  d i sk  generator and thus the 

o v e r a l l  power system i s  sensl t i v e  t o  c o n d u c t i v i t y  var ia t ions ,  though not  unduly 

so. Var ia t ions  i n  plasma c o n d u c t i v i t y  a f f e c t  !he d i  v i s i o n  of power generat ion 

c a p a b i l i t y  between the  topping cyc le  and the bottoming p lan t ,  more so than they 

cause s i g n i f i c a n t  changes i n  o v e r a l l  p l a n t  power output.  The nlost s i g n i f i c a n t  

e f f e c t  o f  c o n d u c t i v i t y  i s  the change i n  e x t r a c t i o n  length  requ i red  t o  main ta in  

equivalent  performance from the generatcr. Var ia t ions  i n  generator s ize  have a  

great  e f f e c t  upon d i sk  and magnet sizes, and therefore,  costs. A d i r e c t  and 

t r u l y  va i  i d  comparison o f  the o v e r a l l  performance and cos t i ng  r e s u l t s  obtained 

i n  t h i s  study w i t h  o ther  s tud ies  can o n l y  be made f o l l o w i n g  a  review ar2 

c a r e f u l  considerat  i on  o f  the d i f fe rences i n  methods an0 assurilptions used i n  the 

studies. 

Oisk MHD Component Costs 

This study c a l l e d  f o r  an est imate o f  the  costs o t  the major components i n  OCU 

MHD p lan ts  tha t  can d i f f e r  s i g n i f i c a n t l y  i n  design from t h e i r  l i n e a r  

counterar ts .  A summary o f  t h i s  data i s  presented i n  Table 2.1.4. A review o f  

the cost  o f  these d i sk - re la ted  components against  t h e i r  counterpar ts  i n  the 

rrtost recent 1  inear  s tud ies  (PSPEC)[l ,2] i nd i ca tes  a  p o t e n t i a l  cos t  reduct  i on  

from 24-56% f o r  the the d i sk  components, o r  i n  absolute d o l l a r s  a  value o f  

$23 x l o6  t o  $103 x l o6  (Mid-1978 bas is )  f o r  the  1000 MWe p lan ts  

invest igated.  The l a rge  range r e s u l t s  from major d i f f e rences  i n  the est imated 

cos t  of the generator and the magnet f o r  the comparison l i n e a r  systems. I t was 

found t h a t  the combustor system w i  11 be o f  s i m i l a r  cos t  t o  t ha t  f o r  1  inear  

systems. The MHD generator cons i s t i ng  o f  the nozzle, channel and d i f f u s e r ,  the 

magnet, and the channel power ir~anagement system w i l l  a l l  have s i g n i f i c a n t l y  

lower costs than f o r  a  l ineal -  systein o f  s i m i l a r  size. The rad ian t  furnace, as 

conceived f o r  t h i s  study, i s  s l i g h t l y  h igher  i n  cost  than f o r  a  l i n e a r  systeal. 

Based on observat ions o f  the physical  design o i f fe rences,  an0 based on the 

ha t i ona l  Magnet Laboratory assessment of magnet costs, the  p o t e n t i a l  f o r  cos t  

savings i s  heav i l y  biased toward the upper end o f  the 23-103 m i l l i o n  d o l l a r  

range ind ica ted  above. V e r i f i c a t i o n  o f  t h i s  conclus ion i s  dependent on 



Table 2.1.4 MAJOR SUBSYSTEM COST ESTIMATES FCR 3ISK GENERATOR POWER PLAMTS 

c 6 

I, 

i SUBSYSTEM 

OF 1000 MWe CAPACITY 

COST - DOLLARS, MIO-1978 BASIS  

DIRECTLY-FIRED DIRECTLY-FIRED SEPARATELY-FIRED OXYGEN 

1920 K PREHEAT 1650 K PREkiEAT 1920 K PREHEAT --- AUGMENTED 

COMBUSTOR $ 917,000 $ 883,000 $ 805,000 $ 601,000 

NOZZLE AND CHANNEL 1,892,000 1,869,000 1,720,000 1,996,000 

DIFFUSER 

MAGNET 

N DISK  POWER 
I 
m MANAGEMENT 

RADIANT FURNACE 



reso lu t  Ion o f  the large di f ferences present ly  ex i s t i ng  i n  studies of the 1 inear 

system components. For fur ther  Informat Ion on the data generated i n  support of 
the above cost  conclusions see Section 7.0. 

2.1.2 OPEN CYCLE DISK POWER TRAIN ARRANGEMENT 

A se lec t ion study was performed t o  a r r i v e  a t  a candldate p lant  arrangement. 
Figure 2-1-1 i s  a general arrangement drawing o f  the MHD por t ion  of the 

d i  r e c t l y - f  I r ed  disk generator p lan t  selected f o r  layout. An attempt has been 

made t o  u t i l i z e  the natural  features o f  the d isk  t o  provide s ign i f i can t  

advantages i n  cost, operation and maintenance. A simple s ing le  solenoid c o i l  

magnet i s  used and i s  posit iooed below the r a d i a l  out f low disk a t  y sund 

level.  This a1 lows f o r  an easi l y  supported permanent magnet i n s t a l  l a t  ion w i t h  

rap id  access from above t o  the channel f o r  maintenance and replacement. The 

combustor i s  i n  a natural  ve r t i ca l  o r i en ta t i on  f o r  slagging and f i r e s  upward 

through the cent ra l  hole i n  the magnet i n t o  the center o f  the disk. Tunnel 

access i s  provided t o  the combustor f o r  serv ic ing and removal, and f o r  rou t ing  

of feed l ines.  

The outf'ow of  the disk undergoes sonic t r a n s i t i o n  and i s  r a d i a l l y  d i f fused a t  

the disk periphery, where i t  i s  fed t o  t h r e ~  upr ight  c y l i n d r i c a l  radiant  b o i l e r  

sections. The f low from these three radiant  b o i l e r  sections i s  co l lec ted by 

means o f  insulated dl!cting and manifolding and d i rec ted t o  a s ing le  t r a i n  of 

heat and seed recovery equipment w i th  conf igurat ions v i r t u a l l y  iden t i ca l  t o  

equipment used i n  l i near  systems. 

The overa l l  arrangement o f  the channel dnd combustor i s  especial l y  encouraging 

from serviceabi l i t ,y ,  support and structt l-ns considerations. ?he d i f fuser  

design, and t ha t  o f  the radiant  bo i l e r s  and ducting, i s  st ra ight forward and 

feasib le;  ye t  i t  appears tha t  considerable work must be done i n  t h i s  area t o  

combine the functions o f  these three elements and optimize t h e i r  performance as 

integrated port ions o f  the heat recovery and gas dynamic systems. 

There are several features of the disk power t r a i n  which when combined could 

r esu l t  i n  major operating systems advantage. These can be i n  the form of  





3 

power plant avai 1 ah : 1 i ty advantages or power plant integration advantages. It > 
's 
ii 

is be1 ieved that the relected simp1 if ied arrangement of the disk and magnet 
4 

could result in major time advantages for removal and or repair of the disk. li 

4 

Likewise the disk itself with many fewer parts and electrical interconnections 
may well prove to be considerably more rugged than 1 inear units. The quantif i- 

cation of such features in terms of plant availability is very dif;f~ult with- 

out operating experience, yet if even 1-2% availability difference can be 

attributed to these features it can overcome a sizable plant efficiency 

difference when viewed from the standpoint of cost of electricity. In terms of 

plant integration the much lower heat loss from the walls of the disk channel 

as compared to the linear makes the combining of the turbine plant feedwater 

train with the channel cooling load an easier task. The use of stainless steel 

cooling passages in Ihe disk, as designed herein, assures compatibil ity of 

water chemistry, requirements with the bottoming plant. The incompatibility of 

copper passages, as presently used in linear systems, has been avoided. 

More specific information on the power train arrangement can be found in 
Section 6.7. 

2.1.3 OPEN CYCLE DISK COMPONENT CONCLUSIONS 

Combustor - The combustor envisioned is a vertically upfiring unit with slag 
tapping at the bottom, incorporating two stages of combustion. Its character- 

istics are not unlike those for linear system combustors with the exception 
that swirl is desired at the inlet to the disk. This swirl is introduced by 

tangential inflow of the oxidant to both stages. Swirls up to 0.5, which 

improve the system performance, are conceived as being possible from the 
combustor alone, thus eliminating the need for swirl vanes in the disk 

generator inlet. Preliminary calculations of the losses that would be 

encountered with combustion systems to provide radial swirling inflow were 

sufficient to indicate the desirability for a radial outflow configuration. 

The cornbdstor effort on this study is more fully covered in Section 6.2. 



-. 
Disk Generator - As prev ious ly  discussed under t h e  systems descr ipt ion,  t he  i 

-2 
selected c o n f i g u r ~ t i o n  o f  t he  d i sk  and magnet was a f l a t  d i sk  generator w i t h  a 

s i n g l e  c o i  1 superconduct i n g  magnet beneath i t  . Opt fmizat i o n  s tud ies  o f  the  

d i sk  performance, w i t h  accounting f o r  s w i r l  vane losses, ind ica ted des i rab le  

s w i r l s  o f  approximately 0.5. It was assumed f o r  the  study t h a t  t he  combustor 

alone could produce values of t h i s  magnitude. This e l im inated the  need f o r  

s w i r l  vanes a t  the generator i n l e t .  The conclus ion t h a t  such devices may no t  

be necessary i s  an important one, and considerably enhances the  engineering 

f e a s i b i l i t y  o f  the d i sk  generator. 

P a r t i c u l a r  emphasis was placed on determining e l e c t r i c a l  cons t ra in ts  and i s  

explained i n  Sect ion 5.3. A constant r a d i a l  E - f i e l d  was found t o  p ~ ~ o v i d e  the  

best generator performance. A1 though s ing  1 e load (two-terminal ) d i sk  

generators can be designed on the  bas is  of t h i s  const ra in t ,  t h e  maintenance o f  

acceptable performance under o f f  -design cond i t ions  requ i res  t h a t  the  r a d i a l  

voltage gradient  be c o n t r o l  led. Accordingly, a small number (3-5)  o f  

in termediate e lectrode r i ngs  are required. Control  o f  the  r a d i a l  voltage 

gradient  i s  achieved by the i n v e r t e r s  between adjacent e lec t rode r ings .  

The se lec t i on  o f  a d isk  geometry br ings  about important s i m p l i f i c a t i o n  i n  the  

s p e c i f i c a t i o n  o f  channel wa l l  requirements. B a s i c a l l y  the  wa l l s  o f  a d isk  

generator have on ly  t o  (1 )  support the H a l l  f i e l d  and ( 2 )  provide power take- 

o f f  po in ts  which as explained above can be few i n  number. I t  i s  t o  be noted 

t h a t  the Faraday Current closes on i t s e l f  w i t h i n  the  gas and thus i t  i s  not  

necessary t c  provide ex terna l  c losure  paths as i n  a l i n e a r  diagonal machirle, 

nor t o  accommodate m u l t i p l e  loading as i n  the  l i n e a r  segmented Faraday case. 

This a lso has important simp1 i f y i n g  imp1 i c a t i o n s  f o r  t he  magnet and the  power 

management subsystem as discussed below. 

F igure 2-1-2 ind ica tes  the  conceptual design of the  d i sk  generator and i t s  

r a d i a l  d i f f u s e r  as developed i n  t h i s  study. The d i sk  cons is ts  o f  two p ierced 

f iberg lass  wa l l s  t o  which are j o ined  water-cooled ceramic w a l l s  opera t ing  a t  l 
h igh temperature. The e lectrodes are water-cooled copper r i n g s  separated f rom 

the  r e f r a c t o r y  wa l ls  a t  t h e i r  inner  and outer  r a d i i  by appropr iate i n s u l a t i n g  
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materials. A t yp i ca l  diameter o f  5.2 meters i s  shown fo r  the ac t i ve  channel 

f o r  a 1000 MWe plant .  Two po in ts  of design importance f o r  the d isk  are (1)  the 

wal ls  are much s imp l i f i ed  from those of the l i nea r  systems w i th  t h e i r  complex 

and i n t r i c a t e  mu l t i p l e  electrodes and (2)  the mechanical design should be 
l g 

eas i l y  scaled from small s i ze  prototypes; a charac te r i s t i c  tha t  i s  not obvious 3 3 

f o r  I inear systems. 
2 3 
6 T 

I 
3 
8 

Deta i l s  on the performance opt imizat ion studies of the disk generator can be 

found i n  Section 5.1 and 5.2. Design studies of the d isk  generator are con- 

tained i n  Section 6.1. 

Magnet - I he  choice i n  magnet conf igurat ion i s  between; (1)  a p a i r  o f  c o i l s  t o  

provide a substant ia l ly  uniform ax ia l  f i e l d  w i t h  radius, but having d i f f i c u l t  

support requirements (penetrat ion of the disk fo r  upper c o i  1 support) thus 

making it d i f f i c u l t  t o  maintain and replace the disk; and (2)  a s ing le  c o i l  

below the disk generator w i t h  a substant ia l  r ad ia l  f i e l d  tha t  increases w i th  

radius as depicted i n  Figure 2-1-3. The advantages o f  (2)  were considered so 

overwhelming tha t  i t  was adopted f o r  a l l  aspects o f  the study w i th  the 

s imp l i f y ing  assumption of f l a t  disk geometry. Analysis o f  the resu l tan t  f i e l d  

f o r  the ax ia l  and rad ia l  components indicates t ha t  f low streams shaped as shown 

on the bottom ha l f  o f  Figure 2-1-3 w i l l  p lace the f low normal t o  the magnetic 

f i e l d  at  a l l  r ad i i .  A f u r t he r  bene f i c ia l  opt imizat ion o f  disk generator 

performance i s  t o  be expected i f  t h i s  approach i s  adopted, and i t  i s  

recommended f o r  fu tu re  invest igat ions.  

A study e f f o r t  i n  def in ing the magnet i s  contained i n  Section 6.3. 

Channel Power Management - The channel power management system consists o f  the 

equipment necessary f o r  consol idation, conversion and condi t ioning of the MHD 

generated power t o  make i t  acceptable fo r  transmission. 

An i n i t i a l  review o f  the voltage-current re la t ionsh ip  o f  the disk generator i n  

a two-terminal conf igurat ion showed s i gn i f i can t  s e n s i t i v i t y  a t  design po in t  t o  

current  changes. For  example, var ia t ions i n  front-end load current  o f  less 
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than 0.33% resu l ted  i n  a  55% change i n  Mach number. This  i nd i ca tes  t h a t  

successful  opera t ion  o f  the channel would r e q u i r e  adjustment of t he  back-end 

e l e c t r i c a l  loading t o  main ta in  compatibi  1  i t y  w i t h  gas dynamic condi t ions,  This 

was accomplished by  segmenting the  channel i n t o  fou r  p a r t s  by p r o v i d i n g  

in termediate cu r ren t  take-of  f e lec t rode r i n g s  which t y p i c a l  l y  decrease i n  

r a d i a l  spacing from i n l e t  t o  o u t l e t .  Although the  f e a s i b i l i t y  o f  r a d i a l  f i e l d  

c o n t r o l  has been es tab l ished i o  t h i s  study, f u t u r e  e f f o r t  w i l l  be b e n e f i c i a l  i n  

d e f i n i n g  more p r e c i s e l y  the power take-o f f  e lec t rode requirements, and t h e i r  

locat ion,  as w e l l  as d e f i n i n g  p ~ t e n t i a l  regu la to r  c i r c u i t s  app l icab le  t o  the  

task. A d iscussion o f  t he  ana lys is  performed t o  a r r i v e  a t  the above 

conclusions can be found i n  Sect ion 5.3.4. 

The m u l t i p l e  e lec t rode d i sk  generator requ i res  t h a t  i n v e r t e r  u n i t s  o f  

appropr iate r a t i n g  be connected i n  ser ies  across adjacent e lect rodes.  The 

cu r ren t  l eve l s  requ i red  by the in termediate and outer  e lect rodes are compatible 

w i t h  d i r e c t  connection, t o  an i nve r te r .  E lect rode cur ren t  dens i ty  consider- 

a t ions  w i  11 probably r e q u i r e  m u l t i p l e  ( 2 - 4 )  c o l l e c t i n g  electrodes, and an 

accompanying conso l ida t ton  scheme. As t h i s  w i l l  be located i n  the  f r i n g i n g  

f i e l d  o f  the c o i l ,  the vol tage w i l l  be low as i n  the  end connect ion o f  a l i n e a r  

diagonal machine. 

The c losure  o f  the Faraday cu r ren t  w i t h i n  the plasma should e l im ina te  the need 

f o r  l o c a l  cur ren t  c o n t r o l  as i n  the frame cur ren t  c o n t r o l  o f  l i n e a r  diagonal 

generators. The s i m p l i f i c a t i o n  o f  conso l i da t i on  c i r c u i t r y  and dispensing w i t h  

cur ren t  c o n t r o l  g r e a t l y  s i m p l i f i e s  the o v e r a l l  power management subsystem and 

provides the d isk con f i gu ra t i on  w i t h  a  key e l e c t r i c a l  advantage t h a t  t rans la tes  

i n t o  reduced cost  and increased r e l i a b i l i t y .  The costs o f  such a d isk  

conversion system have been est imated t o  be approximately <3% of the cost  o f  

t h a t  f o r  a  l i n e a r  generator MHD powerplant, w i t h  the savings coming from the 

s i m p l i f i c a t i o n  described i n  more d e t a i l  i n  Sect ion 6.4. 

D i f f use r  and Radiant Furnace - F igure  2-1-1 ind ica ted  the  general arrangement - 
of the MHD power t r a i n  and F igure  2-1-2 i nd i ca ted  the conceptual design o f  the 

d i f f u s e r .  As p rev ious l y  ind icated,  arrangement s tud ies  showed the  h i g h l y  



des i rab le  e f f e c t s  o f  l oca t ing  the d i s k  i n  a ho r i zon ta l  plane above the  magnet. 

Likewise, the  conceptual desigti of t h e  d i sk  generator ind ica ted the  

d e s i r a b i l i t y  o f  a sec t ion  o f  r a d i a l  d i f f u s e r  a t  the per iphery o f  the  d i sk  

generator through which s t r u t s  could be b u i l t  thus a1 lowing i t  t o  serve as a 

s t r u c t u r a l  member f o r  support ing the  d i sk  wal ls ,  The add i t i ona l  des i re  t o  have 

an area o f  access over the  d i sk  f o r  maintenance and removal resu l ted  i n  t h e  

se lec t i on  o f  a concept using d i s c r e t e  s i l o - t y p e  rad iant  b o i l e r s  located around 

the  per iphery o f  t he  r a d i a l  d i f f u s e r .  This appears t o  be a r a t h e r  

s t ra ight forward,  low r i s k  approach. Extensive insu la ted duct ing and 

mani fo ld ing i s  requ i red  t o  c o l l e c t  t h e  e f f l u e n t  from t h e  three rad ian t  b o i l e r s  

and d i r e c t  i t  a i r  preheaters o r  t o  a common t r a i n  o f  downstream heat and 

seed recovery equipment . 

Ref rac tory  water w a l l  const ruc t ion  has been assumed f o r  the  d i f f u s e r  and 

rad iant  bo i le rs ,  and re f rac to ry - insu la ted  exhaust duc t ing  has been proposed. 

Costing estimates are consistent  w i t h  t h a t  performed on s i m i l a r  s tudies f o r  

1 inear systems. Based on the  cos t i ng  in format ion  developed and on the best 

i n te rp re ta t i ons  o f  l i n e a r  MHD power p l a n t  data, the rad ian t  b o i l e r  system was 

found t o  be apprgximately 40% higher i n  cost  i n  the separately f i r e d  case and 

20% higher i n  the oxygen-augmented case. 

The arrangement and design o f  the combined d i f f u s e r ,  rad iant  b o i l e r  and duct ing  

i s  not a f e a s i b i l i t y  problem, but i t  does appear t h a t  t h i s  area could b e n e f i t  

from add i t i ona l  conceptual e f f o r t  a t  combining func t ions  t o  minimize cost  and 

complexity, and t o  opt imize aerodynamic and heat recovery performance. 

Conceptual design informat ion on the rad ian t  b o i l e r  system design can be found 

i n  Sect ion 6.5. 

1 2.2 CLOSED CYCLE DISK  MHD STUDIES 
I 

I 

The study o f  closed cyc le  d isk systems requ i red  extensive e f f o r t  i n  d e f i n i n g  3 
1 4 

I acceptable a n a l y t i c a l  representat ions f o r  the d isk generator and i t s  
I $ 9 

i n t e g r a t i o n  i n t o  systems models. As a r e s u l t ,  the pr imary e f f o r t  i n  t h i s  study ; 
4 
1 

was concentrated on determining the general c h a r a c t e r i s t i c s  of the  d isk  
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generator and on p red ic t ing  the l eve l  o f  system performance w i t h  emphasis on 

ove ra l l  p lan t  eff iciency. Conceptual design and cost ing were given on ly  a 

cursory evaluation. 

CLOSED CYCLE DISK 

The powerplant conf igurat ion which was invest igated consisted o f  regenerative 

re f rac to ry  heaters f i r e d  d i r e c t l y  w i t h  coal  combustion products, and heating an 

argon closed cyc le  f l u i d  seeded as necessary w i th  cesium. On the basis o f  

previous studies, and ea r l y  exp lora t ion i n  t h i s  study, the energy derived from 

a supercr i t  i c a l  steam bottoming p l an t  was matched t o  the pump work required i n  

the cycle, and e l e c t r i c a l  power output of the p lan t  was t o t a l l y  derived from 

the disk generator. Figure 2-2-1 i s  a schematic diagram o f  the cyc le  

investigated. 

Th i r ty - three system performance cases are presented i n  the body o f  t h i s  repor t  

covering a range o f  disk generator variables. A l l  ca lcu la t ions were performed 

w i th  a 1920 K (2996OF) i n l e t  temperature t o  the channel and a nagnetic f i e l d  o f  

6 T. Optimization o f  the closed cyc le  d isk  i s  complicated by the f a c t  t ha t  the 

e lec t ron populat ion of  the plasma i s  not i n  thermal equ i l ib r ium w i t h  the 

surrounding gas and electron temperature becomes an addi t ional  variable. Thus, 

plasma turbulence leve l  and impur i ty  leve l  are parameters which must be 

considered i n  add i t ion t o  swir l ,  Mach number, and seeding level .  

The systems analyzed covered a range o f  power levels,mass f low rates, i n l e t  

pressure levels, i n l e t  swir ls ,  i n l e t  Mach numbers and seed ra t ios ;  w i t h  

selected invest igat ion o f  turbulence leve l  and impur i t ies  content. A summary 

o f  the performance survey resu l t s  i s  presented i n  Table 2.2.1. These cases 

have general ly been optimized on system e f f i c i ency  w i t h i n  the const ra in ts  o f  an 

e f f e c t i v e  Ha31 parameter l i m i t ,  an e x i t  Mach number o f  1.0-1.1, and the 

required matching o f  steam power and pumping power. Several observations can 

be made from reviewing the information contained i n  t h i s  table. 



Figure  2-2-1. CCD Power System Flow Diagram 



TABLE 2.2.1 CLOSED CYCLE DISK GENERATOR SYSTEM PERFORMANCE SURVEY 
(INLET CHANNEL HEIGHT = 0.5 METER) 

c CASE NO. 
I 

100 ppm Impur i t ies ;  Turbulence Level 0.2 

CHANNEL 
ARGON INLET INLET SEED INLET CHANNEL POWER 
FLOW INLET PA2H PRESSURE FRACTION RADIUS LENGTH GENERATED 
kg /s SWIRL NO. ATM . % METERS METERS MWe 

100 ppm Impur i t ies ;  Turbulence Level 0.5 

200 ppm I q p u r i t i e s ;  Turbulence Level 0.2 

SYSTEM 
EFFICIENCY 

% 



(1)  The leve l  of optimum system ef f ic iency f o r  a l l  the cases i n -  

vest igated 1  ies  w i t h i n  a r e l a t i v e l y  narrow band centered 

around 44% and i s  o f  a  leve l  comparable t o  tha t  observed f o r  

l i nea r  closed cycle invest igat ions;  

(2) The system e f f i c iency  does not deter iora te  w i th  power level ,  

making the closed cyc le  d isk  p o t e n t i a l l y  a t t r a c t i v e  f o r  small 

s ize plants; 

( 3 )  For the optimized cases invest igated a  change i n  the 

impur i t ies  from 100 t o  200 PPM d i d  not cause a s i gn i f i can t  

degradation i n  performance. The impact o f  impur i t ies  on a  

given design needs f u r t he r  invest igat ion.  

( 4 )  High turbulence leve ls  force a  requirement f o r  h igh sw i r l  and 

high i n l e t  Mach numbers, and as invest igated herein resul ted 

i n  power p lants  that  at ta ined maximum e f f i c i ency  a t  r e l a t i v e l y  

low power leve ls  ( 162 - 246 MWe). 

( 5 )  The seeding r a t i o  decl ines w i t h  swi r l ,  f o r  example t o  0.005% 

at a  sw i r l  o f  1.0 and thus implies l im i t a t i ons  from the 

cont ro l  viewpoint. However the performance benef i ts  afforded 

by the reduced plasma turbulence resu l t i ng  from f u l l  

i on iza t ion  o f  the seed have not been investigated. Higher 

coe f f i c ien ts  should be allowable which would increase the 

system ef f ic iency.  Bet ter  con t ro l  o f  the generator operation 

i s  implied since the e lec t ron density i s  proport ional  t o  the 

gas pressure i n  the f u l l y  ionized l i m i t .  

The closed cycle disk generator was found t o  be a  compact h igh in te rac t ion  un i t .  

S w i r l  i s  much more bene f i c ia l  t o  the performance o f  the closed cyc le  disk than 

it i s  t o  the open cycle disk, w i th  the po ten t ia l  f o r  a  one-half t o  one 

percentage po in t  gain i n  p lant  e f f i c iency  f o r  a  sw i r l  increase of  A S  = 0.5 a: a  

given power level .  The compact arrangement minimizes the heat and f r i c t i o n  



losses i n  the generator and minimizes boundary layer thickness f lowing t o  the 

d i f fuser .  Within the const ra in ts  o f  the one dinlensional modeling o f  the closed 

cyc le  d isk  used i n  t h i s  study, t t s  turb ine e f f ic iency appears t o  be approxi- 

mately four  po in ts  higher than an equivalent closed cycle 1 inear Faraday 

generator f o r  the same enthalpy extract ion. 

The study has establ ished tha t  the MHD closed cyc le  disk generator achieves 

leve ls  o f  systems e f f i c i ency  which are comparable w t th  or  exceed those 

pub1 ished i n  previous 1 inear closed cycle invest igat ions (GE 102, 102A 

studies). This comparison i s  based on using compatible assumptions f o r  the 

generatot! and d i f f u s e r  i n  each case, together w i th  less op t im i s t i c  assumptions 

about losses throughout the remainder of  the disk system than were used i n  the 

l i nea r  system studies. The study was not ca r r ied  t o  the po in t  where i t  was 

possible t o  determine cost o r  design concept re la t ionsh ips t o  the many 

variables. The use of a disk generator does not a l t e r  the demanding 

requirements on the regenerative argon heater defined i n  previous studies. 

Closed cyc le  systems using d i r ec t  combustion of coal f o r  the reheat gas source 

t o  the heaters w i l l  a lso require scrubbers f o r  SO, and NO,, s ince seed i s  

not contained i n  the combustion gas stream t o  provide a means o f  su l f u r  

removal, and no comparable system t o  the radiant  b o i l e r  ex is ts  for  reduction of  

the NOx. 

Detai led report ing on the closed cycle disk generator systems study may be 

found i n  Section 8.0. 

2.2.2 CLOSED CYCLE DISK GENERATOR DESCRIPTION AND COST RELATIONS 

Figure 2-2-2 i s  a schematic arrangement of the closed cycle d isk  generator 

where the aerodynamic conf igurat ion i s  drawn t o  scale. As a resu l t  o f  h igh 

in te rac t  ion, the generator i s  r e l a t i v e l y  short (L/D < 2.0) and two-dimensional 

e l e c t r i c a l  and gasdynamic ef fects can be expected t o  be of some signi f icance. 

For a representat ive 1000 MWe power p lant  (Case 22 of Table 2.2.1 has been 

selected as representat ive), the channel i n l e t  radius i s  1.8 meters, the e x i t  

radius i s  2.78 meters and the i n l e t  channel height i s  0.5 meters. 





Due t o  the compactness of the generator and i t s  h igh current, low voltage 

charac te r i s i t i cs ,  surface provis ions w i t h i n  current  d m s i t y  l l m i t s  f o r  the 

cathode and anode are best provided outs ide o f  the In te rac t ion  length. The 

p rac t i ca l  aspects of t h i s  requirement are evident i n  the selected case by the 

fact tha t  near ly the e n t i r e  wetted surface area avai lable w i t h i n  the channel 

i t s e l f  would have t o  be used as electrode surface area if current  dens i t ies  not  
2 exceeding 30-50 kA/m are t o  be used. To ease t h i s  s i t ua t i on  the anode i n  

the sketch of Figure 2-2-2 i s  envisioned as cons is t ing of the wal ls  a t  the d isk  

i n l e t  and the cathode as a ser ies of c o l l e c t o r  r ings  i n s t a l l e d  i n  the e x i t  gas 

stream. Elect-rode consol i da t  ion c i r c u i t s  would therefore be required f o r  

cathode connect ion. 

A s imp l i f  l ed  cost evaluation of closed cyc le  disk components was performed by 

r e l a t i n g  them t o  corresponding elements i n  the open cycle pa r t  of t h i s  study. 

Case 22 i n  Table 2.2.1 was again selected as t yp i ca l  f o r  a 1000 MWe closed 

cycle d isk  configurat ion. De ta i l s  of t h i s  cost  evaluation are t o  be found i n  

Section 9.0. 

The operating condit ions of the closed cyc le  disk which have a bearing on 

s t ruc tu ra l  design of the disk i t s e l f  are not markedly d i f f e ren t .  Therefoi*e, 
the structu:al design could be assumed s in l i l a r  t o  tha t  o f  the open cycle disk 

and cost re la t ions  as a funct ion of radius developed; such an approach 

indicates the closed cycle disk s t ruc ture  can be expected t o  have - l ~ s t  i n  the 

range of 30-50% of tha t  f o r  the open cyc le  case. The complications o f  

int roducing electrodes w i th  the large surface areas presumably required i s  

expected t o  substdnt ia l ly  affect design complexity and cost, which may o f f se t  

t h i s  advantage t o  a large degree. 

A s im i la r  approach was used on the magnet i n  applying cost scal ing 

re la t ionsh ips derived during the open cyc le  work. This indicated tha t  the 
closed cyc le  magnet could be expected t o  have a subs tan t ia l l y  lower cost than 

f o r  comparable open cycle generator cases. 



Three major considerat ions enter i n t o  the cost o f  the power management system 

f o r  the closed cyc le  disk. F i r s t ,  since a l l  power generated fo r  transmission 

comes from MHD, the amount o f  power t o  be converted and conditioned i s  greater 

then twtce tha t  fo r  the same sfze open cyc le  plant .  St:qndly, without a steam 

turbine generator as pa r t  of the system, VAR compensation ~ i ~ u s t  be provided by 

added components, which may be e i t h e r  s t a t i c  o r  ro ta t ing.  Thirdly, the high 

current, low voltage character is t ic  o f  the d isk  requires a large number o f  

converter bridges t o  stay w i t h i n  accepted amperage 1 imi ta t ions per bridge. 

Taking these items i n t o  consideration, the cost of the power manangement system 

f o r  the closed cyc le  disk i s  expected t o  be 115% greater than the open cycle 

p lant  o f  s im i la r  net e l e c t r i c a l  power output. 



3.0 BASIS FOR STUDY 

3.1 EXPERIMENTAL AND ANALYTICAL STUDIES OF DISK GENERATORS 

The d isk  con f i gu ra t i on  was i n i t i a l l y  used t o  p rov ide  a convenient experimental 

environment f o r  fundamental s tud ies  o f  plasma proper t ies ,  nonequi 1 ib r ium ion1 - 
zat ion, and i n t e r a c t i o n  w i t h  a magnetic f i e l d  [ I -21. A pebble bed heater w i t h  

blowdown c a p a b i l i t y  was the  , i n i t i a l  source o f  plasma; l a t e r  the  w e l l  estab- 

l i s h e d  shock-tube/shock-tunnel technology f o r  p roduct ion  o f  h igh  enthalpy gas 

f lows became the na tu ra l  par tner  o f  the  d isk geometry. Both cesium-seeded 

argon and cesium-seeded molecular gas mixtures were used, w i t h  some of the  

channels inducing i n l e t  s w i r l ,  and the  steady progression a f  i i n p r ~ v e ~ i ~ e n t s  i n  

enthalpy e x t r a c t i o n  [3-81 i s  w e l l - i l l u s t r a t e d  i n  F igure 3-1-1, taken froni 

Reference [9]. The abscissa i s  a normal ized e t ~ t h a l p y  e x t r a c t  i o n  length, being 

the r a t i o  of device s ize  t o  an i dea l i zed  r a t e  o f  enthalpy e x t r a c t i o n  under the 

channel i n l e t  cond i t ions  (see 5.1). 

These experiments have c l e a r l y  establ ished the  p o t e n t i a l  o f  the d i sk  as an MHD 

generator. They have been acconipanied by a subs tan t i a l  body o f  t h e o r e t i c a l  

work, ranging f ronl the o r i g i n a l  d e s c r i p t i v e  paper L l o ]  t o  several assessrrlents 

o f  the conaerc ia l  power generat ion p o t e n t i a l  L9, 11, 123. The associated 

t h e o r e t i c a l  work a lso inc ludes s tud ies  o f  the e f f e c t s  o f  nonuni forn i i t ies 

L13-171, the most c r i t i c a l  p o t e n t i a l  problem area f o r  any d isk con f i gu ra t i on  

r e l y i n g  on h igh  s w i r l  induced by i n l e t  guide vanes. These prev ious exper i -  

mental and t h e o r e t i c a l  analyses have b u i l t  a  foundat ion on which the present 

systems study could be based. For both open-cycle and closed-cycle app l ica-  

t i ons  there i s  a reasonable data base t o  a i d  i n  the se lec t i on  o f  the ranges of  

parameters and opera i ing  modes. 

Parameter choices inc lude the plasma condi t ions,  s tagnat ion leve ls ,  expansion 

cond i t ions  t o  generator i n l e t ,  e l e c t r i c a l  loading, e l e c t r i c a l  s t ress  l e v e l s  

( i  .e., Hal 1 f i e l d  1 i m i t a t i o n s )  and e x i t  cond i t ions  froni the generator channel 

t o  the d i f f u s e r .  A l l  o f  these choices are sys temat i ca l l y  exalllined i n  Sections 

5.0 and 8.0 where the r a t i o n a l e  f o r  the present systems study i s  l a i d  ou t .  
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I t  was expected tha t  var ious ongoing DOE exper inlental progratns would impact the 

present study and permi t  ref inement of  some o f  the assuinptions which were l e a s t  

so l  i d l y  based. I n  one case the exper i inental evidence i s  indeed encouraging; 

ho t  w a l l  d isk experi i~ients a t  Stanford have es tab l ished tha t  e l e c t r i c  f i e l d s  o f  

up t o  3 k V / n  pose no problem w i t l i  respect t o  brea~down and there i s  no ind ica-  

t i o n  t h a t  9 kV/m i s  i n  any sense a th resho ld  ( l 8 j .  tiefineinents t o  the com- 

bustor  assuir~pt ions have no t  been forthcoming, however; and the progress repo r t s  

or1 ttir LO MWt coinbustor d e v e l o p ~ n t  prograills have so f a r  y ie lded  no h e l p f u l  

d e t a i l s  on s lag r e j e c t i o n  o r  heat loss. 

3.2 APPWACH Td THE SrUDY 

3.2.1 tiUIDEL INES AND RE(.)UIdEMENTS 

I n  t ~ i e  i n i t i a l  cont rac t  docu~~~er i ts  and i n  succeedirig co~nmunications, a t  the 

beginning o f  the study, NASA prov ided c e r t a i n  gu ide l ines  and requirements which 

dppl ied t o  ttie perforladrice of the Disk MtiD Gerierator Study. rnese are suln~ndri- 

zed be low: 

a Toe study was t o  be conducted ttirougti parametr ic ar ialysis o f  
four spec i f i ed  MHU/steairl power p l a n t  corif i gu ra t  ions incorpora- 
t i n g  the d isk generator. 

a The four  "Base Case" reference p l d n t  curif i gu ra t  ions def iried by 
NASA were 

( 1 )  Open cyc le  d i sk  w i t h  d i r e c t l y - f i r e d  h igh  temperature a i r  
heaters. 

( 2 )  Op?n cyc le  d i sk  w i t h  c lean fue l  gas-f i r e d  h igh  temperature 
a i r  heaters. 

( 3 )  Closed cyc le  d isk  w i t h  noble gas regeneratotas reheated 
w i t h  co~~lbust ior i  gas from a coa l - f  i red combustor. 

( 4 )  Closed cyc le  d isk  w i t h  noble gas regenerators reheated 
w i th  co~nbustion gas der ived froin burn ing c lean fue l  gas. 

Clean f u e l  gas f o r  systenis ( 2 )  and ( 4 )  W A S  assumed t o  be provided by a pressur- 

i zed advanced technoloyy g a s i f i e r .  



A l l  p l a n t s  were t o  u t i l i z e  a recupe ra t i ve  m e t a l l i c  heat  exchanger 
t o  rehea t  a i r  o r  f u e l  from tne combustion gas stream. 

Disk generators  with pure r a d i a l  f l o w  and w i t h  s w i r l  were t o  be 
inves t iga ted .  

@ I n~pu l se  and mixed modes o f  the d i s k  ope ra t i on  were t o  be 
i nves t i ga ted .  

@ Coal types were spec i f i ed :  I l l i n o i s  CG and Montana Rosebud. 

@ The steam bot toming p l a n t  t o  be used i n  a l l  cases was s p e c i f i e d  
t o  be a s u p e r c r i t i c a l  s ing le - rehea t  type. 

Elnission l i ~ i i i t s  f o r  p a ~ * t i c u l a t e s ,  SO?, and NOx were spec i f i ed .  

P l a n t  design l i f e  and capac i t y  f a c t o r s  were spec i f i ed .  

a A l l  p l a n t  designs were t o  be developed w i t h  emphasis upon base- 
load operat  ion. 

Oxygen er i r ic t \n~ent  o f  the combustion a i r  cou ld  be considered, i f  
des i red  oy the  cont t -actor .  

@ Cost e s t  i r l~ates f o r  the rnajor d i s k - r e l a t e d  co~nponerits o f  the  
open-cycle d i sk  generator  MHD/stealn power systems were t o  oe 
prepared. f tlese lnajor co~nponents were de f i ned  t o  be: 

- MHD Colnoustor and Nozzle 
- MHU Generator and D i f fuser *  
- MHO Magnet and Uewar 
- DZIHI: Inver*ter' and Cont ro l  Systern 
- Radiant Furnace 

@ Expected d i f f e r e n c e s  i n  cos t  between open-cycle d i s k  generator  
lnajor cornponents were t o  be discussed, if any s i g n i f i c a n t  
d i f f e r e n c e s  i n  d e t a i l  were invo lved.  

Sec t ion  4.0 o f  t h i s  r e p o r t  con ta ins  the s p e c i f i c s  o f  the gu ide l i nes  and 

r e q u i r e ~ n e ~ i t s  as app l i ed  t o  the study. 

As the  s tudy progressed, niodi f i c a t  ions t o  the i n i t i a l  requirenlerits arid assump- 

t i o n s  were made. Major  changes fr-ow the o r i g i l l a l  s tudy yu ide l i nes ,  and ada i -  

t i  ona 1 requ i reinen t s  proposed by NASA and accepted by West inghouse d u r i n g  the  

term o f  the  study, are g iven  below. 



For the f i n a l  performance ca lcu la t ions f o r  each disk generator 
reference system, NASA requested tha t  a d i r e c t  coo l ing system be 
assumed fo r  the MHD components, i.e., cool ing water was t o  be 
bottoming p lant  working f l u i d .  There were two reasons fo r  adopt- 
i ng  such a system design: 

(1)  Higher overa l l  p lan t  thermal e f f i c i ency  could be obtained. 

( 2 )  The disk systems would be configured i n  a manner consistent 
w i th  the PSPEC systems, against which t h e i r  performance was 
t o  be compared. 

a NASA requested tha t  the steam bottoming p lants  f o r  the disk 
generator systems be evaluated w i t h  ext rac t ion feedwater heating 
included. This was agreed upon f o r  the ca lcu la t ion  o f  f i n a l  
overa l l  performance f igures.  

NASA agreed t o  permit the in t roduct ion o f  a f i f t h  "Base CaseM 
reference p lant  design, i n  l i e u  o f  the performance o f  parametric 
analyses f o r  ce r ta in  open cyc le  disk cases proposed i n  the i n i -  
t i a l  technical  p lan submitted by Westinghouse. These open cycle 
disk cases were determined t o  be redundant and/or in feas ib le  i n  
pract ice  a f t e r  the deta i led analysis work had begun. The f i f t h  
*Base Caseu reference p lant  t c  be evaluated was an open cycle 
disk system w i th  no high temperatur; a i r  heaters, but w i t h  com- 
bustor stagnation temperature maintained by using oxygen augment- 
a t ion of  the combustor oxidant. A recuperative me ta l l i c  heat 
exchanger was the f i n a l  preheating module f o r  combustor oxidant. 
NASA speci f ied tha t  the Lotepro (Linde A.G.) high e f f i c iency  oxy- 
gen p lant  was t o  be used as an oxygen source; f u l l  in tegrat ion 
w i t h  the MHD p lant  was assumed. The de ta i l s  o f  oxygen p lant  
modeling and the l i s t i n g  o f  parametric cases f o r  the open-cycle 
disk analyses supplanted by the cot~s iderat ion o f  a f i f t h  r e fe r -  
ence design are contained i n  Section 5.0 o f  t h i s  report .  

a For the closed cycle disk, the generator modeling e f f o r t  was 
found t o  be more extensive than o r i g i n a l l y  planned. NASA agreed 
t o  permit the replacement o f  the spec i f ied parametric analyses by 
a performance assessment o f  closed cycle disk generator systems 
over a range o f  power levels, and by a s e n s i t i v i t y  study t o  
def ine the generator performance var ia t ions caused by perturba- 
t ions t o  ce r ta in  c r i t i c a l  generator parameters. These subst i tu te  
studies were car r ied out only f o r  closed cycle disk systems w i th  
noble gas regenerators reheated w i th  combustion gas from an 
atmospheric coal combustor. 

3.2.2 LOGIC OF THE STUDY 

A set o f  base case parameters thought t o  be charac te r i s t i c  o f  the optimum- 

performance disk systems f o r  each base case reference plant  invest igated was 

defined, along w i th  the spec i f i c  p lan t  conf igurat ion,  
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System and Disk Model Development -3 - L) r 
Models f o r  t he  d isk generator types themselves, and f o r  t he  o v e r a l l  d i sk  gener- l 

d 
a t o r  systems were def,ined, together w i t h  the  assumed values f o r  each independ- "r 
ent  va r iab le  o r  l i m i t  i n  the model. Where possfble, values f o r  assumed 

I 

1 
parameters such as heat losses o r  d r a f t  losses were reviewed by members o f  t he  1 
p r o j e c t  team w i t h  the  most exper t ise  and experience i n  the  areas o f  i n t e r e s t .  

Disk and System Parametric Analyses - I 
A subopt imizat ion of each open cyc le  d isk  generator type was performed leading 

t o  t h e  s p e c i f i c a t i o n  of a design cons t ra in t  and a set  o f  i n l e t  cond i t ions  con- 

s idered l i k e l y  t o  prov ide  the maximum d isk  generator performance (i.e., maxi- 

mize d isk performance given predefined cons t ra in ts  on the geometric, e l e c t r i c a l  

magnetic, thermal, o r  mechanical parameters c r i t i c a l  t o  the  ana lys is ) .  With 

the OCD generator model and appropr iate design cons t ra in t ( s )  spec i f ied ,  the 

systems analyses were performed f o r  each parametr ic case proposed i n  order  t o  

i d e n t i f y  poss ib le  approaches t o  d isk  generator system performance improvement. 

I n  the case o f  the closed-cycle disk, the generator suboptimizat ion i t s e l f  

requ i red  d i r e c t  i n t e g r a t i o n  of the d i sk  and systems model. The imposed systems 

cons t ra in t  o f  matching colnpressor (and feed pump) work t o  the  steam p l a n t  

output  s t rong ly  a f f e c t s  the opt imal generator parameters and p a r t i a l l y  

determines the generator length. I n  add i t ion ,  t h i s  systems cons t ra in t  

p a r t i a l l y  d i c t a t e s  the generator design cons t ra in t .  Para,netric s tudies were 

c a r r i e d  out f o r  power l eve ls  i n  the range 100 MWe t o  1700 MWe. The c r i t i c a l  

generator parameters studied were turbulence leve l ,  impur i t y  l eve l ,  seed 

f rac t i on ,  pressure, i n l e t  s w i r l  and i n l e t  Mach number. 

De l ineat ion  of O~timum Svstem Conf iaurat ions 

For the  three d i s t i n c t  open cyc le  reference conf igura t ions  ( d i r e c t l y - f i r e d ,  

separa te ly - f i red ,  and oxygen-augmented combustion gas d isk generatoy systems) 

the  development o f  a d e t a i l e d  generator lsystem in tegra ted model made i t  possi -  

b l e  t o  de l ineate  a f i n a l  set of parameters f o r  p o t e n t i a l  commercial-scale d isk  

generator MHD/steam power systems. The parameters were representa t ive  o f  those 

required t o  provide optimum system performance. -... 

L 
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For the  d i r e c t - f i r e d  c losed-cyc le case generator and system performance was 

def ined f o r  a  range o f  base-load power l e v e l s  f o r  a  given p l a n t  conf igura t ion .  

Development o f  Conceptual Designs f o r  Open Cycle Disk System Components 

For  parameters representa t ive  o f  these optimum cases, conceptual designs f o r  

the major components were determined. I n v e s t i g a t i o n  o f  var ious a l t e r n a t i v e  

design p o s s i b i l i t i e s  f o r  d i sk  generators, nozzles, d i f f use rs ,  power management 

equipment, magnets, rad ian t  furnaces, and combustors was c a r r i e d  out, and 

general con f i gu ra t i ons  f o r  each were selected w i t h  reference t o  the i n te r face  

requirements, design l i f e ,  and r e l i a b i l i t y  requirements f o r  the  systems, as 

s p e c i f i e d  by NASA (Sect ion 4.0 o f  t h i s  r e p o r t ) .  The mater ia ls ,  t ranspor ta t ion ,  

construct ion,  and e rec t i on  costs f o r  each set  o f  major components were de ter -  

mined, t o  p rov ide  a  comparison bas is  f o r  equ iva len t  l i n e a r  MHD systems cos t  

analyses, and i n  p a r t i c u l a r ,  f o r  the analogous l i n e a r  MHD system component 

cos ts  developed i n  the  p a r a l l e l  PSPEC s tud ies  by o ther  NASA cont rac tors .  

A key element i n  the se lec t i on  o f  designs f o r  d i sk  system components was the  

concern t h a t  each design should consider and prov ide  means t o  extend the  con- 

ceptual s i m p l i c i t y  o f  the d isk  generator geometry. I n  most cases, i t  was found 

t o  be poss ib le  t o  de f i ne  a  simple component design which o f fe red  the p o t e n t i a l  

f o r  p rov id ing  reasonable serv ice  l i f e  and minimum design complexity, w i t h i n  the 

p re fe r red  guidel ines.  A t t e n t i o n  was a l so  given t o  p rov id ing  f o r  ease of 

replacement o f  the d i sk  channel i t s e l f ,  under the assumption tha t  the  l i f e t i m e  

o f  the aerothermodynamic and e l e c t r i c a l  surfaces o f  the d isk  generator i n t e r i o r  

could no t  be made compatible w i t h  a  30-year p l a n t  design l i f e  and a  65 percent 

capac i ty  fac tor .  

F igure  3-2-1 d isp lays  a  s i m p l i f i e d  b lock diagram o f  the Disk MHD Generator 

Study l og i c .  
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4.0 DISK MHD SYSTEM DESIGN B A S I S  

4.1 DISK SYSTEM CONFIGURATIONS 

Three open cyc le  d i s k  (OCD) MHD systems and two closed c y c l e  d i sk  (CCD) MHD 

systems were t o  be considered i n  the study. These included: 

1. OCD w i t h  d i r e c t l y - f i r e d  h igh  temperature a i r  heaters 
(HTAH), where the  regenerat ive HTAH i s  assumed t o  be f i r e d  
d i r e c t l y  w i t h  ho t  con~bust ion gases exhaust ing from the  MHD 
power t r a i n ;  

2. OCD w i t h  sepa ra te l y - f i r ed  h igh  temperature a i r  heaters, 
where the  HTAH i s  f i r e d  by a clean f u e l  gas produced i n  an 
on -s i t e  coa l  g a s i f i c a t i o n  p lan t ;  

3. OCD w i t h  m e t a l l i c  a i r  heater ana oxygen augmentation of 
combustor ox idant,  where the i ies i  red  h igh  combust i on  temp- 
era ture  i s  a t ta ined  by en r i ch ing  the  combustion a i r  w i t h  
oxygen produced i n  an on -s i t e  a i r  separat ion p lan t ;  

4. CCD w i t h  noble gas regenerators f i r e d  d i r e c t l y  from a 
coal -burn ing combustor w i t h  h igh  s lag  r e j e c t i o n ;  

5 .  CCD w i t h  noble gas regenerators f i r e d  by a c lean f u e l  gas 
produced i n  an on -s i t e  coa l  g a s i f i c a t i o n  p l a n t .  

The basic con f i gu ra t i on  o f  each o f  the f i v e  d i sk  MHD systems i s  shown i n  

F igures 4-1-1 through 4-1-5. As described i n  Sect ion 3.2.1, the i n v e s t i g a t i o n  

o f  CCD syst.ems was amended, and the performance s tud ies  f o r  the c losed cyc le  

systems were r e s t r i c t e d  t o  the d i r e c t l y - f i r e d  atmospheric combustion case. 

4.1.1 OCD SkSTEM DESCHIPTIOhS 

As i s  the  case i n  a l i n e a r  MHD system, the d i r e c t l y - f i r e d  OCD system o f f e r s  the 

p o t e n t i a l  f o r  the h ighest  p l a n t  thermal e f f i c i e n c y  among the th ree  systerr~s t o  

be consiaerea, s ince maximum u t i l i z a t i o n  i s  m8,de o f  the coal  thermal energy i n  

MhD power ex t rac t i on .  Preheating of the combustion a i r  w i t h  slag-and seeo- 

laden gases t o  the r e q u i s i t e  temperatures (up t o  1920 K )  i n  a d i r e c t l y - f  i r e d  

HTAt-! represents a s i g n i f i c a n t  ex t rapo la t i on  from cu r ren t  b l a s t  furnace stove 



technology. A subs tan t i a l  advance i n  HTAH technology w i l l  t he re fo re  be 

requ i red  f o r  successful development of the d i r e c t l y - f i r e d  MHD system. The 

separa te l y - f i r ed  HTAH system provides r e l a t i v e l y  c lean combustion gases which 

m i t i g a t e  p o t e n t i a l  ma te r i a l s  cor ros ion  problems, b u t  on l y  a t  the expense o f  

e f f i c i e n c y  pena l t ies .  S i m i l a r l y ,  the  oxygen augmentation system obviates the 

necessi ty  t o  p rov ide  an HTAH system al together ,  bu t  w i t h  accompanying p l a n t  

economic and perforlnance trdde-of f s. rnus, whi l e  t he  1 a t t e r  two systems 

represent the more l i k e l y  candidates f o r  e a r l y  MHD p lants,  a mature MHO p l a n t  

w i l l  most probably incorporate a d i r e c t l y - f i r e d  HTAH system t o  achieve the 

mar  inlurn obta inable p l a n t  e f f  icfency. 

OCD D i r s c t l v - F i r e d  Svstem 

A schematic diagram f o r  a representa t ive  system o f  t h i s  type i s  g iven i n  F igure  

4-1-1. 

Pulver ized coal  i s  burned w i t h  preheated a i r  i n  a cyclone combustor. The 

r e s u l t i n g  iu111btlst ion gases are mixed w i t h  a srnall amount o f  seed t o  echance 

t h e i r  b u l ~  conduct iv i ty ,  and accelerated through a nozzle t o  a h igh  Mach 

tiurnbet-. Upon leaving the nozzle, these condllc t i ve  gases pass througr~ the 

n~a jne t ized reg ion  of the generator. With the magnetic f i e l d  a l i g r ~ e d  perpendic- 

u l a r  t n  the d i r e c t i o n  of f low o f  the gases, dc power i s  generated and ex t rac ted  

by p l a 3 c i n y  e lec t rode surfaces i n  contact  w i t h  the gas. The cambustion gas and 

seed ~ n i x t u r e  then passes through a d i f f u s e r  where i t  i s  f u r t h e r  decelerated and 

d i f f used  t o  a pressure s l i g h t l y  above ambient pressure, t o  prepare i t  f o r  use 

i n  the downstream heat recovery components. 

Gases leaving the d i f f u s e r  pass i n  sequence througtl a  rad ian t  furtlace, a set  o f  

h igh  temperature a i r  heaters, a reheater', superheater, and h igh  temperature 

econo~nizer. A t  the e x i t  of the h igh  temperature economizer, an e l e c t r o s t d t  i c  

p r e c i p i t a t o r  i s  provided t o  remove seed and f lyash from the gas stream. 

Induced d r d f t  fans are provided t o  mainta in a balanced d r a f t  i n  the gas system 

downstream o f  the d i f f u s e r ,  Some of the gases leav ing  the p r e c i p i t a t o r  are 

u t i l i z e d  t o  d ry  the coa i  f o r  the combustor, and the remainder o f  the gas stredm 





i s  cooled fu r ther  through a low temperature economizer t o  the speci f ied stack 

temperature before being exhausted t o  the atmosphere. 

To minimize NOX formation i n  the combustion process, the coal combustor i s  

operated under f ue l - r i ch  condftions. Complete combustion i s  at ta ined by 

i n j ec t i ng  secondary a i r  i n t o  the gas stream a t  a locat ion j u s t  upstream o f  the 

high temperature a i r  heater system. 

The MHD components (combustor, nozzle, disk generator, and d i f fuser )  may be 

cooled e i t he r  by an iso la ted low temperature, low pressure loop, o r  by a loop 

which connects d i r e c t l y  w i t h  the steam bottoming p lan t  cycle. 

As previously stated, waste heat i n  the gases exhausted from the MHU power 

t r a i n  components i s  u t i l i z e d  t o  generate steam i n  the bottoming plant .  Conden- 

sate f r o ~ n  the steam p lant  condenser picks uo heat from the MHD component cool- 

ing system, passes through the low ten~periiture economizer, HTAH valve cool ing 

system, high ten~perature economizer, r,.diant b o i l e r  and superheater before 

enter ing the high pressure turbine steam chest. A f te r  leaviny the high pres- 

sure turbine, the steam i s  reheated by cumbustion gases i n  the reheater and i s  

d i rec ted t o  the low pressure turbines, one f o r  MHD cycle compressor d r i ve  and 

another f o r  e lec t r ica :  power generation. High-pressure feedwater pumps are 

also dr iven by bottoming p lan t  steam. A l l  turbines exhaust t o  the main 

condenser. 

The dc power extracted from the disk generator i s  converted t o  ac power s u i t -  

able f o r  supply t o  the local  g r i d  by condi t ioning through a series of fnver ter  

bridges, f i l t e r  systems and transformers. The ac power generated by the steam 

bottoming p lant  power turbines i s  also supplied t o  the g r i d  through a power 

transformer. Plant aux i l i a r y  loaas are provided by p lont  star tup and aux i l i a r y  

transformers which can take power froni the g r i d  (w i th  the p lant  shut down) o r  

d i r e c t l y  from the p lan t  output busses (during p lan t  operation). 



dCD S e p a r a t e l y 4  i r e d  System 

The separa te ly  f i r e d  d i sk  generator  bystem i s  shown schema t i ca l l y  i n  F i g u r e  

4-1-2. The main gas f l o w  t r a i n  i s  s i m i l a r  t o  t h a t  p rov ided  f o r  t he  OCD 

d i r e c t l y - f i r e d  s~s tem,  w i t h  t he  excep t ion  t h a t  t he  HTAH i s  removed f rom the  MHD 
exhaust t r a i n .  The separate HTAH i s  firl:d w i t h  a c l ean  f u e l  gas produced i n  an 

i n t e g r a t e d  coa l  g a s i f i c a t i o n  p l a n t .  Heated a i r  i s  d i r e c t e d  t o  tne  combustor 

supp ly ing  the  main HHD gar f l o w  stream f rom t h e  HTAH. An in te rmed ia te  a i r  p re -  

heat l e v e l  i s  s t i l l  ob ta ined  by f i r s t  pass ing  t he  a i r  l eav ing  t he  MHD c y c l e  

compressor through a m e t a l l i c  a i r  p rehea te r  which i s  i n  t he  d i r e c t  gas f low 

stream f rom the  MHD power t r a i n .  The g a s i f i e r  des ign se lec ted  f o r  model ing was 

the West inghouse p ressur ized  t ype  w i t h  h o t  gas cleanup capabi 1 i ty .  Low-BTU gas 

from the  g a s i f i e r  i s  cleaned t o  remove s u l f u r  and $ a r t i c u l a t e s  and then burned 

w i t h  preheated a i r  i n  a separate combustor. The r e s u l t a n t  combustion gases 

then e n t e r  the  regenera t i ve  HTAH f o r  MHD c y c l e  a i r  prehe6t ing.  

The g a s i f i e r  ope ra t i ng  pressure i s  se lec ted  t o  p rov ide  a balance between c y c l e  

a i r  and reheat  gas pressure, i n  o rder  t o  min imize losses f rom gas leakage 

between system$ and t o  e l i m i n a t e  the  c y c l i c  p r e s s u r i z a t i o n  and dep ressu r i za t i on  

o f  the HTAH vessels  which would o therw ise  be requ i red .  

The pressure o f  t h e  reheat  gas l eav ing  t he  HTAH system i s  recovered oy expand- 

i r lg t he  combustion products  through a compressor d r i v e  gas t u r b i n e  and a gener- 

a t o r  d r i v e  gas t u rb i ne .  Gas exhaust ing f rom these t u r b i n e s  i s  mixed w i t h  the 

MHD c y c l e  exhaust gas, then passes subsequent ly through the  low temperdture 

econolnirer o f  t he  steam bo t t d ,n i ng  p lan ;  oe fo re  exhaust ing t o  t h e  stack. 

The compressor d r i v e  t u r b i n e  d r i v e n  by t he  HTAH reheat  exhaust gas powers an 

a i r  compressor which p rov ides  a i r  f o r  t h e  g a s i f i e r  and HTAH burner.  That por -  

t i o n  o f  the  a i r  r equ i red  f o r  HTAH combustion i s  preheated i n  a m e t a l l i c  heat 

exchanger loca ted  d i r e c t l y  i n  i ne  MHD h o t  gas exhaust t r a i n .  

The stsain bot toming p l a n t  and MHD component c o a l i n g  water systems f o r  the 

s e p a r a t e l y - f i r e d  OCD p l a n t  are con f i gu red  i d e n t i c a l l y  t 3  those p rov ided  f o r  t h e  

d i r e c t  l y - f  i red  OCD p lan t .  





OCD w i t h  Metal 1  i c  A i r  Heater and Oxygen Augmentation 

I n  t h i s  con f i gu ra t i on  the  HTAH i s  de le ted  from the system a l together .  The o x i -  

d i z e r  suppl ied t o  the MHD combustor i s  preheated i n  a  m e t a l l i c  recupera t ive  

heat exchanger only.  The enrichment l e v e l  o f  the  oxida, l t  i s  adjusted t o  p ro -  

v ide  the desi red combustor temperature. The gas f l ~ w  t r a i n  i s  otherwise s im i -  

l a r  t o  t h a t  f o r  t he  OCD d i r e c t l y - f i r e d  system, as i l l u s t r a t e d  i n  F igure  4-1-3. 

Oxygen requi red f o r  augmentation o f  the normal oxygen l e v e l  i n  a i r  i s  produced 

by an on -s i t e  separat ion p lan t ,  This  p l a n t  i s  shown i n  a  s i m p l i f i e d  i n teg ra -  

t i o n  scheme, w i t h  the oxygen p l a n t  pre-compressor placed on the same s h a f t  as 

the  tu rb ine-dr iven MHD cyc le  a i r  compressor. The steam t u r b i n e  d r i v e  f o r  the  

dual compressor arrangement must be s ized accordingly .  The steam bottoming 

p l a n t  i s  i d e n t i c a l  i n  o v e r a l l  s p e c i f i c a t i o n  t o  t h a t  f o r  the  OCD d i r e c t l y - f i r e d  

case. 

4.1.2 CCD SYSTEM DESCRIPTIONS 

Two p o t e n t i a l  system conf igura t ions  f o r  the CCD systems were o r i g i n a l l y  

proposed as subjects f o r  de ta i l ed  parametr ic studies; however, as noted i n  

Sect ion 3.2.1, NASA agreed t o  the s u s t i t u t i o n  o f  CCD s tud ies  which were can- 

f i n e d  t o  systems i n  which the noble gas regenerators were reheated w i t h  com- 

bust ion gas from an atmospheric coal  combustor. 

Figures 4-1-4 and 4-1-5  are pr3vided i n  order t o  del ineate,  a t  the  f i r s t  l e v e l  

o f  d e t a i l ,  the major d i f fe rences between the g a s i f i e r - f i r e d  CCD system and t h a t  

which has a  regenerator reheated d i r e c t l y  w i t h  coal combustor combustion 

products . 

CCD - Regenerztor F i r e d  D i r e c t l y  by Coal Combustor 

As i l l u s t r a t e d  i n  F igure  4-1-4, the  basic  combustion subsystem f o r  the coa l  

combustor-f i red regenerator CCD system uses both a  combustion a i r  preheater and 

in termediate temperature a i r  neater (ITAH) t o  preheat the combustor ox idant .  

Pulver ized coal i s  suppl ied t o  the unpressurized combustor. The combustion 

products are then used t o  regenera t ive ly  reheat the ceramic checker beds o f  the 



E r n  
(0 





J 
FEED PUMP 

Figure 4-1-5. Closed Cycle Disk Generator System Flow Diagram 
(Gasif  i e r -F i red  Noble Gas Regenerator) 



noble gas regenerator.  Cooled reheat gas then i s  d i rec ted  through a recupera- 

t i v e  metal I-eat exchanger ( t h e  combustion a i r  preheater)  which prov ides a por -  

t i o n  o f  the  requ i red  preheat ing f o r  the  combustion a i r .  The exhaust gases must 

then be t r e a t e d  t o  remove s u l f u r  d iox ide  and the  remaining pa r t i cu la tes ,  p r i o r  

t o  re lease through the  p l a n t  stack. For  SOp removal, a l ime scrubber has 

been assumed t o  be required. 

The MHD cyc le  i s  based upon the use o f  a cesium-seeded noble gas (argon) t o  

p rov ide  the  conduct ive working f l u i d  f o r  the  MHD generator. Low temperature 

argon i s  compressed by a compressor d r iven by bottoming p l a n t  steam turb ines,  

and d i rec ted  through a recupera t ive  m e t a l l i c  heat exchanger t o  increase i t s  

temperature by heat exchange w i t h  the reheat combustion gases leav ing  the 

regenerators. The argon i s  then heated t o  the  requ i red  stagnat ion cond i t ions  

by passing i t  over the ho t  ceramic checker beds o f  the noble gas regenerators. 

Cesium seed i s  i n j e c t e d  i n t o  the hot  h igh  pressure argon p r i o r  t o  i t s  accelera- 

t i o n  t o  a h igh  Mach number through a nozzle w i t h  guide vanes. A f t e r  passing 

through the power e x t r a c t i o n  reg ion  o f  the d i sk  generator, the seeded argon i s  

then d i f f used  t o  a pressure and v e l o c i t y  c o n d i t i o n  s u i t a b l e  f o r  use i n  the heat 

recovery steam generator.  Fur ther  coo l i ng  through the in termediate temperature 

a i r  heater and econoniizer sect ions reduces argon temperature t o  the p o i n t  where 

the cesium seed may be f u l l y  condensed and removed from the noble gas stream, 

p u r i f i e d ,  and returned t o  the i n j e c t i o n  p o i n t  p r i o r  t o  the generator i n l e t  

nozzle. 

A low pressure feed heater reduces the temperature o f  the noble gas f u r t h e r ,  t o  

recover the maximum amount o f  heat from the  argon f o r  use i n  the bottoming 

p lan t .  To prevent excessively  h igh  compressor discharge temperatures and t o  

riiinirnize the  requ i red  argon compressor power, the argon may be f u r t h e r  cooled 

t o  near the u l t i m a t e  heat s ink temperature by passing i t  through a precooler  

p r i o r  t o  i t s  r e t u r n  t o  the  cyc le  compressor i n l e t .  

The bottoming p l a n t  steam cyc le  provides s u p e r c r i t i c a l  steam t o  d r i v e  the MHD 

cyc le  compressor, combustion a 4 r  compressor, and h igh  pressure b o i l e r  feed 

pumps. The tu rb i?ez  exhaust t o  the p l a n t  main condenser. Condensate i s  pumped 



through the low pressure feed heater where i t  performs the f i n a l  recoverable 

cool ing on the MHD cyc le  noble gas stream. The condensate i s  then passed 

through the MHD component cool ing 1 ines ( f o r  d isk generator and nozzle) i f  

necessary before being taken t o  high pressure through the steam tu rb ine  dr iven 

b o i l e r  feed pumps. Further regenerative heat recovery occurs i n  the economizer 

and the noble gas regenerator valve cool ing system, the coal combustor, end the 

s p l i t t e r  vane and wal l  o f  the d i f f use r  before the superc r i t i ca l  f l u i d  enters 

the recovery steam generator. I n  the recovery steam generator, the bottoming 

p lant  working f l u i d  i s  ra ised t o  the required temperature f o r  admission t o  the 

HP turbine. Fol lowing reheat i n  the steam generator section, the steam dr ives 

the LP turbines and feed pump turbines as i t  exhausts t o  the main coodenser 

again. 

The bottoming p lan t  i s  designed t o  operate w i t h  the MHD topping cyc le  a t  the 

"match po in t " ;  tha t  i s ,  the amount o f  steam generated i s  j u s t  enough t o  d r i ve  

the noble gas and a i r  compressors and the feed pump turbines. No turbo- 

generator i s  provided. A l l  e l e c t r i c a l  power i s  generated as dc output o f  the 

MHD channel. 

CCD - Ga; i f ie r  F i red  Regenerator 

Figure 4-1-5 i l l u s t r a t e s  the configurat ion f o r  t h i s  type o f  system. I n  the 

coal combustor f i r e d  CCD system, the combustor must be designed t o  provide the 

highest possible s lag re jec t ion,  i n  order t o  minimize the bui ldup o f  ash and 

slag const i tuents on the heat exchange surfaces o f  the regenerator matrices, 

and i n  the f low passages provided. The use o f  an advanced technology g a s i f i e r  

which removes su l f u r  and a l l  po ten t ia l  pa r t i cu la tes  o r  condensed vapors from 

the combustion gas used f o r  reheat s f  the noble gas i n  the regenerator system 

s imp l i f i e s  system design t o  some extent. The high pressure gases leaving the 

regenerators on reheat are u t i l i z e d  t o  tu rn  a combustion gas turb ine which 

dr ives the gas i f ie r /burner  a i r  compressor. A f te r  leaving the turbine, the 

heated combustion gases are passed through a me ta l l i c  heat exchanger t o  provide 

i n i t i a l  preheat f o r  the MHD cyc le  argon working f l u i d ,  and then are used t o  

preheat the regenerator combustion a i r  before exhausting a t  the stack condi- 

t ions.  The combustion a i r  i s  fur ther  heated by passing i t  through an argonla i r  
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m e t a l l i c  heat exchanger ( ITAH) before  i t  i s  introduced i n t o  the  regenerator I.: 
i i 

burners. Use o f  h igh  moisture Montana Rosebud coal  i n  the  g a s i f i e r  e l im inates  " 
t 1 

the  need f o r  an add i t i ona l  steam supply t o  the  u n i t .  

The MHD topping cyc le  i s  i d e n t i c a l  t o  t h a t  described f o r  the coa l  combustor 

f i r e d  regenerator CCD system. The steam bottoming p l a n t  f o r  t he  g a s i f  i e r - f  i r e d  

system i s  s i m i l a r  i n  design as we l l .  With the  pressurized g a s i f i e r  p rov id ing  

clean f u e l  gas t o  the regenerator burners, i t  i s  poss ib le  t o  a t t a i n  h igher  

flame temperatures and p o t e n t i a l l y  h igher performance f o r  t h i s  system, when 
3 i 

compared t o  the  atmospheric coal  combustor-f i r e d  CCD system. As w i t h  the  # 
combustor-f i red CCD system, a l l  e l e c t r i c a l  power i s  generated by the MHD cycle.  +, 

j 

i 
4.2 FUEL CHARACTERISTICS 

NASA spec i f i ed  t h a t  both a h igh  moisture, low s u l f u r  coal (Montana Rosebud) and 

a h igh  heat value, h igh  su l fu r  coal  ( I l l i n o i s  #6)  were t o  be considered i n  the  

Disk MHD Generator Study. The spec i f i ca t i ons  f o r  these two coals are given i n  

Table 4.2.1, and were provided by NASA a t  the study 's  incept ion.  

4.3 EMISSIONS STANDARDS AND EMISSIONS CONTROL 

I n  the i n i t i a l  cont rac t  work statement f o r  the  Disk MHD Generator Study, NASA 

provided the emissions standards t o  be used as a basis f o r  eva luat ion  o f  the  

performance o f  d isk  generator systems. These o r i g i n a l  standards were the  EPA 

New Source Performance Standards (NSPS) proposed f o r  August 1978 enactment. On 

June 11, 1979, the  EPA issued rev ised emissions standards f o r  e l e c t r i c a l  power 

p lants,  and these were subsequently i d e n t i f i e d  as being appl icable t o  the  Disk 

MHD Generator Study by NASA. 

The rev ised emissions standards are shown i n  Table 4.2 .2  as they apply spec i f  i- 

c a l l y  t o  the two coals o f  i n t e r e s t  f o r  the  study. 

Estimates o f  Environmental I n t r u s i c n  

The i n i t i a l  cont rac t  documents required t h a t  estimates o f  the  environmental 

i n t r u s i o n  resul+.ing from the operat ion o f  proposed power p l a n t  designs be pre-  

pared f o r  each po in t  i n  the study. 



TABLE 4.2.1 

A s h  Analysis ,  % 

MgO 
N aZO 

K 2D 

Sd3 
I n i t i a l  De for~nat ion  

Temp. O F  

So f ten ing  Temp O F  

F l u i d  Temp O F  

COAL AND ASH ANALYSES OF SELECTEO COALS 
FOR D I S K  MHD GENERATOR STUDY 

I 11 i n o i s  Montana 
#6 JRosebud) 

Proximate Analysis ,  Coal - 
as r e c ' d ,  % 

Mois ture  8.9 

V o l a t i l e  M a t t e r  38.0 

F *ixed Carbon 41.7  

Ash 11.4 

U l t in ia te  Ana lys is ,  % 

Hydrogen 5.4 

Carbon 62.4 

N i t rogen 1.2 



Ultimate Analysis, % 

Oxygen 

Sulfur 

Heating value, 
Wet, Btullbm 

Heating value, 
~ I r y ,  Btullo~n 
Coal dank 

TABLE 4.2.1 (Continued) 

I1 1 inois Montana 
16 (Rosedud) 

12370 

BVCB 
1 1560 
Subbi t B 



TABLE 4.2.2 

EMISSIONS STANDARDS FOR DISK GENERATOd STUDY 

1. SO2 Standard 

a) I l l i n o i s  16 coa l :  260 ng/J (0.60 lbm/MBTU) of  heat input,  wnicll i s  
equivalent  t o  0.90 removal o f  s u l f u r .  

b )  rlontana Rosebud Coal : 247 ng/J (0.57 ID~/MBTU) of  heat input ,  wh ic t~  

i s  equivalent  t o  0.70 removal o f  su l f u r .  

11. NOX Standard 

a) I l l i n o i s  #6 coa l :  

i) D i r e c t  f i r i n g  - 260 ng/J (0.60 lbm/MBTU) heat input .  

i i )  G a s i f i c a t i o n  - 210 ng/J (0.50 lbm/MBTU) heat i l lput .  

o )  Montana Rosebud Coal : 

i) D i r e c t  f i r i n g  and g a s i f i c a t i o n  - 210 ng/J (U.50 lbm/MBTU) heat 

input .  

111. P a r t i c u l a t e  Mat ter  Standard 

a) Emissions: 13 ng/J ( . 0 3  Ibm/MBTU) heat input .  

D )  Opacity of  emissions: 0.20 ( b  minute average). 
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; C Items t o  be considered i n  t h i s  area were SO2, NOX, CO, Cop, unburned 

hydrocarbons, par t icu la tes,  wastes, and thermal po l lu t ion .  

I 
i Since the in ten t  o f  the Disk MHD Generator Study was t o  provide estimates o f  

). potent la1  d isk  generator power system performance, and deta i  1 dif ferences 
I between disk generator systems and comparable l i nea r  generator systems, the 

modeling of the ove ra l l  p lan t  was car r ied  out only t o  the d e t a i l  necessary t o  

permit such evaluations. I t  was therefore not possib le i n  general t o  r e a l i s t -  

i c a l l y  evaluate the performance of a l l  p lan t  features provided t o  m i t iga te  o r  

e l iminate the release o f  chemical o r  thermal po l lu tants ,  as noted i n  the l i s t  

above. 

I n  most instances, the disk generator MHD systems are no d i f f e r e n t  i n  perform- 

ance o r  i n  design features t o  address po l l u t an t  removal o r  reduction from 

analogous l i nea r  MHD systems. For NOX control ,  the use o f  a separate f l ue  

gas scrubber w i th  a high preheat leve l  d i r e c t l y - f  i red disk system seems t o  be 

required, a t  least  f o r  the supersonic near-impul se mode o f  operat ion selected 

as the optimum mode f o r  combust ion gas disk systems. A lower preheat leve l  

w i l l  pennit  NOX reduction through use o f  radiant  furnace residence time con- 

t r o l  i n  the OCO d i r e c t l y - f i r e d  uni ts,  although a t  a performance penal ty w i th  

respect t o  s im i la r  preheat leve l  l i nea r  MHC systems. Performance and design 

d e t a i l s  f o r  these 3CD d i r e c t l y - f i r e d  disk systems, and the de l ineat ion o f  

features required f o r  NOX cont ro l  i n  them, are discussed fu r ther  i n  Sec- 

t i ons  5.0 and 6.0. 

4.4 PLANT PERFORMANCE AND HEAT SINK DESIGN CONDITIONS 

For performance evaluation and cool ing tower design ca lcu la t ions the fo l lowing 

u l t imate heat sink design condit ions were specif ied. 

Heat Reject ion System 

A l l  conf igurat ions used mechanical d r a f t  wet cool ing towers, sized f o r  the 5 

percent summer environmental condit ions. These included : 





5 . 0  OPEh CYCLE D I S K  SYSTEMS S T U D I E S  

5 .1  OPEN CYCLE D I S K  GENERATOR MODELING 

5.1.1 D I S K  CHANNEL 

A d i sk  channel i s  a x i a l l y  symmetric, w i t h  the magnetic f i e l d  a l igned p a r a l l e l  

t o  the ax is  o f  symmetry, as i n  F igure 5-1-1. The usual analysis,  equ iva len t  t o  

t he  quasi-one-dimensional treatment o f  l i n e a r  generator channels, t r e a t s  a l l  

var iab les  as func t ions  o f  r a d i a l  p o s i t i o n  only,  so t h a t  the v e l o c i t y  vector  has 

components ur and ue, w i t h  4he s w i r l  parameter de f ined as S = ue/ur. The 

load cu r ren t  f lows i n  the  r d i r e c t i o n ,  w h i l e  the equ iva ien t  Faraday current ,  j,, 

f lows i n  closed loops aod thus does not  i n t e r a c t  w i t h  any s o l i d  surfaces. I n  

t i le  case of an outward-f low channel, the  anode i s  c lose  t o  the  ax is  o f  symmetry 

and the cathode i s  a t  the e x i t  radius. I f  the s w i r l  parameter i s  i n i t i a l l y  

zero the i x - B body fo rce  tends ro induce a ue component; the  publ ished d i sk  

analyses have showo t h a t  there are subs tant ia l  advantages t o  be gained from 

in t roduc ing  i n l e t  s w i r l  i n  the d i r e c t i o n  opposing the induced s w i r l .  The ue x B 

induced f i e l d  supplements the r a d i a l  cu r ren t  proauced by the H a l l  e f t e c t ,  and 

the  net  r e s u l t  i s  an increase i n  e f f i c i e n c y  and performance. From conservat ion 

o f  angular momentum, the magnitude o f  the s w i r l  w i l l  decrease as the gas f lows 

outward; f o r  t h i s  reason considerat ion has a lso been given t o  r a d i a l - i n f l o w  

channels, i n  which conservat ion o f  angular momentum helps t o  mainta in a ue 

component i n  the desi red d i r e c t i o n .  

The f lu id-dynamical  behavior o f  the channel i s  governed by the usual ccnser- 

va t i on  equations r e l a t i n g  the v e l o c i t y  components w i t h  the gas pressure, 

dens i ty  and enthalpy (p, p and h, respec t i ve l y ) .  F r i c t i o n  and heat loss 

e f f e c t s  from i n t e r a c t i o n  w i t h  the  channel wa l l s  are included i n  the governi r~g 

equations, along w i t h  the electrodynamic e f f e c t s  on momentum (due t o  body 

fo rces)  and on energy conservat ion (due t o  e1ect r5 ica l  powel e x t r a c t i o n ) .  



Anode 

/ 
E x i t  Radius, Outer Edge o f  B-Fie ld,  Inner  Edge o f  Cathode 

Figure 5-1 -1 . Disk Generator Geometry 



Conservation of r a d i a l  momentum, angular  momentum and t o t a l  energy, respec- 

t i v e l y ,  can then be expressed as fo l lows:  

' r U ~  P U U , ~  - = - - -  
"r d r  r JrB - - z 

where the f r i c t i o n  c o e f f i c i e n t ,  f , i s  g iven i n  terms o f  the  f l ow  Reynolds 

number by 

-0.2 f = 0.0576 [Re] , 

and the wa l l  heat t rans fer  i s  w r i t t e n  i n  terms o f  the  Stanton number and 

ad iaba t i c  wa l l  enthalpy as 

-0.2 w i  t h  [ S t ]  = 0.0295 [Re] [Pr]  . -0.4 
! 

3 
The channel height ,  z, en ters  the  above equations through the averaging o f  wa l l  1 
e f fec ts  occur r ing  f o r  ro 5 r 2 ro + n r  over the  e n t i r e  f l u i d  volume 2~r,znr. 

Channel he igh t  a l so  appears i n  the  equations f o r  conservat ion of mass and 

r a d i a l  cu r ren t :  

and 

I = Znrzpu, 

'1 oad = 2nrz j r  



Since the c i r c u l a r  symmetry ensures t h a t  the on l y  con~ponent of e l e c t r i c  f i e l d  

i s  r a d i a l  ( i n  the quasi-one-dimensional approximation), the renlaining descr ip -  

t i o n  o f  the e l e c t r i c a l  behavior i s  de r i vab le  by expressing Otinl's law i n  the 

f o  r~ri 

and 
2 

j 0 = [ A ( E  + uoB) - urB] a / ( l  9 1. 

where R i s  the e f f e c t i v e  Hal 1  coet'f i c i e n t  ( B = V B  f o r  a uni form plasiila i n  

which ,1 i s  the e l e c t r o n  m o b i l i t y ) ;  and 0 i s  the e l e c t r i c a l  conduct iv i ty .  

Hence the l o c a l  s h o r t - c i r c u i t  cur ren t  dens i ty  i s  given by 

2 
Jrsc = o ( A  + S) ur B / (1  + R ) 

Using a cu r ren t  load fac to r ,  K, i n  the fort11 K = ir/jrSC, the r a d i a l  

e l e c t r i c  t i e l d  and aziniuthal cur ren t  dens i ty  beconie 

t ( 1  - K ) ( + s )  ur U 

and 

j o  = P j r  - LIU 0 .  r 

Local power densi ty ,  - i . t ,  - o r  - j r E ,  has the value 

2 2 , Y ~ : B ~ K ( ~  - K ) (  f S) i ( l  f 8 ) whir t i  a t t a i n s  maxim~i~i  when 

K = 0.5. However, the l oca l  e l e c t r i c a l  e f f i c i e n c y  takes the forni 



Using the n o t a t i o n  S: = 1  + s2 and 0 = 1 + f12, i t  i s  r e a d i l y  

es tab l ished t h a t  nL i s  maximized when 

w i t h  

The importance o f  s w i r l  i n  the d i sk  c o n f i g u r a t i o n  can best  be i l l u s t r a t e d  by 

cons idera t ion  o f  the v a r i a t i o n  o f  t h i s  optimum l o c a l  e l e c t r i c a l  e f f i c i e n c y  as 

a  func t i on  o f  13 and S, as p l o t t e d  i n  F igure  5-1-2. Optimal values o f  K are 

i nd i ca ted  on the p l o t .  I t  i s  c l e a r l y  seen t h a t  h igh  values o f  nL f o r  zero 

s w i r l  r equ i re  very h igh  values o f  8, whereas the  add i t i on  o f  s w i r l  permi ts  

attainment of adequate nL  a t  more moderate values o f  B .  

When the e l e c t r i c a l  loading i s  no t  a t  t h i s  optimum value, i t  can be shown t h a t  

" L  K ( 1  - K )  - - - 
'I. (wax) K ( 1  - K )  + ( K  - K~~~ ) 2  

* 

an expression which i s  independent o f  both B and S. 

Thus a  successful  d isk  generator design i s  the  r e s u l t  o f  compromise between 

maximimizing the power dens i t y  ( K  = 0.5) and a t t a i n i n g  h igh  e l e c t r i c a l  

e f f i c i e n c y  (K -+ K ) The s i z e  o f  the  r e s u l t a n t  generator i s  governed by opt 
the r a t e  o f  conversion of enthalpy t o  usable e l e c t r i c  power, u s u a l l y  r e f e r r e d  

t o  as the enthalpy e x t r a c t i o n  ra te ,  and given from Equation ( 3 )  by 

T o t a l  enthalpy e x t r a c t i o n  i s  def ined as the  i n teg ra ted  e x t r a c t i o n  over the 

complete rad ius  o f  the  d isk  as a  percentage o f  the i n l e t  enthalpy. 





Since the  d i sk  must be conf igured t o  y i e l d  an adequate t o t a l  en tha lpy  

e x t r a c t i o n  ( a t  l e a s t  16% and pre ferab ly  c l o s e r  t o  20%) and s ince  the  diameter 

of the  magnet i s  a  major parameter i n  t he  o v e r a l l  system cost, t h e  paramount 

cons idera t ion  i n  t he  design becomes e x t r a c t i o n  o f  enthalpy i n  as shor t  a 

r a d i a l  d is tance as feas ib le .  

I n  terms of a t a r g e t  l e v e l  o f  enthalpy t o  the  "extracted",  Aho, an 

e x t r a c t i o n  length  can be def ined by w r i t i n g  

- p*ho Then Lex(K) - ( 1  + B2) 
A A' 

and - pAho B 1  
Lex(Kopt) - - 

C J U B ~  " L ("ax) 

I t  should be stressed t h a t  the  value o f  Aho i s  e n t i r e l y  a r b i t r a r y ,  w i t h  

Lex sca l i ng  l i n e a r l y  w i t h  v a r i a t i o n  i n  Aho. Lex a l so  c l e a r l y  scales 

i nve rse l y  w i t h  conduc t i v i t y ,  a. The e x t r a c t i o n  length  i s  merely a convenient 

parameter f o r  use i n  sca l i ng  and i n  assessment o f  choice o f  opera t ing  con- 

d i t i o n s  f o r  a,, MHD generator. It w i l l  be discussed f u r t h e r  i n  connect ion w i t h  

both OCD and CCO app l ica t ions .  One comment on the  func t i ona l  behavior o f  

Lex(K) should be made a t  t h i s  time. Treat ing  the  above expression as a 
f u n c t i o n  of S, i t  may be deduced t h a t  Le, i s  reduced by increas ing  S on l y  as 

long as B < 2.8; f o r  l a r g e r  values o f  6 (ob ta inab le  i n  the open c y c l e  case) the 

e x t r a c t i o n  length  i s  opt imized a t  f a i r l y  low values o f  S, and increases 

s l i g h t l y  w i t h  increas ing  S. 

The equat ions discussed above form a c losed set  which can be used f o r  t he  

eva lua t ion  o f  the  f l u i d  and e l e c t r i c a l  p rope r t i es  w i t h i n  a s p e c i f i e d  channel, 



as long as the s t a t e  o f  the  plasma can be spec i f ied .  For t he  coa l  combustion 

products plasma encountered i n  OCD app l i ca t i ons  i t  i s  expected t h a t  the 

e l e c t r o n  temperature w i l l  not  be s i g n i f i c a n t l y  e levated above the  heavy 

p a r t i c l e  temperature, and t h a t  the var ious chemical species present w i l l  be i n  

chemical e q u i l i b r i u m  (except ions t o  the l a t t e r  c o n d i t i o n  are discussed i n  a 

l a t e r  sec t ion) .  Thus a l l  plasma p rope r t i es  can be expressed as func t i ons  o f  

two var iab les  only,  f o r  example, e i t h e r  pressure and temperature, o r  p r e f e r -  

ab ly  pressure and enthalpy. With 0 ,  o and B a l l  g iven as func t i ons  o f  

p, and h, and w i t h  z given as a f u n c t i o n  of r, then Equations ( 1 )  through ( 4 )  

are s u f f i c i e n t  t c  de f i ne  the  f o u r  dependent var iab les  p, h, ur and ue a t  

every p o i n t  w i t h i n  the channel. The e l e c t r i c a l  var iab les  are d i r e c t l y  ca lcu-  

l a b l e  from the remaining equations. This type o f  channel eva lua t ion  i s  c a r r i e d  

out  by means of a "performance mode" code. Such eva lua t ion  should lead t o  a 

numerical desc r ip t i on  of the o v e r a l l  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  the channel 

(V - I  curves, o r  load- l ines) ,  and t h i s  aspect receives f u r t h e r  t r ja t rnent  below. 

I n  con t ras t  t o  the above, however, i s  the "design modeu, wherein plasma 

entrance cond i t ions  and i n i t i a l  e l e c t r i c a l  loading are selected, and then z ( r ) ,  

the channel height,  i s  t rea ted  as a dependent var iab le .  This means tha t  an 

add i t i ona l  equation, usba l l y  der ived by imposing a "design cons t ra in t " ,  i s  

necessary. For example, i t  i s  poss ib le  t o  specif; t h a t  the channel be de- 

signed t o  operate i n  the impulse mode (constant s t a t i c  energy), reac t i on  niooe 

( l a r g e  change i n  s t a t i c  enthalpy, constant k i n e t i c  energy), o r  some interme- 

d i a t e  mixed-mode. Constra int  se lec t i on  i s  more f u l l y  discussed i n  5.3.1 

below. 

5.1.2 1NLET GUIDE VANtS 

One f i n a l  aspect o f  the numerical modeling of the channel requ i res  in t roduc-  

t i o n  a t  t h i s  po in t .  I n  the subopt imizat ion of the  d isk  channel i t  i s  neces- 

sary t o  evaluate the e f f e c t  of v a r i a t i o n  on i n l e t  s w i r l  r a t i o .  As discussed 

above, S values can increase the e l e c t r i c a l  e f f i c i e n c y  o f  the channel, bu t  h igh  

s w i r l  cannot be a t ta ined  wi thout  penal ty .  Although low values o f  S might be 

developed w i t h i n  a combustor (us ing the s w i r l  t o  enhance the  e f f i -  c iency of 

combustion), i t  i s  c l e a r  t h a t  l a rge r  s w i r l  must be produced w i t h  the 



a i d  o f  i n l e t  guide vanes ( IGVs). Losses due t o  such IGVs have been r a t h e r  

simp1 i s t i c a l  l y  modeled by means o f  the  expressions 

APo/Po = Lpl + LpZ(S - 0.5) 

and 

Aho/hf l ux  = Lhl + Lh2(s - 0.5) whenever S > 0.5. 

L ~ l  
and Lhl are the  f r a c t i o n a l  losses a t t r i b u t a b l e  t o  the s p e c i f i c  combus- 

t o r ,  independent o f  any need f o r  IGVs. 
L ~ 2  , i n  the  range 0.025 - 0.04, 

represents a t o t a l  pressure l oss  taken from gas t u r b i n e  technological  data on 

cascades o f  t u r n i n g  vanes, whi l e  Lh2 represents the  heat l o s t  from the plasna 

because o f  the IGVs. Typical  values f o r  L,,2 range from 0.005 f o r  ceramic 

vanes t o  0.01 f o r  watercooled blades. The above expressions imply a ramp- l ike 

increase i n  pena l t i es  w i t h  increas ing  s w i r l ,  whereas a step increase would be 

incur red  a t  whatever S value d i c t a t e s  the  need fo r  IGVs. However, t he  model 

permi ts  a q u a l i t a t i v e l y  s a t i s f a c t o r y  assessment o f  the  advantages/disadvantages 

o f  increased s w i r l .  Using the h igher  values o f  the c o e f f i c i e n t s  L and 
~2 

Lh2* the increased pena l t i es  are 0.04P0 and 0.01 hflUx when S = 1.5. 

High s w i r l  cascades f o r  tu rb ines  t y p i c a l l y  y i e l d  loqses o f  four  percent of the  

e x i t  dynamic pressure, o r  three percent o f  the t o t a l  pressure f o r  M = 1.8. The 

heat loss i n  a t y p i c a l  case t r a n s l a t e  t o  $30 MW, comparable t o  the w a l l  losses 

i n  the r e s t  o f  the generator, bu t  cons is ten t  w i t h  what would be ca l cu la ted  f o r  

a set  o f  cooled IGVs. 

5.1.3 COMBUSTOR AND NOZZLE 

For consistency i n  the o v e r a l l  systems ca lcu la t ions ,  est imates were made o f  

heat and t o t a l  pressure losses, combustion e f f i c i e n c i e s ,  and s lag  carryover  

ra tes  bel ieved t o  be representa t ive  o f  broad classes o f  combustor/nozzle con- 

f i g u r a t i o n  (see Table 5.1 . I ) .  Ref ined and updated versions o f  these est imates 

are used f o r  the d e f i n i t i o n  o f  p a r t i c u l a r  conceptual desiyns. The classes 

considered were: 

i )  s ingle-stage cyclone; 

i i )  two-stage cyclone; 

i i i ) two-stage h igh  e x i  t -swi  r l  cylone. 



TABLE 5. i . 1 . COMBUSTOR LOSSES FOR DISK GENERATORS 0 
Var ia t ions  Radia l  Out f low Radial  I n f l o w  

- -- 

( i )  S ing le  Stage lih/Hi = .04 .15 

D iscre te  ( 4  combusrurs APo/Poi = .06 .07 

f o r  r a d i a l  i n f l ow)  nc  = .98 .98 
AS/Si = . I O  - .2O . I O  - .2O** 

( i i )  Two Stage D iscre te  .07 

( 4  combustors f o r  .08 

r a d i a l  i n f l o w )  .99 

.10 

Two Stage Hybrid 

( 1  f i r s t - s t a g e ,  

4 second stage f o r  

r a d i a l  i n f l o w )  

( i i i )  Two Stage, 

High E x i t  

S w i r l  

~h = Enthalpy re jec ted  t o  coolant  by combustor(s), duc t i ng  
and nozzle(s) .  

Hi = Enthalpy a t  combustor i n l e t  (chemical, and sensib le 
enthalpy o f  ox id i ze r ) .  

aP0 = To ta l  pressure l o s t  t o  f r i c t i o n  between secondary 
o x i d i z e r  i n l e t  t o  combustion system and MHD generator e n t r y  
s ta t i on .  

n c  = Combustion E f f i c i e n c y .  

A S  = Slag carryover  i n t o  MHD channel, t o t a l  of a l l  phases. 

**Approximate formula f o r  s lag  carryover  i n  s ingle-stage combustors: 
A c 



These cornbustors were cons idered f o r  a p p l i c a t i o n  t o  r a d i a l  i l l f l o w  and r a d i a l  

o u t f l o w  generators .  Classes ( i )  and ( i i )  app ly  t o  e i t h e r  type, b u t  ( i i i )  

a p p l i e s  o n l y  t o  the  ou t f l ow  t ype  . 
For  I -dd ia l  i n f i o w  generators,  t he  con~bustor /nozz le  system i s  charged w i t h  

losses a r i s i n g  i n  any d u c t i n g  o r  plenums requ i red .  These tend t o  p r o v i d e  a 

ve ry  large increase i n  plasma-wetted area over  t h a t  encountered i n  r a d i a l  

o u t f l o w  c o n f i g u r a t i o n s .  The s imp les t  concept i s  t o  use severa l  tangen- 

t i a l l y - f i r i n g  s i n g l e  o r  two-stage co~nbustors d i scha rg i ng  i n t o  a  t o r o i d a l  

plenurn/nozzle. Four u n i t s  i s  p r o t ~ a o l y  a  p r a c t i c a l  rninirnurn, f r o r ~ ~  the p o i n t  o f  

view o f  az i lnu t t~a l  u n i f o r m i t y  o f  t n e  generator  i l l l e t  f l o w  f i e l d .  Since each 

con~bustor rr~ust tidve t he  sarlle res idence t irne ds a  s i n g l e  cor:~bustor f o r  t he  

en t i t -2  mass f low,  the  t o t a l  w a l l  area w i l l  sca le  as t he  number o f  conibustors 

t o  the  ( 1 /3 )  power. Thus, f o u r  cornbustors have 1.6 tirnes the  w a l l  area o f  a  

s i n g l e  combustor, f o r  example. To t h i s  area une must add t he  w a l l  area o f  the 

plenurn/nozzle. F u r t h e r  d iscuss ion  o f  the  r e l a t i v e  heat  losses o f  i n f l o w  and 

o u t f l o w  c o n f i g u r a t i o n s  may be found i n  Appendix A. 

Xno t t~e r  p o s s i b l e  c o n f i g u r a t i o n  would be a " hyb r i d "  hav ing a s i n g l e  f i r s t  s tage 

and d u c t i n g  t o  severd1 t d n y e n t i a l  l y - f  i v i n g  second stages. Th is  i s  est in ld ted 

t o  have mat-gioal l y  lower heat  losses, b u t  h igher  p ressure  losses than the  

~ n u l  t i p l e  d i s c r e t e  cornoustor con f i gu ra t i ons .  

The cornbustioli e f f i c i e n c y  es t imates  are c o n s i s t e n t  w i t t i  r epo r t ed  values f o r  

f i r s t - s t a g e  o r  s i ng l e - s tage  t'esidence t imes on the  o rde r  o f  50 ms, be ing  

~na rg i r l a l  l y  t i i g i~e t '  f o r  two-stage combustors. 

The f r a c t i o n a l  s l a g  ca r r yove r  c l e a r l y  depends on the  plasma f i n a l  temperature 

and t he  d e t a i l s  o f  t he  combustion process, e s p e c i a l l y  f o r  s i n g l e  s tage coin- 

bus to rs .  The s imple r e l a t i o n  chosen f o r  the  systems c a l c u l a t i o n s  i s  cons is -  

t e n t  w i t h  the rnost o p t i m i s t i c  of t he  scanty da ta  i n  t he  l i t e r a t u r e ,  b o t h  

exper imenta l  ( 1  J and t t i e o r e t i c a l .  



5.1.4 DIFFUSER 
I 

The a t t a i n a b l e  pressure r i s e  i n  a r a d i a l  d i f f u s e r  opera t ing  a t  the e x i t  o f  a 4 
t 

s 

s w i r l i n g  r a d i a l  ou t f l ow  MHD generator can be est imated on l y  by analogy w i t h  the  

vaneless d i f f u s e r s  o f  c e n t r i f u g a l  compressors. There are no usable 
i 
f 

experimental data, and there  has been no usable repor ted t h e o r e t i c a l  t reatment i 
2 

I 

I o f  t h i s  exceedingly complex f low.  Fo r  use i n  systems ca lcu la t ions ,  a value o f  i 
i 

I C, i n  the range 0.45 - 0.60 seems appropr iate f o r  a l l  subsonic-entry cases. 
j i 

w i t h  C def ined as the  increase i n  s t a t i c  pressure normal ized by i n l e t  
P I 

1 
k i n e t i c  head. 

I n  the case o f  supersonic entry ,  there  w i l l  be a shock system o f  some s o r t  near 

the d i f f u s e r  entrance o r  i n  the  ou ter  p a r t  o f  the  channel. The i n teg ra ted  

t o t a l  pressure l oss  across t h i s  system can be adequately modeled as being equal 

t o  t ha t  due t o  a normal shock a t  the generator e x i t  Mach number. Downstream o f  

the shock system, a f u r t h e r  s t a t i c  pressure r i s e  cons is ten t  w i t h  a subsonic 

C value may be assumed f o r  systems ca l cu la t i ons .  
P 

I n  the case o f  the r a d i a l  i n f l o w  generator, a d i f f u s e r  having a C %0.5 i s  
P 

also consis tent  :v i th the values exper imenta l ly  obtained f o r  the andlogous 

r a d i a l  i n f l o w  tu rb ines .  

In the generator subopt imizat ion work repor ted i n  Sect ion 5.3 the d i f f u s e r  

cons t ra in t  has been appl ied by r e q u i r i n g  a d i f f u s e r  e x i t  t o t a l  pressure o f  

1.068 atm, w i t h  Cp values s p e c i f i e d  ( v a r i o u s l y )  as 0.45, 0.55 and 0.60. 

5.1.5 IMPLICIT SIMPLIFICATIONS 

The mathematical model o f  the d isk generator f l o w  behavior described i n  the 

preceding sect ions i s  c l e a r l y  a vast s i m p l i f i c a t i o n  o f  the  f l ow  i n  a t r u e  

three-dimensional channel w i t h  c u r v i l i n e a r  boundary layers  and w i t h  magnetic 

f i e l d  vectors which are no t  everywhere perpendicular  t o  the  f l ow  d i r e c t i o n .  

The d e t a i l e d  design procedure f o r  a d i sk  channel would c e r t a i n l y  no t  be handled 

by means o f  a quasi-one-dirnensiond code; i t  would be more appropr iate t o  

f o l l o w  the type o f  procedure c u r r e n t l y  used f o r  l i n e a r  channel design, where an 



i n v i s c i d  core f l ow  i s  coupled t o  the  boundary-layer f l ows  developing on the 

channel wal ls .  I n  the  d i sk  case these boundary layers are conf ined t o  the  

i n s u l a t i n g  wal ls ,  so t h a t  they are less  complex than those on the  e lec t rode 

wa l l s  o f  a l i n e a r  channel. However, the d i sk  boundary layers  are analogous t o  

those on a swept-wing, w i t h  d i f f e r e n t  momentum-thickness laws being app l ied  i n  

the r a d i a l  and azimuthal d i rec t i ons .  The d e t a i l e d  s o l u t i o n  t o  such a f l o w  

s i t u a t i o n ,  w i t h  i t s  attendant electrodynamics compli:ations, presents an 

i n t e r e s t i n g  problem which i s  considerably beyond the scope o f  the present study 

cont rac t .  For tunate ly ,  one may reach the conclus ion t h a t  the quasi-one- 

dimensional approach i s  more v a l i d  f o r  the d i sk  geometry than i t  i s  f o r  a 

l i n e a r  channel, s ince the e f f e c t i v e  "aspect r a t i o "  f o r  a t y p i c a l  d i sk  channel 

i s  such t h a t  there w i l l  be very l i t t l e  " i n v i s c i d  core"  reg ion  unaf fected by the 

s ide-wa l l  boundary layers. Thus the  "volume-averaging" technique i m p l i c i t  i n  

Equations ( 1 )  - ( 3 ) ,  Sect ion 5.1.1, i s  acceptable f o r  the d i sk  systems study, 

however the f r i c t i o n  f a c t o r  and heat t r a n s f e r  are approximations. 

The p o t e n t i a l  compl icat ions a r i s i n g  from magnetic f i e l d  components which are 

a l igned w i t h  the f l o w  d i r e c t i o n  (o r ,  more s p e c i f i c a l l y ,  w i t h  the r - d i r e c t i o n )  

have not  been addressed. Pre l im inary  magnet design concepts discussed e l se -  

where i n  t h i s  repo r t  i nd i ca te  r a d i a l  f i e l d  components approaching 5 - 6 T near 

the channel e x i t ,  and such f i e l d s  would undoubtedly lead t o  complex i t ies  i n  the 

gasdynamic and electrodynamic behavior i n  the channel. however, i t  i s  f e l t  

t ha t  add i t i ona l  e f f o r t  on t h i s  subject  could lead t o  design of f l a t  

magnet-channel combinations fo r  which Br remained small wh i l e  BZ increased 

w i t h  radius, which could be p e r f e c t l y  acceptable. A l t e r q a t i v e l y ,  i t  i s  l i k e l y  

t ha t  non-planar magnet-channel con f i gu ra t i ons  could be developed i n  which the 

channel d i r e c t i o n  e s s e n t i a l l y  fo l lowed the normal t o  the f i e l d - l i n e s ,  as 

ind ica ted  i n  F igure 6-3-6, and a s  discussed elsewhere. For t h i s  reason a l l  

P - f i e l d  components are assumed normal t o  the ve loc i t )  vector  i n  the channel 

ca l cu la t i ons  repor ted herein. 



5.1.6 REMAINING ASSUMPTIONS 

Many o f  the assumptions i m p l i c i t  i n  the fo rmu la t i on  o f  Sec t io r~s  5.1.1 through 

5.1.4 have been discussed i n  context;  some minor o r  some major assumptions 

s t i l l  r equ i re  some assessment. 

(a )  Wall condi t ions.  The wa l l  heat t rans fe r  c o r r e l a t i o n  requ i res  a 
w a l l  enthalpy, hw, and an ad iabat ic  w a l l  enthalpy expressed i n  
terms o f  f r e e  stream cond i t  ions by haw = [h  + (recovery f a c t o r )  
x (u2/2)]. Most o f  the c a l c ~ r l a t i o n s  repor ted  below have used 
Tw = 2000 K and a recovery f zc tor  of 0.9; bo th  these numbers 
are inputs  t o  the  computer prograin. Tw = 2000 K ind ica tes  a 
nonslagging cond i t ion ;  the presence of s lag  layers would requ i re  
some code mod i f i ca t i on .  

( b )  Generator i n l e t  radius.  Choice o f  s tagnat ion  c o n d i t i o t , ~  and o f  
values o f  M and S a t  the channel i n l e t  leads t o  determinat ion 
of p and ur, and thus t o  the requ i red  i n l e t  area f o r  spec i f i ed  
mass f low. I n  most cases considered f o r  OCP the r a t i o  z / r  a t  
i n l e t  has been taken as one t h i r d ,  so t h a t  A i n l e t  = 2nr2/3. 
Again, t h i s  i n l e t  z / r  r a t i o  i s  a code input.  1r1 a l l  cases one 
f u r t h e r  c o n s t r a i n t  has been imposed t o  ensure tha t  a v iab le  
geometry i s  establ ished:  i f  the channel mass f low i s  considered 
as being de l ivered a t  M -0.5 through an a x i a l  tube o f  rad ius  
R0, then i t  i s  requ i red  t h a t  r inlet 51.2 Ro. 

( c )  Uniform plasma condi t ions.  Many s tud ies  have been c a r r i e d  out 
t o  assess the degradation o f  performance o f  MHD generators 
a t t r i b u t a b l e  t o  non-uni formi t ies i n  the plasma. For the d i sk  
con f i gu ra t i on  the most l i k e l y  source of  such n o n u ~ i f o r m i t i e s  i s  
the ser ies  o f  wakes generated by an ar ray  ct  IGVs. I t  i s  
recognized t h a t  such wakes would lead t o  a reduc t ion  o f  the 
e f f e c t i v e  Hal 1 parameter, even f o r  equi 1 ibrsum cond i t ions  (see 
Reference 2, f o r  example). Since most of the d i sk  cases used i n  
the o v e r a l l  systems sudy have maintained S 2 0.5, no IGVs have 
been required, and i t  has no t  been necessary t o  study degraded 
performance. Future studies which use d isk  conf igura t ions  
op t im iz ing  a t  h igher  s w i r l  r a t i o s  (S-1.0 - 1.5) should invoke an 
appropr iate i e v e l  o f  degradation. 

( d )  Thermodynamic and chemical equi 1 ibriurn. Rapid expansion t o  
h igh supersonic Mach ~ t~ rnbe r  w i l l  u s u a l l y  leave the chemical 
composit ion o f  the combustion gas " f rozen" a t  what i t  was i n  the 
plenum; subsequently the gas composit ion w i l l  r e l ax  towards 
equ i l ib r ium,  which genera l l y  e n t a i l s  a conversion o f  CO t o  
C02. The k i n e t i c  ra tes  f o r  t h i s  r e l a x a t i o n  are no t  we l l  known 
under the cond i t ions  ? x i s t i n g  i n  MPD generators. 



I t  has a1 ready been es tab l ished t h a t  nonequi 1 i b r i u m  chemistry must be i r c l u d e d  

i n  the  ana lys is  o f  ldboratory-scale supersonic combustion experiments. An 

exsaple o f  a se t  o f  nonequ i l ib r ium c a l c u l a t i o n s  i s   chow^ i n  F igures 5-1-3 and 

5-1-4. Stagnat ion cond i t ions  are t y p i c a l  of OCD app l ica t ions ;  from the  plenum 

tne gas i s  expanded t o  M = 1.78, p = 1.12 atm, a f t e r  which i t  f lows adiaba- 

t i c a l l y  a t  constant pressure. No enthalpy e x t r a c t i o n  i s  inclt ided. This  

~,:tnlerical experiment i s  i l l u s t r a t e d  f o r  d i f f e r e n t  phys ica l  scales; C i s  ap- 

p ror imate ly  COIF size, E i s  comparable t o  the scale o f  d i sk  generators f o r  

base-load app l ica t ion ,  and A i s  an order  of magnitude l a r g e r  s t i l l .  The s t a t i c  

temperature o f  the gas "undershoots" i t s  e q u i l i b r i u m  value i n  the  r a p i d  

expansion, and then recovers towards e q u i l i b r i u m  a t  a r a t e  c o n t r o l l e d  by the 

CO + OH + C02 + H react ion.  I n  a s u f f i c i e n t l y  slow expansion the  s h i f t i n g  

e q u i l i b r i u m  imp l ies  continuous conversion of CO t o  C02; when the expansion i s  

rap id  the  CO co::centraticn remains " f rozen" and the  subsequznt temperature 

recovery i s  brought about by combustion o f  the excess CO. 

1 

For a 4 m d isk  operat ing under the cond i t ions  comparabln t o  F igure  5-1-3 i t  i s  

c lea r  t h a t  there  i s  a p o t e n t i a l  temperature " loss"  on the order  o f  100 K near 

the generator i n l e t ,  and the  e f f e c t  o f  t h i s  on e lec t ron  concentrat ion ( w i t h  

consequent e f f s c t  on plasma conduc t i v i t y )  i s  shown i n  F igure  5-1-4. I f  t h i s  

chemical k i n e t i c s  e f f e c t  i s  rea l ,  then i t  i s  essen t i a l  t h a t  i t  be inc luded i n  

the d isk  analys is  procedure. The CO + OH r a t e  i s  well-documented f o r  clean 
I , 

combustion products, bu t  there i s  very l i t t l e  hard in fo rmat ion  on the poss ib le  5 
t 

c a t a l y t i c  e f f e c t  o f  the ash and seed components which would be present i n  an 
2 

open cyc le  d i sk  channel. An order  o f  magnitude increase i n  CO:C02 conver- 2 
B 

sion r a t e  would permi t  equi l i b r i u m  ana lys is  t o  be used f o r  the  OCD case ( t h e  I 

commercial s i ze  open cyc le  l i n e a r  generator, being an order  o f  magnitude l a r g e r  

i n  physical  ,tale, does not  face t h i s  need f o r  nonequi l ibr ium ana lys is  

procedures) I n  the present study i t  has been decided t h a t  ava i l ab le  equi ;i - 
brium a n a l y t i c a l  t o o l s  should be used f o r  t he  parametr ic cases, bu t  i t  remains 

necessary t o  use nonequi l ibr ium program: t o  check on the pos4ib le e f f e c t s  o f  
4 

departure from equ i l ib r ium,  e s p e ~ i a l l ~ y  f o r  those cases which represent minimum 4 
I 

physical  s ize.  B I 





F igure  5-1 -4. E l e c t r o n  Ccncen t ra t ion  i n  Combustion Gas Plasma Versus 
Flow Length i n  Sirpersonic Generators o f  Var ious S izes 
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5.1.7 SPECIFICATION OF HALL FIELD CONSTRAINT FOR DISK GENERATORS 

A high-performance d i sk  generator must undoubtedly wi thstand very much h igher  

H a l l  f i e l d s  ( i n  the r a d i a l  d i r e c t i o n )  than an equ iva len t  l i n e a r  generator, bu t  

the techno log ica l  problems associated w i t h  an i n s u l a t i n g  wa l l  are q u i t e  

d i f f e r e n t  from those of e lec t rode w a l l  cons t ruc t ion .  I n  M I T  shock tube 

experiments w i t h  co ld  wal ls ,  f i e l d s  i n  excess o f  30 kV/m have been measured 

wi thout  any i n d i c a t i o n  of breakdown. The most recent  Stacford experiments [ 3 ]  

havs sustained hot -wa l l  e l e c t r i c  f i e l d s  of 9 kV/m w i t h  no evidence o f  break- 

down. The 9 kV/m appl ied f i e l d  wcr l i m i t e d  on l y  by the  p a r t i c u l a r  expe r i -  

mental con f i gu ra t i on  and ex terna l  c i r c u i t r y .  There are no o ther  re levan t  

experimental data f o r  the  hot  w a l l  s i t u a t ' m .  I n  the  i n t e r e s t  o f  a  conser- 

v a t i v e  design choice f o r  the present systems analys is  i t  was proposed t h a t  the  

base case be r e s t r i c t e d  t o  a  r a d i a l  e l e c t r i c  f i e l d  o f  12 kV/ni, w i t h  pararr~etr ic  

v a r i a t i o n s  covering the range 8 kV/m ,co 16 kV/rn. As a  s ing le  except ion t o  

t h i s ,  i t  was proposed t h a t  t h i s  cons t ra in t  be re laxed f o r  one case t o  perrriit a  

design c a l c u l a t i o n  to  be c a r r i e d  ou t  f o r  a  12 T magnet. For t h i s  case i t  was 

considered t h a t  the examination of f a r - te rm p o t e n t i a l  should no t  be u n f a i r l y  

shackled, and t h a t  an e l e c t r i c  f i e l d  up t o  20 kV/m should be permi t ted  i f  the  

opt  irli zed des ign requ i res  i t .  

The r a t i o n a l e  f o r  the choice of the 12 kV/m non~ir ls l  values i s  given below. 

Experience acquired i n  the  operat i on  o f  large ( 1  inear )  combust ion  d r i ven  gen- 

erators has shown tha t  the  breakdown p o t e n t i a l  between adjacent elements o f  the 

i n s u l a t o r  w311 i s  a t  l e a s t  three time; t h a t  f o r  adjacent elements on the 

e lec t rode wa l l .  Elements of an i n s u l a t o r  w a l l  do no t  ca r r y  current ,  and are 

cooled so t h a t  they are shie lded from the plasma by a  r e l a t i v e l y  c o l d  bounaacy 

layer .  I n  constrast ,  e lect rodes are designed t o  be i n  good contact  w i t h  the 

plasma non-uni formi t ies,  which inc lude the cu r ren t  concentrat ions. The 

breakdown p o t e n t i a l  between adjacent e lec t rode-wa l l  elements i s  CI f u n c t i o n  of 

the vol tage between elements, the surface temperature, and the l o c a l  cu r ren t  

dens i t y  en te r i ny  the elements. Danrage a f t e r  breakdown i s  a f u n c t i o n  o i  power 

dens i ty  and the degree t o  which a  breakdown arc can couple t o  the bulk  o f  the 



Fo r  t h e  open-cycle d i sk ,  t h e  problem i s  more se r i ous  s i n c e  h i ghe r  f i e l d s  

(E'Beff UB) are  ob ta ined  due t o  t h e  h i g h  va lues o f  t h e  H a l l  c o e f f i c i e n t  

( ' e f f  ' ' ideal ;  i n  t h e  range o f  4-8 o r  h i g h e r ) .  I n  c losed-cyc le  a p p l i c a t i o n ,  

Beff '2 as a r e s u l t  o f  t h e  n o n u n i f o r m i t i e s  assoc ia ted  w i t h  t he  i o n i z a t i o n  

i n s t a b i l i t y  (un less  t h e  seed i s  f u l l y  ion ized ,  f o r  which case B e f f  va lues up 

t o  5 have been r e p o r t e d ) .  

Compared t o  t he  l i n e a r  genera to r  (where t h e  f i e l d  i s  l i m i t e d  t o  Emax=4kV/M), 

r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  e x i s t s  f o r  Emax i n  d isks .  As mentioned above, 

t h e  Stanford apparatus w i t h  fused  MgO w a l l s  w i t hs tood  a p p l i e d  f i e l d s  o f  9 kV/m 

i n  t h e  presence o f  t h e  plasma. I n  shock tube experiments, a l s o  mentioned above, 

H a l l  f i e l d s  up t o  E=38 kV/m were measured w i t h  s imu la ted  combustion gases; these 

exper iments,  however, were conducted under i d e a l  w a l l  and f l o w  c o n d i t i o n s  

(T,,,ll 1300 K )  w i t h o u t  s l ag .  However, i n  a d i s k  a  s l a g  coa t i r i g  i s  no t  

necessary f o r  good performance s i nce  t h e  w a l l s  a re  n o t  c u r r e n t - c a r r y i n g  

e  I eiiien t s  . 

I n  a  l i n e a r  channel t he  c o n s t r a i n t  on t h e  H a l l  f i e l d  i s  determined by t h e  f i e l d  

concen t ra t i on  and b y  t he  j o u l e  d i s s i p a t i o n  over  t h e  i n t e r e l e c t r o d e  i n s u l a t o r .  

C lose t o  such at, i n s u l a t o r  t h e  geomet r i ca l  c o n s t r a i n t  i s  y  =cons tan t ,  and thus 

t h e  c u r r e n t  d e n s i t y  vec to r  has conlponents j - 0 and jx *oEx. The i n i t i a l  
Y  

a i s s i p a t i o n ,  p r i o r  t o  t h e  development o f  a  f a u l t ,  i s  t h e r e f o r e  g i ven  by t h e  

p roduc t  o f  t he  H a l l  f i e l d ,  Ex, ana t h e  c u r r e n t  dens i t y ,  jX; i.e., t he  

d i s s i p a t i o n  i s  U E ~ .  I n  t h e  case o f  an i n s u l a t o r  w a l l ,  t h e  s c a l a r  
2 c o n a u c t i v i t y  i s  rep laced  by t h e  t ens iona l  c o n d u c t i v i t y  a / ( l  + a ), so t h a t  

2 2 2 t h e  d i s s i p a t i o n  over  t he  i n s u l a t o r  w a l l  i s  o E x / ( i  + B ) : o ( E x / ~ )  . An 

equ i va len t  express ion f o r  t.he d i s k  c o n f i g u r a t i o n  can be reduced d i r e c t l y  f r om  

t h e  c u r r e n t  d e n s i t y  r e l a t i o n s h i p s  g iven  i n  paragraph 5.1.1; c l o s e  t o  t h e  d i s k  
2 i n s u l a t i c g  wa l l ,  where ur z u e  = o, these r e l a t i o n s h i p s  y i e l d  jr = oE I (1  + B ) 

2 2 2 and jg = B j r  whence t h e  d i s s i p a t i o n  j /o becomes r E  / ( 1  + B' )  z u(E/R)  . 

If the  H a l l  f i e l d  i s  cons idered a  measure of t h e  s t r e s s  l e v e l  ove r  t he  i n s u l a t o r  

(o f  t he  e l e c t r o d e  w a l l  o r  i n s u l a t o r  w a l l ) ,  t h i s  s imple ana l ys i s  i n d i c a t e s  t h a t  t h e  



I 
al lowable H a l l  f i e l d  i s  l a rge r  f o r  the d i sk  i n s u l a t i n g  wa l l  than i t  i s  f o r  the 

e lec t rode  w a l l  o f  the  l i n e a r  channel. the m u l t i p l i c a t i v e  f a c t o r  being 0 .  t he  Hal 1 
i 0 1 ? 

c o e f f i c i e n t .  This r e s u l t  agrees v i t h  the  experience obtained i n  l i n e a r  generators 4 
t h a t  the i n s u l a t o r  wa l l s  appear t o  be able t o  bear an e l e c t r i c  f i e l d  th ree  t i n ~ e s  i 
l a r g e r  than f o r  the e lec t rode w a l l  ( f o r  e x i s t i n g  generators which have operated 

w i t h  maximum Hal 1  c o e f f i c i e n t s  o f  th ree) .  

On t h i s  bas is  the parametr ic upper l i m i t  o f  16 k V / m  would no t  be prima f a c i e  

unreasonable f o r  a  d i sk  generator w i t h  014, and the nominal 12 kV/m i s  q u i t e  

conservat ive.  The same r a t i o n a l e  j u s t i f i e s  the r e l a x a t i o n  o f  t h i s  H a l l  f i e l d  

c o n s t r a i n t  f o r  the assessment o f  the p o t e n t i a l  usefulness o f  a  12 Tesla aagnet ic  5 
! 

I f i t : l d ,  s ince H a l l  c o e f f i c i e n t s  would then be corresponaingly l a rge r .  i 
3 
3 



5.2 OPEN CYCLE SYSTEMS MODELING 

5.2.1 SYSTEM PERFORMANCE ANALYSIS CODE 

The West inghouse system performance anb lys i  s (SPA) code formed the  basic  t o o l  

f o r  c a l c u l a t i n g  the  performance o f  the open c y c l e  d i sk  systems. I t i s  a 
versat i l e  sys tems code capable o f  analyzing the  thermodynamic performance o f  

many general systems, i nc lud ing  the QCD MHD systems. The f l e x i b i l i t y  o f  the  

code i s  gained by t a k i n g  the approach rn which a system i s  viewed as cons i s t i ng  

of a set  o f  interconnected components, The mode o f  in terconnect ion i s  d i c t a t e d  

by the user through the  i npu t  data. ,bus the  user has complete freedom i n  

assembling the components i n t o  a system i n  a fashion t h a t  s u i t s  h i s  par-  

t i c u l a r  problem. 

Bas ica l l y ,  SPA i s  composed o f  two major pa r t s :  an execut ive and a component 

subrout ine package. The execut ive subrout ines handle data input  and output, 

con t ro l  the in fo rmat ion  f low among the components, and perform loop c losure  and 

convergence checking i f  feedback loops are encountered The component 

subrout ine package includes subrout ines modeling the i n d i v i d u a l  components and 

the requ i red  a u x i l i a r y  subrout ines. Each type o f  component present i n  the 

system i s  represented by a subrout ine w i t h  se ts  o f  i npu t  and output  var iables,  

and a number o f  parameters. These parameters de f ine  the f i x e d  c h a r a c t e r i s t i c s  

of the component such as heat exchanger ef fect iveness o r  pump e f f i c i e n c y  and 

se lec t  the op t i ona l  mode o f  computation. By spec i f y i ng  the i npu t  var iab les  f o r  

each component as the  output  var iab les  from another, the  user es tab l ishes  the 

component in terconnect ions t o  form h i s  system model. For cases where more than 

one component o f  a s i m i l a r  type ex i s t s ,  a given subrout ine may be c a l l e d  more 

than once, w i t h  appropr iate values o f  the var iab les  suppl ied f o r  each use. 

Each f l ow  stream encountered i n  the system f s  associated w i t h  6n I D  number and 

i t s  p rope r t i es  are needed f o r  system ca l cu la t i ons .  For  streams w i t h  f i x e d  

composit ions such as steam and a i r ,  t he  p rope r t i es  are ca lcu la ted  i n t e r n a l l y  by 

the  code. For combustion gases, however, tab les  of e q u i l i b r i u m  and t ranspor t  

p rope r t i es  as a func t i on  o f  pressure and temperature must be suppl ied. These 

tables are tken used i n  the systems code f o r  i n t e r p o l a t i o n  t o  compute the 



des i r ed  p r o p e r t i e s  a t  any p ressure  and ten~pera tu re ,  I n  t h i s  study, a modi f  ictl 

NASA chemical  equ i  1 ibrsium code [I] was used t o  generate  t h e s r  t ao l es .  The 

computed e l s c t r i c a l  c n n d u c t i v i t i e s  agreed w e l l  w i t h  most pub l i shed  da ta  [ Z ] .  

5.2.2 COMPONENT AND SUBSYSTEM MODELING 

Coml:ustor - 
The combustor model i s  represented by  heat  and mass balances w i t h  g i ven  

p ressure  and heat  losses. The heat  ba lance accounts f o r  t h e  sens ib l e  heat  o f  

the f u e l ,  o x i d i z e r ,  and seed streams e n t e r i n g  t h e  combustor, t he  heat  o f  

r e a c t i o n ,  and the  sens ib l e  heat  o f  t ne  combustion p roduc ts  and t he  s l a g  oe ing  

retnoved. The gas f l o w  r a t e  and s t a g n a t i o , ~  temperature and p ressure  a t  the  

combustor e x i t  a re  c a l c u l a t e d  i n  the  model. 

H p ressure  l oss  o f  0.08 of i n l e t  p ressure  and heat  l oss  o f  0.07 based on t he  

coa l  t l i e r n a l  i n p u t  t o  the colnbustor a re  assumed f o r  cases w i t h  a s w i r l  r a t i o  o f  

up t o  0.5 a t t a i n a b l e  w i t t ~ o u t  i n l e t  ou ide  vanes. Fo r  s w i r l  r a t i o s  g rea te r  than 

0.5, i n l e t  gu ide vanes are requ i red ,  r e s u l t i n g  i n  a d d i t i o n a l  p ressure  and heat  

losses.  These a d d i t i o n a l  pressure and heat  losses are approx i~nated by 

P 
= 0.04 ( 5  - 0.5) and Lh = 0.01 ( 5  - U.,), r e s p e c t i v e l y ,  where S i s  t h r  

s w i r l  ( N . 5 ) .  

Nozzle 

The nozz le  c a l c u l a t j o n  assuliles a f r i c t i o n l e s s  nozz le .  The heat  l oss  i n  t he  

nozz le  i s  assumed lumped i n  the  co~nbustor  heat  l o s s  and t h e r e f o r e  the  nuzz le  

e x i t  c o n d i t i o n s  a re  cornputed based on i s e n t r o p i c  f l o w  equat ions.  

Ctiarlrle 1 anu D i f f user 

H one-d in ie~ is ior ia l  , core- f  low model lids been iricor.porated i n  t he  SPA code t o  

c a l c u l a t e  the  perfortnance of  a d i s k  generator .  The f l o w  i n  the  generator  i s  

assumed t o  be c y l i n d r i c a l l y  symrnetrlc and v a r i a t i o n s  o f  dependent v a r i a b l e s  ill 

the  z - d i r e c t i o n  ( pe rpecd i cu l a r  t o  the  p lane  of t he  d i s k )  a re  neglected.  The 

cornbustiori gases a re  assumed t o  be a t  e q u i l i b r i u m  throughout  t h e  channel so 



t h a t  e q u i l i b r i u m  p r o p e r t i e s  a re  used. Models f o r  f r i c t i o n  and heat losses a re  

incorpora ted  i n  the  code. Op t i ona l  modds of computat ion i nc l ude  those f o r  

cons tan t  H a l l  f i e l d ,  cons tan t  s t a t i c  temperature, cons tan t  s t a t i c  enthalpy,  and 

cons tan t  v e l o c i t y  designs. 

The generator  c a l c u l a t i o n s  s t a r t  f rom the  i n l e t  o f  t he  d i s k  and proceed u n t i l  

the  pressure drops t o  a va lue such t h a t  a s p e c i f i e d  pressure i s  ob ta ined  a t  t he  

e x i t  o f  t he  d i f f u s e r .  The d i f f u s e r  pressure recovery c o e f f i c i e n t  i s  used t o  

c a l c u l a t e  the t o t a l  pressure l o s s  f rom the  generator  e x i t  t o  the  o u t l e t  o f  t he  

d i f f u s e r  f o r  subsonic channel f l ow.  The k i n e t i c  head a t  t he  d i f f u s e r  o u t l e t  i s  

assumed n e g l i g i b l e .  For supersonic f l o w  i n  t he  generator,  a pressure l o s s  

based on a s i m p l i f i e d  normal shock model i s  taken f o r  t r a n s i t i o n  troll1 t he  

supersonic t o  subsonic regime and t he  pressure recovery c o e f f i c i e n t  ic then 

used t o  cornpute t he  t o t a l  pressure l oss  i n  t h e  subsonic regime.  ene era tor 

code has been checked w i t h  t h a t  used f o r  t he  generator  suboptinl , t i o n  study 

and good agreement has been obtained. 

Sted111 P l a n t  

1 tie SPA code a l so  inc ludes  co~nponent modules f o r    nod el i n g  the  b o t t o ~ r ~ i n g  p l a n t  

con~ponents, such as heat exchangers, purnps, compressors and stearn t u rb i nes .  

Non-ex t rac t ion  tvpe  steam systems were modeled us ing  the SPA code by p r o p e r l y  

assembling a l l  tbe  components and assuming a g iven t u r b i n e  e f f i c i e n c y .  For  

e x t r c c t i o n  tyge steam systems, however, a mare soph i s t i ca ted  code developed by 

the Westinghouse Steam Turbine D i v i s i o n  was used t o  c a l c u l a t e  the  steam p l a n t  

p e r f  ~ndnce. 

Gas i f  i e r  Subsystes~ 

A s i m p l i f i e d  'node1 was used t o  c a l c u l a t e  t he  performance o f  t he  g a s i f i e r - b u r n e r  

system i n  the i n d i r e c t l y - f i r e d  cases, The Westinghouse g a s i f i e r ,  when coupled 

w i t h  a hot-gas clean-dp system, i s  capable o f  ach iev ing  a thermal e f f i c i e n c y  o f  

nlore t h a : ~  9O%. 111 the modeling, a combined i O %  thermal energy l o s s  basea on 

t he  c o ~ l  i n p u t  t o  the  g a s i f i e r  was assumed f o r  the  g a s i f i e r - b u r n e r  system. I t  

represen ts  a non-recoverable energy charge a t t r i b u t a b l e  t o  carbon ccnvers ion  

i n e f f i c i e n ~ y ,  a j n  removal, gas clean-up avd o the r  losses. 

( " -  
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Oxygen P lan t  

A f i x e d  value o f  power requirement per  u n i t  mass o f  oxygen produced was used t o  

compute the  t o t a l  power requirement of the  oxygen p lan t .  For  a h i g h  e f f i c i e n c y  j 
A 

a i r  separat ion p l a n t  producing 95 mole-percent pure 02, t h i s  energy f 
requirement was est imated t o  be 0.814 MJ/kg O2 (205 kW-hr/ton) [3]. The 2 

I: 

oxygen leaving the  a i r  separat ion p l a n t  was assumed t o  be a t  room temperature I 
f 

and pressure and mixed w i t h  the  main a i r  before going t o  the  MHD compressor. B 
i 

I n  a more advanced i n t e g r a t i o n  scheme, the  oxygen would probably be taken from : 
the a i r  separat ion p l a n t  a t  a h igher  pressure and lower temperature t o  minimize 8 

3 
the MHD compressor power. B 

I 

S u l f u r  Emissions Contro l  and Seed Regeneration - 
The choice between seed regenerat ion and f l u e  gas scrubbing f o r  s u l f u r  

ernissiuns cot( t ro1 depends on coal  s u l f u r  l eve l ,  s p e c i f i c  environmental stan- 

dards, as w e l l  as the  s p e c i f i c  choice of a seed regenerat ion process. 

Economics, ra the r  than energy requirements o f  t he  process i s  the  determining 

f a c t o r  i n  se lec t i ng  one p a r t i c u l a r  system over another. For Montana Rosebud 

coal  having a low s u l f u r  content, s u l f u r  r e m ~ v a l  by seed regenerat ion i s  most 

appropriate. A seeding l e v e l  o f  0.7% potassium by weight, w i t h  s u f f i c i e n t  

potasssium carbonate i n  the seed m ix tu re  would prov ide  adequate plasma 

conduc t i v i t y ,  acceptable seed loss, as we1 1 as s ~ t f s f a c t o r y  desu l fu r i za t i on .  

However, economic advantages have suggested t h a t  h igh  s u l f u r  coa ls  may be best 

cleaned by f l u e  gas scrubbing [4]. According ly, a convent ional s u l f u r  

scrubbing system was re lec ted  f o r  Ill. #6 coal  and pure potassium su1f;te was 

used as a seed, w i t h  a seeding l e v e l  increased t o  1% potassium by weight. 

Because k i n e t i c  and thermodynamic data f o r  most proposed seed regenerat ion 

processes are incomplete and/or un re l i ab le ,  performance and econom'c evalu- 

a t ions  and comparisons have been d i f f i c u l t  and inconclus ive.  Tne issue i s  

f u r t h e r  clouded by d i f f e rences  i n  the  stage o t  development o f  these candidate 

processes. I n  genepal, chemical seed regenerat ion using d ry  processes, such cs 

the PERC process, requ i res  product ion  o f  reducing gases from coa l  feedstock and 

i s  r e l a t i v e i y  energy in tens ive .  I t  can therefore, s u b s t a n t i a l l y  impact the  



! 
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o v e r a l l  p l a n t  e f f i c i e n c y .  Carefu l  i n t e g r a t i o n  o f  the  seed regenerat i o n  system 
I i n t o  the  MHD power p l a n t  t o  u t i l i z e  the  a v a i l a b l e  energy f rom the regenerat ion 

I process may be requ i red  t o  minimize the  ne t  energy requirement o f  t he  process. 
t 

I On the  o the r  hand, f o r  a wet process, such as the  formate process o r  a 

convent ional 1 ime scrubber, a l a rge  p o r t i o n  o f  the  energy requ i red  i s  bu r ied  i n  

the  cos t  o f  purchasing the  l ime produced o f f  s i t e  and i s  no t  accounted f o r  i n  

the  p l a n t  performance analys is .  S o l i d  waste d isposal  a lso  adds a d d i t i o n a l  cos t  

t o  the  wet processes. 

For the purpose o f  t h i s  study, the coa l  requirement f o r  the  seed regenerat ion 

was assumed t o  be 2% o f  the coa l  them21 inpu t  t o  the  MHD combustor. This i s  

i n  1 ine w i t h  the es t imat ion  based on the PERC process [ 4 ] .  For a system 

employing a f l u e  gas s u l f u r  scrubber, an e f f i c i e n c y  deb i t  o f  0.9 percer,tage 

p o i n t  was charged t o  account f o r  the  power requirement o f  the  scrubber 

a u x i l i a r i e s .  

5.2.3 SYSTEMS AND COMPONENT ASSUMPTIONS 

Table 5.2.1 summarizes the assumptions made i n  the  systems niodeling regarding 

pressure drops, heat losses, s ta tepo in t  cons t ra in ts ,  and o ther  major system 

parameters. 

5.3 D I S K  GENERATOR S U B O P T I M I Z A T I O N  

5.3.1 OCD PERFORMANCE GOALS 

The performance goals f o r  the OCD generator are 

( i )  maximum poss ib le  net  enthalpy e x t r a c t i o n  ( a f t e r  sub t rac t i on  of 
compressor work) f rom the avai l a b l e  plasma, w i t h  gross ex t rac -  
t i o n  l e v e l  being p re fe rab l y  i n  the range 20-25%. 

( i i )  maximunl poss ib le  i sen t rop i c  and e l e c t r i c a l  e f f i c i e n c i e s  cons is -  
t e n t  w i t h  e l e c t r i c a l  s t ress  l i m i t a t i o n s  imposed by the designer 

( i i  i )  compactness o f  design t o  minimize heat losses and magnet costs, 
and 

( i v )  generator e x i t  cond i t ions  which are compatible w i t h  a d i f f u s e r  
ducted t o  a rad ian t  furnace. 



TABLE 5.2.1 

ASSUMPTIONS FOR PARAMETRIC ANALYSES OF OCD SYSTEMS 

E f f i c i e n c i e s  

Combustor - (complete combust i o n  f o r  species determinat ion - any 

i n e f f i c i e n c y  inc luded i n  heat loss)  

MHD Power Conversion (dc t o  g r i d )  - 97.5% 

A i r  compressor - 90% 

Fans - 80% 

Pumps - 70% 

Turbine - 90% 

Generator - 98.4% 

Transformer - 99% 

Assumed Fixed Temperatures 

Gas a t  superheater e x i t  - 1100 K 

Gas a t  ECON 2 e x i t  - 611 K 

Gas exhaust t o  stack - 408 h 

A i r  a t  LT4H e x i t  - 922 K (1200°F) 

A i r  a t  HTAH e x i t  - base case = 1920 K (5000°F), va r i ab le  1650-1920 k 

Feedwater t o  ECON 1 - 400 K (maximum) ( f o r  separate coo l  ing)  

Maximum f ~ , ~ , : ~ e r a t u r e  o f  power t r a i n  water coolant - 415 K ( f o r  separate 

coo 1 i ng ) 

Turbine t h r o t t l e  cond i t ions  - 811 K (lOOO°F) 

Ambient - 288 M 

Heat Losses 

Combustor/nozzle - 72 of HHV o f  coal  feed. ( = 140 MW f o r  2000 MW 

thermal input ,  p lus  11 MW loss due t o  s lag removal) 

Disk generator - ca l cu la ted  from spec i f ied  w a l l  temperature 
2 D i f fuser  - assumed an average heht f l u x  o f  0.2 MW/m and a sur face 

area c f  0.5 ~IR ' ,  where R = ge i~e ra to r  e x i t  r aa ius  

High temperature a i r  h e a t t r  - 4 % o f  duty ( 2% t o  valve coo l i ng )  



ASSUMPTIONS FOR OPEN CYCLE MHD DISK GLNERATOR SlUOY (Cont 'd)  

Assumed Pressures/Pressure Drops ( i n  terms of i n l e t  pressures)  

Combustor - 8% o f  i n l e t  pressure ( f o r  base case) 

D i f f use r  pressure recovery c o e f f i c i e n t  - 0.45 ( f o r  base case) 

Radiant b o i l e r  - gas s i de  3% 

steam s ide  3.5% 

HTAH - gas s i d e  4% 

a i r  s i d e  3.5% 

Reheater - gas s i de  1% 

steam s i d e  3% 

Superheater - gas s i d e  2% 

steam s ide  3% 

LTAH - gas s i d e  2% 

a i r  s i d e  3% 

€CON 2 - gas s i de  3% 

steam s i d e  3% 

ECON 1 - gas s i de  3% 

stearn s i d e  5% 

Ambient - 1 atm 

D i f f u s e r  e x i t  - 1.07 atm ( 1  p s i  above ambient) 

HP steam t u r b i n e  - i n l e t  3500 p s i a  (238.2 atrn) 

e x i t  652 p s i a  (44.4 atm) 

LP steam t u r b i n e  - i n l e t  587 p s i a  (40.0 atm) 

Condenser - 2 i n  Hg (31  1.6 K temperature) 

Slag car ry -over  - Two stage combustor - 10% o f  nominal 



As would be expected, design o f  a s a t i s f a c t o r y  d i sk  generator requ i res  some 

compromise between these p a r t i a l l y  conf 1 i c t l n g  goals; indeed, attainment o f  the  

"best possib le '  d i sk  i s  dependent on how i t  in teg ra tes  w i t h  the  r e s t  o f  the 

power generat ion system, ano on the c r i t e r i a  by which t ! ~ e  r e s u l t a n t  combined 

MHD/stcam p6wer system i s  evaluated. I n  t h i s  sect ion, the  focus i s  on 

a t t a i n i n g  d isk  con f i gu ra t i ons  which can be inc luded i n  the o v e r a l l  systems 

study w i t h  the  u l t i m a t e  f i gu re -o f -mer i t  being the  o v e r a l l  5ystem e f f i c i e n c y .  

5.3.2 FACTORS AFFECTING D I S K  GENERATOR PERFORMANCE 

The f a c t o r s  which impact the  d i sk  performance per  se are (a )  the plasma con- 

d u c t i v i t y ,  dependent on o x i d i z e r  preheat, the combustor losses and the seed 

f r a c t i o n ,  (b )  the d i f f u s e r  spec i f i ca t i ons ,  ( c )  the  choice o f  M, S, and Po a t  

i n l e t  t o  the channel, and (d )  the "design cons t ra in t , "  and these fou r  items are 

discussed below. 

( a )  Plasma conduc t i v i t y .  The base case choices o f  o x i d i z e r  preheat are 

predicated on sbccessf u l  achievement o f  an advanced technology hTAh, w i t h  e x i t  

a i r  teniperature of 1920 K .  The parametr ic v a r i a t i o n s  about t h i s  case, and the 

a l t e r n a t i v e  base case us ing Op-enriched ox id i ze r ,  a l l  make less s t r i ngen t  

demands on the development o f  advanced r e f r a c t o r y  regenerat ive heaters. The 

choice o f  seed f r a c t i o n ,  0.7% K by weight, i s  based or, e a r l i e r  Westinghouse 

studies which i nd i ca te  tha t  f u r t h e r  a d d i t i o n  o f  seed t o  the cornbustiorl pro-  

aucts i s  no t  cost  e f f e c t i v e .  However, s ince a d e f i n i t i v e  ~neasurenient o f  

e l e c t r i c a l  c o n d u c t i v i t y  f o r  a coal  plasma w i t h  s lag v o l a t i l e s  has not  ye t  been 

made, a conduc t i v i t y  enh'incenlent f a c t o r  o f  1.5 has been appl ied i n  some o f  the 

d i sk  suboptimizat ion. 

Determinat ion o f  the temperature o r  enthalpy o f  the plasma en te r i ng  the channel 

i s  s t i l l  cecessary before use can he made of the tabulated values o f  e l e c t r i c a l  

p roper t ies .  This, i n  turn,  requires i n s e r t i o n  o f  the appropr iate combustor and 

s lag  rejection losses discussed i n  5.1.3. 

(b )  D i f t u s e r  Spec i f i ca t ions .  A l l  o f  the generator ca l cu la t i ons  f o r  the 

present UCD systems study have used 1.068 at111 as the d i f f u s e r  recovery pres- 
r'\ 

sure. Ear ly  c a l c l ~ l a t i o n s  used a pressure recovery c o e f f i c i e n t  C ~ 0 . 5 5 ,  bu t  
P 

il 
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t h i s  was l a t e r  r a i s e d  t o  0.6 f o r  consisten1 y w i t h  the  l i n e a r  PSPEC studies. I t  1 
I 

i s  conceivable t h a t  Cp = 0.6 i n  t h e  r a d i a l  ou t f l ow  case could no t  be achieved 3 
1 
P 

I w i t hou t  the i n s e r t i o n  o f  s t r u t s  i n  the d i f f u s e r  ( t o  reduce the  l i ke ldhood o f  ! 
I separat ion)  ; these would impose r a p i d  c o o l i n g  on some o f  t he  gas before i t  1 4 

reaches the r a d i a n t  furnace, and t h i s  i n  t u r n  may have some impact on the  l e v e l  
k f 

. NO, production. 

! 
( c )  Channe? En t r y  Condit ions. Choice of combustor pressure l e v e l  i s  u l t i -  

mately determined by t h e  o v e r a l l  systems op t im iza t i on  procedure, bu t  the 

(ac to rs  impacting t h i s  choice may be i l l u s t r a t e d  by means o f  F igure 5-3-1. It 

i s  necessary t o  make Po s u f f i c i e n t l y  h igh  r r i a t i v e  t o  the  d i f f u s e r  pressure 

t o  permi t  an adequate decrease i n  enthalpy as the  gas f lows through the  

channel. Higher Po w i l l ,  i n  general, lead t o  h igher  enthalpy ex t rac t ion ,  b u t  

the enthalpy e x t r a c t i o n  length  increases w i t h  Po, so t h a t  the  device s i ze  

must a lso  increase. Eventual ly,  the p o i n t  i s  reached a t  which the added 

enthalpy e x t r a c t i o n  f a i l s  t o  exceed the increment i n  compressor work needed t o  

increase Po. For the  enthalpy e x t r a c t i o n  expected i n  the  present study, i t  

can he deduced t h a t  t he  cyc le  w i l l  opt imize w i t h  Po i n  the  range 6-8 atm. 

Choice o f  M and S a t  i n l e t  t o  t he  generator can then be made w i t h  reference t o  

the enthalpy e x t r a c t i o n  length  Lex. Va r ia t i on  o f  Le, i s  d isp layed i n  

F igures 5-3-2 and 5-3-3; these curves are p l o t t e d  f o r  Po = 7 atm, To = 2844 

K, and f o r  an a r b i t r a r y  20% enthalpy ex t rac t i on .  One o ther  parameter which 

must be selected before Lex can be p l o t t e d  i s  the  e l e c t r i c a l  loading, K, and 

f o r  Figures 5-3-2 and 5-3-3 K i s  chosen such t h a t  the  e l e c t r i c  f i e l d  i s  -12 

kV/m, which i s  the nominal maximum f o r  the  design p o i n t s  o f  the OCD cases. 

F igure  5-3-2 shows t h a t  the  minimum w i t h  respect t o  Mach number occurs i n  t h e  

range 1.5 < M < 1.6 f o r  0 1 S 12 .5 .  There i s  s i g n i f i c a n t  reduc t ion  i n  Lex 

when S i s  increased from zero t o  0.5, bu t  f u r t h e r  increase i n  S does not 

appreciably  reduce Lex. However, F igure 5-3-3 shows t h a t  the  e l e c t r i c a l  

e f f i c i e n c y  ca6 be increased by increasing S a t  a g iven Nach number. To some 

extent ,  the low e f f i c i e n c i e s  i n  t he  lower l e f t  corner  o f  F igure 5-3-3 are 

fo rced by the E = -12 kV/m cons t ra in t ;  reduced e l e c t r i c  f i e l d  ( o r  h igher  K )  

wodld b r i n g  t h e  loading c lose r  t o  the  l o c a l  optimum, but  a t  the  expense o f  

increase i n  Lex. The eventual choice o f  M and S a t  channel i n l e t  i s  then 
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made by parameter iz ing these two var iab les  and examining the r e s u l t a n t  d i sk  

perfor~nance when the channel i s  designed w i t h  var ious types o f  c o n s t r a i n t  

a lgor  i thnr. 

d) App l i ca t i on  o f  tne Design Constrd int .  When a1 l i n l e t  cond i t i ons  t o  the  

generator (mass f l ow  rate,  s tagnat ion cotidt t ions, Mach nunlber, s w i r l  r a t i o  and 

load f d c t o r )  are preselected, i t  i s  s t i  i 1 necessary t o  apply one c o n s t r a i n t  

before the f l u i d  and e l e c t r i c a l  p rope r t i es  throughout the generator can be 

calculated.  I n  the e a r l i e r  d isk  s tud ies  t n i s  c o n s t r d i ~ l t  has been app l ied  i n  

several forms, such as by s p e c i f i c a t i o n  ~f dTldr ,  dh/dr o r  M as a func t i on  o f  

r a d i a l  ~ o s i t i o n .  A s i g r i i f  i can t  advance came w i t h  the recogn i t i on  t h a t  use o f  

ttie e l e c t r i c - f i e l d  cons t ra in t  i s  an e f f e c t i v e  way t o  fo rce  a type o f  subop- 

t i n l i z a t i o n  i n  the sense t h a t  i t  permi ts  d i r e c t  cotilpariscns o f  the r e s u l t s  of 

design ca l cu la t i ons  f o r  d i f f e r e n t  choices of the i n l ~ c  values o f  Go, M o r  S. 
By choosing the i n i t i a l  load fac tor .  K, t o  make Er = - ( I  - K)Bu,(S +B)  
assurile the nraxirnu~n value perr l l i t ted by the design spec i f i ca t i on ,  and by sub- 

sequerit l y  c o n t r o l  l i n g  dh/dr t o  mainta in the r a d i a l  E - f  i e l d  a t  Ell is maxi~num 

value, i t  i s  poss ib le  t o  ob ta in  a generator whictl i s  (nore cotnpact than ally 

o ther  design tiaving the satne i n i t i a l  cor id i t ions and tt iu salne e l e c t r i c a l  power 

output .  Para~net r ic  v a r i a t i o ~ i s  o f  Po, M and S can then be made t o  prov ide an 

optiliruni choice w i t t i i n  the fami ly  o f  constant E - f  i e l d  d x i g n s .  

5 . 3 . 3  OPTIMUM DESIGN CONDIT IONS FOR SINGLE-LOAD D I S K  

The r e s u l t s  o f  the ca l cu la t i ons  show tha t  a f a i r l y  s t rong argulnent car1 be made 

f o r  se lec t i ng  S = 0.2 f o r  the base case conf igura t ion .  F igure  5-3-4 shows che 

r e s u l t s  of vatmiat ion of Po f o r  constant s w i r l  (5 = 0.5) and three values of 

M. Net e l e c t r i c a l  power i s  s t i l l  increasing a t  values o f  Po up t o  7 atm, bu t  

the r e s u l t i n g  generator s i ze  i s  a l so  s t e a d i l y  increasing. The f i g u r e  a lso 

shows t i le r a p i d  increase i n  heat loss froin tt,t generator wa l l s  as the s i z e  

increases; altnough t h i s  heat [nay be re jec ted  t o  the steam bottoniing cyc le,  an 

l jpt  i t l~i~ln pressure i s  reached beyorid wliich the e f f e c t  o f  increased heat loss 

outw?ighs the b e n e f i t  o f  ne t  power gain. I n  the present case, there i s  l i t t l e  

i n c e r ~ t i v e  t o    per ate a t  Po . 6 at111 as long as M , 1.8. Operdt ion a t  lower 

Macll nulabet' [nay opt imize a t  higher pressure r a t i o ,  bu t  on ly  d t  the expense o f  
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e l e c t r i c a l  e f f i c iency .  S im i l a r  se ts  o f  curves were obta ined f o r  o ther  values 

of s w i r l  r a t i o ,  and the r e s u l t i n g  o v e r a l l  v a r i a t i o n  w i t h  S i s  shown i n  F igure  

5-3-5 f o r  a s i n g l e  i n l e t  pressure, Po 6 atnt. For M = 1.7, there  i s  a sharp 

optimum a t  S = 0.5, s ince there i s  a r a p i d  loss  o f  power a t  h igher  s w i r l s  

caused by choking. A t  M = 1.8 and 1.9 the  generator i s  cont inued t o  the  rad ius  

a t  which the d i f f u s e r  can s t i l l  recover t o  1.068 atnl a f t e r  t ak ing  a normal 

shock loss. A t  M 1.8, the  optimum i s  c l e a r l y  c lose  t o  S = 0.5, and t h i s  

g ives a con f i gu ra t i on  w i  t 9  adequate e l e c t r i c a l  e f f i c i e n c y  (F igure 5-3-4). Ut M 

= 1.9 there  i s  a case t o  m k e  f a r  examining con f i gu ra t i ons  w i t h  5 = 1, bu t  the  

three percent incrksse i r t  gross power achieved by the  increase i;l Mach number 

i s  l a r g e l y  o f f s e t  by the increased heat losses associated w i t h  thd  l a r g e r  

rad ius  (an add i t i ona l  8 MW f o r  the  generator alone, w i thout  cons idera t ion  o f  

the e f f e c t  o f  a l a rge r  d i f f u s e r ) .  

I t  i s  poss ib le  t h a t  o ther  regimes o f  opera t ion  would requ i re  h igher  s w i r l  

values f o r  opt imal  generator conf igurat ions,  bu t  f o r  the 1920 K preheat case i t  

i s  c l e a r  t h a t  S = 0.5, achievable w i thout  IGVs, prov ides the most l o g i c a l  

choice. For the M = 1.8 case, the enthalpy e x t r a c t i o n  i s  18.9 percent o f  the 

enthalpy f l u  t o  the generator, o r  17.8 percent o f  the enthalpy f l u x  t o  the 

co~ l~bustor .  

This optinlurrl occurs a t  a s u r p r i s i n g l y  low value o f  i n l e t  sw i r l ,  but  t h i s  i s  

occasioned by the r e l a t i v e l y  low pressure (conlpared t o  l i n e a r  generator 

s tud ies)  a t  which the op t im iza t i on  i s  achieved. Low pressure leads t o  h igh  

h a l l  parameter, and the e l e c t r i c a l  e f f i c i e n c y  i s  then less  sens i t i ve  t o  the 

value o f  s w i r l  r a t i o .  

5.3.4 OFF-DESIGN OPERATION OF THE DISK GENERATOR 

Calcu la t ions  were c a r r i e d  out  t o  e s t a b l i s h  the vo l tage/cur ren t  c h a r a c t e r i s t i c s  

f o r  one o f  the f a m i l y  of s ing le - load generators designed under the above con- 

s tan t  r a d i a l  E - f i e l d  cons t ra in t .  The parameters d e f i n i n g  t.his reference gen- 

e r a t o r  are l i s t e d  i n  Table 5.3.1; plasma cond i t ions  a t  en t r y  t o  the channel 

have stagnat ion values Po = 5.52 atm. To = 2833 K ( a f t e r  cons idera t ion  o f  

coinbustor and nozzle losses), wh i l e  the s t a t i c  values correspond t o  M = 1.8 and 
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and Swirl  f o r  Combustion Gas Disk i r n e r a i o r  wi th Po = 6 a:m, To = 2834 K 



s w i r l  r a t i o  S = 0.5. These parameters establ ished the generator i n l e t  rad ius  

and area; the prescribed e l e c t r i c  f i e l d  defines the e l e c t r i c a l  loading and thus 

f i x e s  IL, whi le  the di f fuser c r i t e r i a  determine the e x l t  radius of the 

channel. Table 5.3.la includes values of channel area, Mach number, s w i r l  
r a t i o ,  s t a t i c  pressure, e l e c t r i c a l  conductivity and Hal 1 parameter throughout 

the generator under the design loading conditions. The area d i s t r i b u t i o n  f o r  
t h i s  channel i s  such tha t  under zero magnetic f i e l d  condi t ions the plasma would 

expand t o  M = 2.46, e x i t i n g  a t  p = 0.252 atm w i t h  a res idua l  pos i t i ve  s w i r l  

r a t i o ,  S = 0.1 (wa l l  f r i c t i o n  and heat losses are included i n  the B = O 

ca lcu la t ion) .  

The loca l  impedance leve l  a t  a po in t  w i t h i n  an MHD generator channel can be 

inferred from the loca l  open-ci rcui t  e l e c t r i c  f i e l d  and sho r t - c i r cu i t  cur rent  

density. For the disk conf igurat ion these loca l  e l e c t r i c a l  propert ies are 
2 given by EOc = - (B + S)urB and jrSC = -oEOC/(l + B ), respect ively.  The 

r a t i o  j rsc/Eoc imp1 ies  t ha t  the e f f e c t i v e  conduct iv i ty  w i t h  respect t o  change 

o f  load current  i s  the scalar conduct iv i ty  d iv ided by the factor  ( 1  + 0'). 

Thus, for  a generator behaving i n  a (mathematically) l i near  manner, the 
channel impedance would be calculable as j [ ( l  + B ' ) / o A ] ~ ~ ,  w i t h  the integrand 

representing the loca l  impedance leve l  i n  nlm. Values o f  the integrand f o r  the 

d?sign po in t  loading o f  the reference channel are given i n  the r ight-most 

column o f  Table 5.3.la implying a t o t a l  impedance on the order o f  10 ohms. 

Calculat ion of the channl?l behavior under off-design operating condit ions 

requires use of a "performance" code ra ther  than the "design-mode" code. Since 
the channel area i s  known a t  every po in t  i n  the calculat ion,  the set  of equa- 

t i ons  discussed i n  Section 5.1 i s  closed, and the "design-mode" const ra in t  i s  

no longer required. Several measures were adopted t o  achieve understanding o f  

the off-design behavior; one of the f i r s t  was an invest igat ion o f  the same 

channel geometry under much 1 ighter  e l e c t r i c a l  loading, produced by reducing the 

magnetic f i e l d  i n t ens i t y  t o  2 T. The V - I  charac te r i s t i c  obtained w i th  B = 2 T 

i s  shown i n  Figure 5-3-6, and values of some o f  the f l u i d  and e l e c t r i c a l  pro- 

per t ies  are given i n  Table 5.3.lb, for  an e l e c t r i c a l  loading c lose t o  the peak 

power point .  Neart the peak power condit ions the V - I  curve has a slope o f  4.18n, 



TABLE 5.3.1 

OFF-DESIGN-POINT IMPEDANCE CHARACTERISTICS OF 

SINGLE-LOAD OPEN CYCLE D I S K  GENERATOR 

CHANNEL OPERATING PARAMETE25 FOR SINGLE-LOAD GENERATOR 

Design c o n s t r a i n t  - i n l e t :  Po = 5.52 atm, To = 2833 K, B = 7T, E = -12 &V/m cons tan t  
- e x i t :  d i f f u s e r  c o e f f i c i e n t  = 0.45, recovery  pressure = 1.068 atm 

E l e c t r i c a l  l oad ing  - a)  B = 7T and i n l e t  load  fac to r ,  K = 0.783: IL = 15.267 KA, 

V = 34.56 KV, P = 527 MW 

- b )  B = 2T and K i n  = 0.25; I L  = 4.2 KA,  V = 15.6 KV, 

P = 65.7 MW, Emax = -6.5 KV/m 
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2 whereas the values o f  the ( 1  + 0 ) / o A  in tegrand l i s t e d  i n  Table 5.3.lb y i e l d  an 

" i dea l "  in~pedance o f  2.99; thus, even such a l i g h t l y  locsaed channel (2% enthalpy 

e x t r a c t i o n )  i s  bst,{nning t o  mani fest  non l inear  behavior. Such n o n l i n e a r i t i e s  

become more pronounced as the 0 - f i e l d  i s  increased, as ind ica ted  by the 

'810ad-l ines" f o r  B = T, 5 T and 7 T shown i n  F igure  5-3-6. The essen t i a l  

v e r t i c a l i t y  o f  these load- l ines  i s  a consequence o f  the  s ing le - load opera t ion  

04 the  channel, and the I n s i g h t s  gained i n  the  u n d e r s t a ~ ~ d i n g  o f  t h e i r  r a t h e r  

undesi rable c h a r a c t e r i s t i c s  a t  6 = 7 T are discussed below. I n  a l l  cases 

discussed the  plasnta cond i t ions  and mass f l ow  r a t e  a t  e n t r y  t o  the channel are 

considered constant, and o n l y  the e l e c t r i c a l  loading i s  var ied. 

F igure  5-3-7 shows the V - I  c h a r a c t e r i s t i c  f o r  the  reference channel as i t  would 

be i f  the cathode were located a t  R = 3.116 m, o r  0.9 m upstream o f  the e x i t  

cathode assumed i n  the design ca l cu la t i ons ,  The slope o f  t h i s  c h a r a c t e r i s t i c  

near the  design po in t  i s  158 , considerably h igher  than the iinpedance t o  be 

expected (-6Sl) f rom the l o c a l  impedance values d f  Table 5.3.la. Also shown i n  

F igure 5-3-7 i s  the v a r i a t i o n  s f  Mach number a t  the R = 3.116 m s t a t i o n  as  load 

cu r ren t  i s  changed. This shows t h a t  a very smal l  oecrease i n  1' from the  

design value increases the enthalpy e x t r a c t i o n  and thus decreases the Mach 

number a t  the cathode t o  a l e v e l  very c lose t o  M = 1; f u r t h e r  aecrease o f  l L  

would inauce a shock system ana cause subsonic opera t ion  of the rear  end of the  

generator. Conversely, very s l i g h t  increases i n  l L  from the  aesign p o i n t  

reauce the e x t r a c t i o n  and a l low M t o  b u i l d  up, thereby d i s t u r b i n g  the e l e c t r i c  

f i e l a  d i s t r i b u t i o n  and poss ib l y  f o r c i n g  p a r t  o f  the channel i n t o  the accelera- 

t o r  iriode (i.e., K > 1) so t h a t  the channel Craws powers from the  ex terna l  c i r -  

c u i t .  I h e  decrease o f  o v e r a l l  vo l tage t o  11 kV i n  F igure  5-3-7 corresponds t o  

the reconf igured e l e c t r i c  f i e l d  shown i n  F igure  5-3-8. 

Because such small va r i a t i ons  i n  f ron t -end load cu r ren t  r e s u l t  i n  r a t h e r  

d r a s t i c  changes i n  Mach number d i s t r i b u t i o n ,  i t  i s  c l e a r  t h a t  success,ful 

opera t ion  o f  the e n t i r e  channel i s  dependent on the back-end e l e c t r i c a l  loaaing 

being adjusted t o  be compatible w i t h  the  mod i f ied  gas dynamic cond i t ions ;  i.e., 

the  pr imary load cur ren t  niust be modulates and the s i n g l e  load concept 

abandoned. For tunate ly ,  i t  appears t h a t  s a t i s f a c t o r y  broadening o f  the 

opera t ing  range o f  the reference channel can be achieved by r e l a t i v e l y  smal l  

pe r tu rba t  ions i n  load cur ren t .  
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The sample eases shown below are based on "segmenting" t he  reference channel 

design o f  Tabel 5.3.1 i n t o  f o u r  par ts ,  w i t h  cu r ren t  t ake -o f f  e lec t rodes i n  t he  

side-wal 1s a t  r a d i i  2.216 m, 3.116 m and 3.626 m. F igure 5-3-9 shows two 

poss ib le  opera t ing  con f i gu ra t i ons  w i t h  a f ront-end load cu r ren t  o f  15,309 A, 

which i s  appreciably  h igher  than would be acceptable f o r  a s ing le - load channel. 

The increments o f  cu r ren t  which t h e  in termediate e lec t rodes must handle (as  per-  

centages o f  the  anode cu r ren t )  a re  -3.7%. +8.7% and -31.5% f o r  t he  s o l i d  curves, 

and -3.7%. +4.8% and -20.2% f o r  t h e  dashed curves. The o v e r a l l  channel vol tages 

and power ou tputs  are 25.86 kV and 378.6 MW f o r  t he  s o l i d  curves, and 32.66 kV, 

476.4 MW f o r  the  dashed curves, respect ive ly .  S i m i l a r  cases f o r  a f ron t -end 

load cu r ren t  o f  15,192 A are shown i n  F igure  5-3-10; t h i s  cu r ren t  would f o r c e  a 

shock system t o  occur i n  a s ing le - load conf igura t ion .  Three suhcases are 

p l o t t e d  i n  F igure  5-3-10; the in termediate cu r ren t  increments are: + 5%. +2.1%, 

+1.1% f o r  the  s ~ l i d  curves; 6%. +5.2%, -24.8% f o r  the  dashed curves; and +5%, 

+0.5% and +34.3% f o r  the  chain-dashed curves. The l a s t  o f  these th ree  subcases 

i s  very c lose  t o  the  choking l i m i t  f o r  the 4 th  segment, so t h a t  t he  e l e c t r i c a l  

behavior o f  t h i s  segment e x h i b i t s  ra the r  h igh  impedance (%loon) f o r  load cu r ren t  

v a r i a t i o n  near t h i s  c r i t i c a l  cond i t ion .  A l l  the o the r  subcases shb, ir! F igures 

5-3-9 and 5-3-10 are we1 1 behaved, and ana lys is  o f  the  cu r ren t  vo l tage 

r e l a t i o n s h i p s  over t he  range examined reveal; the f o l l o w i n g  impedance l eve l s :  

Segment 1 (1.226 < R < 2.216) 9.7 - + 0.1 ohms 

Segment 2 (2.216 < R < 3.116) 14.0 - + 0.3 ohms 

Segment 3 (3.116 < R < 3.626) 5.3 - + 0.6 ohms 

Segment 4 (3.626 < R < 4.106) 7.5 - + 2.5 ohms 

While the  c o n t r o l  system f o r  such a generator w i l l  present a n o n t r i v i a l  design 

problem, i t  i s  c l e a r  t h a t  segmenting o f  t h i s  nature w i l l  permi t  opera t ion  w i t h  

reasonable impedance leve ls .  Fur ther  i n v e s t i g a t i o n  o f  t h i s  aspect o f  bo th  d i sk  

and l i n e a r  generator designs i s  u rgen t l y  required. The l i m i t e d  study described 

above i nd i ca tes  t h a t  load v a r i a t i o n  i n  a d i sk  generator i s  f eas ib le .  One 

t e n t a t i v e  conc lus io r~  which may be drawn f rom the d i s t r i b u t i o n  o f  impedance 

l e v e l s  over the  f o u r  segments: i t  seems l i k e l y  t h a t  achievement o f  uni forn i  

impedance values along the  channel w i l l  r equ i re  a monotonic decrease o f  segment 

length  from i n l e t  t o  o u t l e t .  



SEGMENT CURRENTS, AMPS 
- 

LOAD 
CURRENT 

IL 

(AMPS x 10-4) 

DISK RADIUS (METERS) 

i 

i i 
5 

Figure 5-3-9. Off-Design Elect r ica l  Perfomlance of 
Segmented D i  sk Generator 0 

5-44 

- 
* - . * U-.h*~~I * rrArr.*=,rrrr C . , , p + L - U U  -A A , - "- " * ,.,ti ..&d 



SEGMENT CURRENTS, AW'S 
**O 1 SEGMENT CASE A CASE B WC :" 

TOTAL 1 VOLTAGE 32.85 kV 33.01 kV 30.88 kV 

POWER 520MW 498MW 508.5MW 

I INTERMEDIATE ELECTROD~S I 

ANODE ATHODE 
1 -20 + 

I 
1.0 1.226 2.0 2.2:3 3.0 3.1 16 4.0 4.106 

3.626 
DISK RADIUS (METERS) 

F igu re  5-3-10. Off-Design E l e c t r i c a l  Perfornrance 
o f  Segmented D isk  Generator 

LOAD 
CURRENT 



The above d iscussion conta ins  no mention of open-c i rcu i  t vol tage across the e n t i r e  

channel. This i s  because the  study was r e s t r i c t e d  t o  v a r i a t i o n s  of e l e c t r ; c a l  

loading which cou ld  be susta ined w i thout  change o f  plasma i n l e t  cond i t i ons  t o  the 

channel (a l though such v a r i a t i o n s  would i n  general a f f e c t  the  plasma e x i t  

condi t ions,  and the re fo re  r e q u i r e  eventual adjustment o f  i n l e t  cond i t i ons  t o  

a t t a i n  a new steady-state opera t ing  p o i n t ) .  Attempts t o  run  open-c i r cu i t  on any 

of the  f o u r  segments o f  the reference channel immediately ind ica ted  t h a t  choking 

would occur, brought about by a 5- t o  10- fo ld  increase i n  the j, x B brak ing  

f o r c e  which occurs when jr i s  reduced t o  zero. Thus. i t  w i l l  be essen t i a l  f o r  

the o v e r a l l  e l e c t r i c a l  c o n t r o l  systerrl f o r  a d i sk  generator t o  handle loss r load 

by prompt reduc t ion  o f  t he  energy released i n  the combustor. 

5.3.5 ADDIT IONAL  PARAMETRIC VARIATIONS 

The performance o f  open-cycle d i sk  generators considered i n  t h i s  study has been 

shown t o  be "optimized", a t  l e a s t  f o r  the s ing le - load disk, by a p p l i c a t i o n  o f  the 

constant r a d i a l  E - f i e l d  cons t ra in t .  The preceding sec t ion  demonstrated the 

necessi ty  o f  p rov id ing  in termediate e lect rodes between the anode and cathode o f  a 

d i sk  generator, i n  o rder  t o  p rov ide  f o r  more c o n t r o l l a b l e  operat ion. The presence \ - * 

o f  in termediate e lect rodes permi ts  the use of design cons t ra in t s  o ther  than the 

constant E - f i e l d  cons t ra in t ,  which could p o t e n t i a l l y  prov ide enhanced d i sk  

performance. Add i t iona l  d isk  performance c a l c u l a t i o n s  were thus made, i n  order  t o  

explore the  d i f f e rences  between s ing le - load and n ~ u l t i - l o a d  d isks  w i t h  d i f f e r i n g  

design cons t ra in ts .  

l h i s  subsection a lso  conta ins the  r e s u l t s  o f  performance evaluat ions made w i t h  

increasing a x i a l  magnetic f i e l d  corliponents from i n l e t  t o  out l e t  radius, thus 

prov id ing  some i n d i c a t i o n  o f  performance p o t e n t i a l  f o r  the case o f  an advanced 

d i sk  generator design s i n l i l a r  t o  t h a t  discussed i n  Sections 6.1.4 and 6.3.5.2. 

This advanced type o f  d i s k  generator i s  conf igured t o  u t i l i z e  the ava i l ab le  

magnetic f i e l d  o f  the s i n g l e  c o i l  d i sk  magnet more e f f i c i e n t l y .  

One f u r t h e r  parametr ic v a r i a t i o n  r e l a t e d  t o  the magnetic f i e l d  was c a r r i e d  out.  1 B 

I n  t h i s  evaluat ion,  a uni form magnetic f i e l d  i n t e n s i t y  of 12 T was assumed, 
51 a 
4 

p rov id ing  a l i m i t e d  assessment o f  p o t e n t i a l  performance f o r  f i e l d s  no t  p resen t l y  j 0 
i; 



b 

I n a t t a i n a b l e  w i t h  l i n e a r  magnets o f  l a rge  size, b u t  p o t e n t i a l l y  achievable from 

W s i n g l e  c o i l  d i r k  magnets wi thout  subs tan t i a l  reworking o f  f o rce  containment 

s t r u c t u r e  design. 

As a f i n a l  parametr ic case, the r e s u l t s  o f  assuming a h igher  o v e r a l l  plasma 
b 

k i 
t 

c o n d u c t i v i t y  than t h a t  ca l cu la ted  by the p rope r t i es  codes used throughout t he  Y 

3 
remainder o f  the  study were determined. To e f f e c t  a simple es t imat ion  o f  the 3 

I 1 
e f f e c t s  o f  h igher  conduct iv i ty ,  a  constant enhancement Factor was app l ied  t o  

the  normal ly-calculated values. i 
3 
4 
I 

5.3.5.1 Evaluat ion o f  Disk Generator Load Factor  Contro l  w i t h  Segmentation i 
ij 

Given the requirement f o r  p rov id ing  in termediate e lect rodes i n  the open-cycle 

d isk  generator f o r  o f f -des ign  opera t iona l  c o n t r o l  purposes, i t  i s  re levan t  t o  

i n q u i r e  about the p o t e n t i a l  b e n e f i t s  which cou ld  a r i s e  from the  use of these 

e lect rodes t o  permi t  load f a c t o r  c o n t r o l  througnout the generator. To prov ide  

in format  ion  bear ing upon t h i s  subject,  a  se r i es  o f  d i sk  generator performance 

ca l cu la t i ons  were c a r r i e d  out w i t h  var ious design c o n s t r a i n t  approaches and 

( j 
segmentation lengths assumed. I n  order t o  s i m p l i f y  tllese ca lcu la t ions ,  i t  was 

decided t o  u t i l i z e  a f i x e d  segmentation length  i n  each case, r a t h e r  than vary 

the segmentation lengths as was shown i n  Sect ion 5.3.4 t o  be most appropr ia te  

w i t h  respect t o  o f f -des ign-po in t  c o n t r o l  considerat ions.  

Two s l i g h t l y  d i f f e r e n t  approaches t o  load f a c t o r  c o n t r o l  were used. I n  one 

case, the e l e c t r i c a l  loading a t  the beginning o f  each segment was adjusted t o  

prov ide:  

K = 0.9 K opt 

The load cu r ren t  was then held constant across each segment; a t  the beginning 

o f  the next step the e l e c t r i c a l  loading was again rese t  t o  90% o f  optimum, and 

the r e s u l t i n g  load cu r ren t  maintained across t h i s  segment. With very f i n e  

segmentation chosen (0.03 m) t h i s  design mode i s  analogous t o  the procedure 

used i n  designing segmented l i n e a r  MHO channels. 

j 
A second approach t o  segmentation o f  the d i sk  was a lso considered, us ing  much 4 

8 
coarser segmentation which could r e s u l t  i n  a requirement f o r  many fewer e lec-  4 

Z 
trodes, thus main ta in ing  a simple d isk  conf igura t ion .  The load cu r ren t  i n  edch I 

3 



segn~er~t was es tab l ished by s e t t i n g  the r a d i a l  e l e c t r i c  f i e l d  i n t e n s i t y  t o  a 

preselected maximum value a t  the inner  rad ius  of each segment. I n  oraer  t o  

c a l c u l a t e  the  f l u i d  and e l e c t r i c a l  p rope r t i es  a t  each r a d i a l  p o s i t i o n  i n  the 

seynient a design c o n s t r a i n t  was then app l ied  i n  which the  load f a c t o r  K was 

progress ive ly  forced t o  approach i t s  optimum value achiev ing 93 t o  95 percent 

o f  the optimum a t  the end of the segment. The load cu r ren t  requ i red  t o  r e s t o r e  

the e l e c t r i c  f i e l d  t o  i t s  prev ious maximum value was then reca lcu la ted  and set  

as the cu r ren t  f o r  the succeeding segment. 

Comparison o f  numerous c a l c u l a t i o n a l  cases us ing  both the  very f i n e  and the 

much coarser segmentation, w i t h  the  appropr iate c o n s t r a i n t  on load fac to r ,  

revealed tha t  the  f i n e  segmentation gave very l i t t l e  performance in~provement 

over the  coarse segnientation, which i n  i t s e l f  represents a more sa t i s fac to ry  

c o n f i g u r a t i o n  from the d i s k  generator engineering standpoint.  The a d d i t i o n  of 

i n t e r f a c e  losses between segments i n  a very f i n e l y  segniented d i sk  generator 

(no t  considered i n  these comparison c a l c u l a t i o n s )  would most probably r e s u l t  i n  

a c l e a r  de l i nea t i on  o f  the s u p e r i o r i t y  of the coarsely-segmented d isk  f o r  power 

system appl i c a t  ions. 

k i t h  t h i s  r e s u l t  i n  aind, the performance survey was red i rec ted  t o  determine 

the p o t e n t i a l i t i e s  o f  the  coarsely  segmented d isk,  us ing plasma p rope r t i es  and 

d i f f u s e r  cons t ra in t s  t y p i c a l  of the  base case values p rev ious l y  discussed. 

Table 5.3.2 conta ins the r e s u l t s  o f  several ca l cu la t i ons  f o r  0CD designs 

cover ing the ranges: 

1.7 - c [Mach No] - < 1.9 

0.5 - < [ S w i r l ]  - < 2.0 

f o r  se lected values o f  combustor s tagnat ion pressure and segmentation. I n  each 

case the magnetic f i e l d  was he ld  constant a t  7 T, w i t h  i n l e t  enthalpy a t  0.9475 

MJ/kg before guide vane losses. The guide vane losses i n  each case were 

modeled i d e n t i c a l l y ,  us ing  the expressions given i n  Sect ion 5.1.2 w i th :  

L y2 = 0.025; 

L hi = 0.01. 

The d i f f u s e r  e x i t  s tagnat ion pressure was se t  a t  1.068 atmospheres, and the 

recovery c o e f f i c i e n t  was taken t o  be C =0.6. P 



DISK GENERATOR PERFORMANCE SURVEV 

EFFECT Of LOAD fACTOW CONTROL IN SEGMENTED DISKS 

.(See Text, Sect ion 5 . 3 . 5  f o r  Discussion) 

Combustor E x i t  Enthalpy: 0.9475 MJ/kg befort? IGV losses 

O t f f u s e r  E x l t  Condit ion: Po 0 1.068 atm w i t h  C = 0.6 
P 

btagnetlc Induct ton:  7 Tesla 

Design Constra in t  
f o r  Groups A, B. C: K (segment) approaching 0.95K op t  w i t h  E,. ( i n i t i a l )  - E man 

Group A - 0.5m Segmentatiorr, Po = 6 ATM before IGV losses 
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8.00 1.00 1.80 6181 431.1 8 7 4 9  61.10 *@.SO 79.61 D 1 4 0  11.080 88.890 1.088 1.881 

Group B - 0 . 5 ~  Segrwntation, Po * 7 ATM before I G V  losses 
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Group C - 1 . h  Segmentation. Po * 7 ATM before IGY losses 

Group D - Constant Radial E -F ie ld  Design. Po = 7 ATM be fo re  I G V  1 0 S ~ e s  

Choked Flow 



Group A i n  Table 5.3.2 sunmarires t h e  r e s u l t s  o f  c a l c u l a t i o n s  f o r  Po = 6 

atmospneres and a segmentation o f  0.5 meter, us ing  the  design c o n s t r a i n t  which 

sets Er = some maximum value a t  t h e  inner  segment radius.  ( I n  most cases, 
2 .  

Er (max) = -12 kVlm). 

Group B presents the r e s u l t s  o f  an i d e n t i c a l  se t  o f  ca lcu la t ions ,  made w i t h  the  

h igher  i n l e t  s tagnat ion  pressure Po = 7 atmospheres. There i s  less  than a 1% 

net  power increase r e s u l t i n g  f rom the  change t o  h igher  s tagnat ion pressure, b u t  

a s i g n i f i c a n t  increase i n  R max ( d i s k  ou ter  rad ius)  i n  each case. 

Group C conta ins  the r e s u l t s  o f  c a l c u l a t i c n s  f o r  Po = 7 atmospheres and a 

segmentation o f  1 meter. I n  comparison t o  Group B resu l ts ,  t he re  i s  almost a 

n e g l i g i b l e  decrement i n  ne t  power output  w i t h  no s i g n i f i c a n t  d i f f e rences  i n  

generator s i z e  i n  comparable cases, aside f rom the  h ighe r -sw i r l  comparisons, 

As a con t ro l ,  Group D was prepared t c  permi t  d i r e c t  comparison o f  the  r e s u l t s  

ob ta inab le  w i t h  the constant r a d i a l  E - f i e l d  cons t ra in t  appl ied w i t h  no 

segmentation. I n  h igh  s w i r l  cases a t  the lower values o f  i n l e t  Mach number, ,-. 
choking a t  the  generator e x i t  was predic ted.  I n  those cases f o r  which the  

d i f f u s e r  c o n s t r a i n t s  were f u l l y  met, less  than a 1 percent ne t  MHD power 

decrement w i t h  a simultaneous decrease i n  R max was shown, i n  comparison t o  the 

Group C r e s u l t s .  C lear ly ,  the constant E - f i e l d  cons t ra in t  can prov ide  a 
! I 

generator design w i t h  reasonable power output  wh i l e  min imiz ing d i sk  generator a 

(and thus magnet) diameter, a t  l e a s t  i n  the case o f  lower s w i r l  values. 
t 

1 

The e l e c t r i c a l  and f l u i d  p r o p e r t i e s  f o r  a generator w i t h  0.5 meter segmentation 

are shown i n  F igures 5-3-11 and 5-3-12, as an example o f  the load f a c t o r  

c o n t r o l  design cons t ra in t  f o r  t he  open-cycle d i sk  generator. The load cu r ren t  

v a r i a t i o n  acrsoss the d i sk  i s  from 12.3 kA t o  10.2 kA, wh i l e  the  o v e r a l l  vo l tage 

i s  52.9 kV. For  the purposes o f  t he  study, i t  was concluded t h a t  no major 

b e n e f i t  i n  e i t h e r  power output  o r  generator down-sizing could accrue f rom 

a p p l i c a t i o n  o f  the  load f a c t o r  c o n t r o l  design constra i r i t ,  r e l a t i v e  t o  d i sk  

generators designed w i t h  the constant r a d i a l  E - f i e l d  cons t ra in t .  Therefore, 

the  conceptual design o f  the d i s k  generators f o r  the "opt imized" OCD power 



(INLET CONDITIONS: M = 1.8, 
S = 1.0, Po = 6.91 ATM) 

Figure 5-3-1 1 . E l e c t r i c a l  Loading Paramr t e r s  Wi th in  Segmented Generator 
( I n l e t  Condi t ions:  M = 1.8, S = 1.0. Po = 6.91 Atm) 
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Figure 5-3-12. E l e c t r i c a l  & F l u i d  Parameters M i  t h i n  Segmented Generator 
( I n l e t  Condi t ions:  M = 1.8, S = 1.0, Po = 6.91 Atm) 



systems was performed by applying the constant r a d i a l  E - f ie ld  constraint .  

Segmentation was provided, but on ly  f o r  of f -design con t ro l  purposes. 

5.3.5.2 MAGNETIC FIELD EFFECTS 

Addi t ional  parametric var ia t ions concerned w i t h  spec i f i c  magnet f i e l d  inten- 

s i ty lshape changes were a lso performed i n  para1 l e l  w i th  the invest igat ions of 

the e f f ec t s  o f  load f ac to r  control .  The f i r s t  represented an attempt t o  

evaluate the performance po ten t i a l  inherent i n  the more e f f i c i e n t  u t i  l i t a t i o n  

of  the d isk  magnet magnetic f i e l d .  The f l a t  p l a t e  magnet designs discussed i n  

Section 6.3 have resu l tan t  l i e l d  I n tens i t i es  approaching 10 T near the e x i t  of 

the channel. It i s  conceivable tha t  a channel conf igurat ion could be p r ~ v i d e d  

having a cu rv i l i nea r  f low pa t te rn  normal t o  the resu l tan t  magnetic f i e l d  vector 

o f  the magnet a t  a l l  r a d i i ,  thus prov id ing an increasing magnetic f i e l d  

i n t ens i t y  from i n l e t  t o  ou t le t ,  without s i g n i f i c a n t l y  increasing the 

requirement f o r  superconducting mater ia l  over tha t  f o r  a f l a t  d isk magnet. 

Group A o f  Table 5.3.3 contains performance ca lcu la t ion  resu l t s  f o r  channel 

designs hdving magnetic f i e l d  va r ia t ian  l i k e  Figure 2-1-3. The e l e c t r i c  f i e l d  

r e s t r i c t i o n  was modified so tha t  Er ~ u l d  be allowed t o  reach values as high 

as 21 kV/m t o  take advantage of  the increases i n  f i e l d  i n t ens i t y  near the 

channel e x i t ,  The actual l i m i t i n g  values were given by: 

E max < 4 B or - 
E max %20 kV/m. 

The 4 c r i t e r i o n  was discussed i n  Section 5.1.7. 

A segmentation o f  0.5 meter was assumed f o r  comparison w i t h  Group B o f  Table 

5.3.2. Enthalpy ex t rac t ion  of  22 percent w i t h  74 percent isentropic e f f i c i ency  

i s  a t ta inab le  without IGVs i n  the high Mach number cases, and t h i s  without 

re laxat ion o f  any i n l e t  or  e x i t  const ra in ts  except the 12 kV/m e l e c t r i c  f i e l d  

l im i t a t i on .  S ign i f i can t  decreases i n  R max ( i n  t h i s  case equivalent t o  the 

length of the f low path segnlent normal t o  the resu l tant  magnetic f i e l d )  w i th  

over a 10 percent increase i n  MHD net power were obtained. The of f -design- 

po in t  performance of  such generators has not been investigated, nor have 



DISK GENERATOR PERFORRAKE SURVEY 

SENSiTIVITV OF DISK PERFOWCE TO WGNETIC FIELD 

AND PLASM4 CONDUCTIVITY VARIATIONS 

(See Text, Scct lon 5.3.5 for Dlscusslon) 

Conkwstor I n l e t  Enthrrlpy: 3.9475 &/kg before IGV losses 
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L the impl icat ions of the use of t h i s  design upon the power condi t ion ing system 
I conf tgurat  ion been considered, The t o t a l  voltage seen across the generator 

(50-90 kV) i s  c e r t a i n l y  not out isde the range of voltages handled by HVOC 

converters; however, the design of d isk  coo l ing systems w i  11 be compl icated by 

the requirement f o r  e l e c t r i c a l  i s o l a t i o n  across s u ~ h  a large voltage di f ference. 

Group B of Table 5.3.3 presents the resu l t s  o f  a l im i t ed  assessment of d isk  

generator performance po ten t ta l  w i t h  a u: i form magnetic f i e l d  i n t e n s i t y  of 12 T. 

Again, the d isk  generators are segmented (w i t h  hR = 0.3 meter) but the 

ca lcu la t ions hdve indicated the need t o  es tab l i sh  a lower i n l e t  Mach number 

than f o r  previous cases. The low s w i r l  cases presented cannot be considered 

optimal, since they choke before making use o f  a l l  the ava i lab le  stagnation 

pressure. The ex t rac t  ion of power does not change dranlat i c s l  l y  w i th  the change 

t o  higher magnetic f i e l d  in tens i ty ,  but the net MHD power ava i lab le  w i t h  S = 
1.5 exceeds tha t  from comparable cases w i t h  a higher Mach number and a much 

larger e x i t  radius i t  the e l e c t r i c  f i e l d  l i m i t a t i o n  i s  relaxed t o  2G kV/meter. 

5.3.5.3 Ef fects of Enhanced Conductivity C, 
I ' h i l e  reasonable consensus on the conduct iv i ty  values charac te r i s t i c  of 

coa l /a i r  combustion products has been obtained throughout the nat iona l  MHD 

Community, the f a c t  remains tha t  no r e l i a b l e  measurements o f  t h i s  c r i t i c a l  

property f o r  the plasma condi::ions of i n te res t  have been made t o  date. The 

p o s s i b i l i t y  remains tha t  the "e f fec t i ve "  condbct iv i ty  ava i lab le  i n  a 

power-generating device may be subs tan t ia l l y  d i f f e r e n t  from tha t  calculated by 

the current  property codes. I n  the case o f  an actual dev ia t ion toward the 

lower values, i t  would be necessary t o  re-evaluate the v i a b i l i t y  o f  the 

supersonic disk MHD channel as a,. k l e c t r i c a l  power generating device. I n  the 

more desirable event t ha t  e f fec t i ve  conduc t i v i t i es  are found t o  be higher than 

predicted, i t  would be in te res t ing  t o  p red ic t  the incremental performance gains 

possible. 

For t h i s  purpose, a simple conduct iv i ty  enhancement fac to r  o f  1 . 5 ~  was appl ied 

t o  the conduc t i v i t i es  calculated f o r  each s t a t i c  temperature - pressure com- 

b inat ion by the Westinghouse version o f  the NASA propert ies code. While the 

0 



actua l  f a c t n r s  leading t o  a p o t e t l t i a l  f o r  h igher  e f f e c t i v e  c o n d u c t i v i t y  i n  

seeded coa l  combustian products would no t  r e s u l t  i n  such a u n i v e r s a l l y -  

app l i cab le  incremental re la t i onsh ip ,  i t  was f e l t  t h a t  t h i s  device could permi t  

a quick eva lua t ion  of t he  e f fec t  o f  h igher  c o n d u c t i v i t y  upon the  s i z e  and 

oerformance r e l a t i o n s h i p s  of d i sk  generators. Group C of Table 5.3,3 conta ins  

the  r e s u l t s  o f  c a l c u l a t i s n s  performed f o r  open c y c l e  d i sk  generators w i t h  the  

same design cons t ra in t  as t h a t  discussed p rev ious l y  i n  Sect ion 5.3.5.1. The 

plasma p rope r t i es  a t  the generator i n l e t ,  and the  d i f fuser /guide vane 

c o n s t r a i n t s  a lso  remained the same. Comparison o f  Group B o f  Table 5.3.2 w i t h  

Group C o f  Table 5.3.3 shows t h a t  the  r e s u l t s  of assuming the  h igher  

c o n d u c t i v i t y  f o r  the  same i n l e t  cond i t i ons  would be: 

Greater MHD power (5-10% increases) ; 

Decreased d i sk  e x i t  rad ius  (up t o  30% smal ler) .  

F igu re  5-3-13 prov ides a v i sua l  summary of the  comparisons between the constant  
1 
4 

r a d i a l  E - f i e l d  case (Group I3 o f  Table 5.3.2) and e i t h e r  t he  segmented d isk  w i t h  f 
9 

load f a c t o r  c o n t r o l  ( A  I? = 0.5, Group 0 of Table 5.3.2) o r  the  same d i sk  w i t h  (1 1 
enhanced c o n d u c t i v i t y  Group C, (Table 5.3.3). The s i g n i f i c a n t  s i z e  and 4 

f 
1 

~ v r f c r ~ n a n c e  gains ava i l ab le  i n  the enhanced c o n d u c t i v i t y  cases are obvious. I t  I ! 
ii 

would be expected t h a t  s i m i l a r  r e s u l t s  cou ld  be obtained f o r  OCD generators q 
2 

designed w i t h  tne constant r a d i a l  E - f i e l d  cons t ra in t .  i 
k 
i z 

5.f OPEN CYCLE D I S K  SYSTEMS ANALYSIS d 
2 

For the  open cyc le  p o r t i o n  of the Disk MHD Generator Study, i t  was o r i g i n a l l y  

intended t o  i nves t i ga te  the  performance p o t e n t i a l  o f  two d i s t i n c t  system 

conf igura t ions ,  one w i t h  a d i r e c t l y - f i r e d  ox idant  preheater subsystem, and one 

w i t h  a separa te l y - f i r ed  ox idant  preheater  subsystem. During the  course o f  the  

study, a t h i r d  combustion gas MHDIsteam system c o n f i g u r a t i o n  was introduced, 

which was a lso  inves t iga ted  w i t h  respect t o  i t s  p o t e n t i a l  performance. This  

a d d i t i o n a l  OCD system used an oxygen-augmented combustion system w i t h  a 

recupera t ive  m e t a l l i c  heat exchanger f o r  ox idsnt  preheat ing. The oxygen 

enrichment l e v e l  was selected t o  permi t  t he  attainment of a combustor t o t a l  

temperature equal t o  t h a t  ob ta inab le  through combustion of coal  i n  1920 K 



GENERATOR EXIT RADIUS, METERS 

640 

620 

600 

Z 
E 580 
a 

- 

s 
0 
0 
(n 560 - Po"lAtm To=- 
8 

Figure 5-3-1 3. Open Cycle Disk Generator Performance S e n s i t i v i t y  
t o  Design Constra int  and Conduct iv i ty  

K 
(3 

540 

520 

d 1 ?dl = 1.7 - SEGMENTED, AR = 0.5 m, [El < 12 kV/m 
I 
I 

D - SEGMENTED, AR = 0.5 m - CONDUCTIVITY x 1.50, IEl G 12 kV/m 

li 
- 

F -6- SINGLE LOAD, /El= 12 kV/m 
.S=O 

\ . S = U  - \ 
\ 

.S= 1.0 - 

b AS = 1.5 
Os=20  



preheated a i r .  An advanced h igh -e f f  i c i ency  oxygen p l a n t  was assumed t o  f u r n i s h  0 
oxygen f o r  enrichment o f  the  MHD combustor oxidant.  

The performance i n v e s t i g a t i o n  was c a r r i e d  out i n  s i m i l a r  fash ion  f o r  each type 

o f  OCD MHD/steam system. F i r s t ,  a se t  o f  Base Case parameters was defined; 

these parameters were chosen on the  bas i s  o f  e x i s t i n g  in format ion,  t o  represent 

a p l a n t  w i t h  the  "best" performance a t ta inab le .  A se r i es  o f  parametr ic 

va r i a t i ons  about the Base Case parameters f o r  each OCD system type was then 

proposed. The analyses were c a r r i e d  ou t  us ing modeling, assumptions, and 

cons t ra in t s  f o r  OCD generators and systems as described i n  Sect ions 5.1, 5.2, 

and 5.3. From the r e s u l t s  o f  the  systems performance analyses f o r  each OCD 

system type, i t  was then poss ib le  t o  de f i ne  a r e f i n e d  set  o f  parameters w i t h  

which the OCD system was capable o f  achieving an optimum performance. 

The system performance s tud ies  f o r  each o f  the  th ree  types o f  OCD MHD/stean~ 

systems were a l so  pursued i n  an attempt t o  examine the e f f e c t s  o f  v a r i a t i o n s  i n  

key syscem parameters upon the  performance o f  t he  systems. I n  p r i n c i p l e ,  the  - 
attainment o f  an optimum system design requ i res  the  simultaneous m o d i f i c a t i o n  ) i 
o f  several parameters t o  ob ta in  a new and b e t t e r  se t  o f  performance condi-  

t i ons .  For example, an increas? i n  performance may be obtained through an 

increase i n  MHD combustor ox idant  preheat temperature, bu t  t o  ob ta in  maximum 

b e n e f i t  from t h i s  change, i t  may a lso  be necessary t o  increase channel i n l e t  

t o t a l  pressure and Mach number a t  the  same time. However, i t  would be 

extremely time-consuming t o  perform numerous system op t im iza t i on  c a l c u l a t i o n s  

each t ime a s i n g l e  parameter v a r i a t i o n  i s  t o  be c a r r i e d  ou t  i n  the  sysLem 

s e n s i t i v i t y  s tudies.  I t  may a l so  be d i f f i c u l t  t o  i n t e r p r e t  the  imbact o f  each 

parameter upon o v e r a l l  system performance when several are var ied  i n  

combination. 

I n  the  present study, i t  was decided t o  adopt t he  approach i n  which selected 

parameters were s ing ly ,  per turbed from t h e i r  Base Case values, as long as the  

basic  d isk generator design c o n s t r a i n t  could remain unaffected, and the  system 

performance was not d r a s t i c a l l y  af fected.  When a parameter v a r i a t i o n  c l e a r l y  

requ i red  a d i f f e r e n t  design c r i t e r i o n  i n  order  t o  ob ta in  a reasonably 



equ iva len t  performance t o  t h a t  o f  the  Base Case, a new design c r i t e r i o n  was 

app l ied  and more than one c h a r a c t e r i s t i c  o r  parameter was var ied.  One example 

o f  t h i s  l a t t e r  process i s  t o  be found i n  the  eva lua t i on  o f  subsonic d i s k  system 

performance. While the  constant  r a d i a l  H a l l  f i e l d  c o n s t r a i n t  best  serves the  

design o f  supersonic d i s k  generators, i t  was determined t h a t  a constant 

v e l o c i t y  o r  constant  Mach number design c r i t e r i o n  was more s u i t a b l e  f o r  

eva lua t i on  o f  subsonic channel performance. 

The d e t a i l s  and r e s u l t s  o f  system parametr ic  analyses f o r  each o f  the  

s t i p u l a t e d  OCD MHD/steam power systems are t o  be found i n  Subsection 5.4.1 

through 5.4.3, f o l l ow ing .  Subsection 5.4.4 conta ins the  design d e t a i l s ,  

parameter se lect ions,  and ca l cu la ted  performance f o r  opt imized OCD system of 

each type. 

5.4.1 OCD DIRECTLY- F I R E D  SYSTEMS 

The basic  c o n f i g u r a t i c n  o f  the OCD d i r e c t l y - f i r e d  MHDIsteam power system used 

i n  the  t v a l u a t i o n  o f  Disk MHD System performance has been described i n  Sect ion 

4.1.1. The s a l i e n t  Base Case system parameters, and the systems parametr ic  

analyses performed by v a r i a t i o n  o f  s p e c i f i c  parameters about the  Base Case 

values, are described i n  5.4.1.1 and 5.4.1.2. 

5.4.1.1 De l ineat ion  o f  Base Case Condit ions 

Table 5.4.1 presents the values o f  a l l  key parameters t h a t  de f i ne  the  OCD 

d i r e c t l y - f i r e d  system Base Case (Case 1-1 i n  the t a b l e ) .  A nominal f u e l  

thermal input  t o  the MHD combustor o f  2000 MWt was spec i f ied ,  corresponding 

t o  a power l e v e l  of 900 MWe (approximately the s i z e  of the l a rges t  modern 

c o a l - f  i r e d  c e n t r a l  power s t a t i o n s ) .  The base f u e l  was taken t o  be Montana 

Rosebud subbituminous coal,  d r i e d  t o  5 percent mosi ture by weight, pulver ized,  

and burned i n  a i r  preheated t o  1920 K. The combustor has been assumed t o  be a 

2-stage h i g h - e x i t - s w i r l  s lagging type, w i t h  90 percent ash r e j e c t i o n .  The 

cornbustor operates a t  a s to i ch iomet r i c  r a t i o  o f  0.95 t o  reduce the  product ion  

of NOx i n  the combustion gas. 
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The s e l e c t i o n  of 1920 K preheat temperature represents an opt  i m i s t  i c  bu t  

p o t e n t i a l l y  achievable temperature. Since the  d i sk  generator was expected t o  

operate a t  supersonic f l o w  cond i t i ons  f o r  opt imal  performance, t he  gas s t a t i c  

temperature throughout the  channel would be appreciably  lower than t h a t  f o r  a 

subsonic 1 inear  generator. Therefore, a h igh  preheat temperature was selected 

t o  a t t a i n  maximum combustor t o t a l  temperature so as t o  explore the  d i s k  

performance p o t e n t i a l .  Based on a 7% combustor heat l oss  and 8% pressure drop, 

a combustor e x i t  t o t a l  temperature o f  2835 K was ca l cu la ted  a t  an e x i t  pressure 

of 5.73 atm which was es tab l ished f rom system pre-opt imiza t ion  analyses. 

The d i sk  subopt imizat ion study had confirmed t h d t  a generator i n l e t  Mach number 

of 1.8 and s w i r l  o f  0.5 would g ive  adequate channel performance w i t h  a 

reasonable d i sk  size. These d i sk  parameters were thus selected f o r  t he  base 

case. The channel design was based on a constant H a l l  f i e l d  ( r a d i a l  d i r e c t i o n )  

c r i t e r i o n ,  which was found t o  y i e l d  the  best channel performance f o r  a g iven 

d i sk  s ize.  A constant Hal: f i e l d  o f  12 kV/m was assumed. 

The gas f l o w  exhaust ing from the generator goes through a t r a n s i t i o n  from the  

supersonic t o  subsonic regime w i t h  an assumed normal shock l oss  and i s  then 

decelerated i n  a d i f f u s e r  w i t h  a assumed pressure recovery c o e f f i c i e n t  (Cp) o f  

0.45. The pressure a t  the d i f f u s e r  e x i t  i s  f i x e d  a t  1.07 atm ( 1  p s i  above 

ambient). 

I n  the rad ian t  ( s l a g )  furnace, the combustion gases are cooled t o  2150 K t o  

permi t  condensation of s lag  vapors and t h e i r  removal from the  gas flowstream. 

Secondary a i r  a t  ambient cond i t ions  i s  i n j e c t e d  a t  the e x i t  o f  the r a d i a n t  

furnace t o  complete the combustion process, w i t h  the  f i n a l  s to ich iomet ry  being 

1.05. 

The gases are then cooled t o  611 K (640°F) by passing through the  HTAH, 

rehezter,  superheater, LTAH and h igh  temperature economizer. A t  t h i s  po in t ,  an 

e l e c t r o s t a t i c  p r e c i p i t a t o r  i s  provided t o  c o l l e c t  seed and f l y a s h  p a r t i c l e s ,  

and induced d r a f t  fans are used t o  main ta in  the  requ i red  pressure balance. 

Par t  o f  the gas then f lows t o  the  coa l  processing subsystem f o r  coal  dry ing,  



and the  r e s t  passes through a low temperature economizer. Both streams are 

exhausted t o  the  stack a t  408 K (275OF) .  Seed i s  p r i m a r i l y  recovered f rom the 

combustion gas stream i n  a rad ian t  heat exhange sec t ion  (seed furnace) j u s t  

downstream o f  t he  HTAH, which forms p a r t  o f  t he  reheater heat exchange surface. 

Add i t i ona l  seed recovery i s  provided, as noted above, by the  downstream 

p r e c i p i t a t o r .  

For one se t  o f  OCD d i r e c t l y - f i r e d  systems parametrics, the  MHD components were 

assumed t o  be cooled w i t h  a separate low pressure coo l i ng  water loop. The 

p u r i f i e d  coo l i ng  water i s  passed i n  se r i es  through disk, d i f f u s e r ,  and 

combustor coo l  i ng  loops. S u f f i c i e n t  coo1 i n g  water i s  c i r c u l a t e d  t o  1 i m i t  the  

maximum f l u i d  temperature t o  425 K. Par t  o f  the  thermal energy re jec ted  by the  

MHD components can be recovered by t h e  bottoming p l a n t  feedwater i n  a 

recuperator.  The r e s t  i s  re jec ted  t o  a coo l i ng  tower. 

The separate MHD component coo l i ng  loop has been recommended p rev ious l y  by 

West inghouse f o r  use i n  p o t e n t i a l  commercial MHD/steam power system 

app l ica t ions .  The reasoning f o r  such a recommendation i s  as fo l l ows :  

o Use o f  a separzte system which permi ts  l i m i t e d  coo l i ng  water 
temperature and c lose  c o n t r o l  o f  e l e c t r i c a l  c o n d u c t i v i t y  through 
water treatment w i l l  minimize design and ma te r ia l s  problems f o r  
the  e l e c t r i c a l  i n s u l a t i o n  p rov i s ions  between the  MHD components, 
which operate a t  h igh  vol tage d i f f e rences  ft-om ground, and the 
grounded p o r t i o n s  o f  the system. 

The use o f  condensate and feedwater pumping systems t o  d r i v e  f l o w  
through the  MHD component coo l i ng  l i n e s  can be expected t o  
exacerbate feedwater c o n t r o l  problems, and w i l l  increase the 
number o f  p o t e n t i a l  f a i l u r e  modes leading t o  s i g n i f i c a n t  e f f e c t s  
on topping cyc le  components. F a i l u r e s  occur ing i n  bottoming 
p l a n t  component; can lead t o  ser ious damag+- i n  the  channel, 
combustor, o r  d i f f u s e r  w i t h  an i n - l i n e  type o f  component coo l i ng  
system. 

The compat . ib i l i t y  o f  water chemist ry  requirements f o r  the  
bottoming p l a n t  heat exchange surfaces and those f o r  t he  MHD 
components has not  been determined. I n c o m p a t i b i l i t y  can lead t o  
accelerated co r ros ion  and f a i l u r e s  i n  e i t h e r  se t  o f  equipment. 



I n  order  not t o  u:lduly pena l ize  the  d i sk  generator system performance w i t h  

respect t o  l i n e a r  systems, the  m a j o r i t y  o f  which have bee9 s tud ied  w i t h  an 

i n - l i n e  ( d i r e c t  feedwater) MHD component coo l i ng  system, i t  was decided t o  

perform the OCO system parametr ics w i t h  the  i n - l i n e  MHD component coo l i ng  

syste~i l  as w e l l  as w i t h  the separate coo l i ng  system i n i t i a l l y  pr'oposed. 

To recover the naxin~un alnount o f  use fu l  work f r'om the topping c y c l e  exhaust 

gases, a bottolning p l a n t  us ing a s u p e r c r i t i c a l  s ingle-reheat  steam cyc le  was 

assu~ned. For the case o f  a separate MHD component coo l i ng  system, the 

condensed working f l u i d  f 11-st passes through a recuperator t o  recover niost of 

t l ie  thermal energy re jec ted  t o  the coo l i ng  loop, a t  400 K .  (Wi th an i n - l i n e  

t onrponetlt ccrol ing arrangement, condensate i s  f i r s t  used t o  cool  t l ie  d isk 

qenerato~. and d i f f u s e r  w a l l s  d i r e c t l y .  ) The hclated condensate i s  then pumped 

t o  a n  i n te rn~ed ia te  p~~essut-e and enters  the low tetiiperature ecot io~i~ i  r e r  and the 

HTAH vn l  ve coo l  ing system f o r  fur-thet4 energy recovery. A f  tet-  being punlped t o  

ttigh p~.essut-e, the f l u i d  i s  heated t o  81 1 k by successively passing tht-ough the 

hiqh tentpet~nt UI-e econorni zer, vadi ant furnace watet-wal 1 s ,  and "superheater" 

\ r c  t ion. ( !  01- the rii1,ect MHI) component cvo l i t ig  case, bottoming p l a n t  working 

t l u ~ d  1eavit:q the h ~ g h  temperature econon\~zer i s  passed through tlir conlkusto~~ 

~ o t ~ l l n q  systcr i i  a!id the d i f f u s e r  sp l  i t  t e r  vanes t o  e f f e c t  heat recovery arid 

( 7 0 1  i ~ t q  I t i  eac.11 cornpor~ent, hef ore ente~.ir ig the rad ian t  f urnace sect i o n )  . A f  te ta 

e+pnrt~f i r \q thl-ouqh the at. ggenel3ator h igh  p1.essut.e tut'bine, the bo t to~n ing  p l a n t  

\vl~t-kinq f 111id i s  ret~eatecl t o  811 k t o  cond i t i on  i t  t o  d r i v e  the ac genet-ato~- 

I ~ ~ I v  i ) t . t l \ \ i r r . t .  t i l l -hir ie and t h r  YHD cycle sompt-essor tur-bine. Steani i s  also used 

to  dl the h iqh pressure boiler feed pump tu rb ines .  The exhaust ft-r>m each o f  

t h e  l a \ t  thtSpe tub-bines i s  condensetl a t  7" Hga, and r-etut-necl t o  t l le  conrIense~* 

l\ot Wt) 1 1 . 

rot '  CCIL t i  pat'aniett-ic case, an adclit iclnal coal  irlpirt equivalent  t o  a 2 percent o f  

t lit> M l f l l  i ~ ~ n h u s t o \  t h e ~ n a l  power i s  c tiat-ged t o  the p l a n t  per-f 111-mance, 

t - cp~ - t~ \ t>~ i t  7 nq the pfiwPr vequ i red Fut. t  tic seed I-eqenel-at ion p 1 ant. 



5.4.1.2 Parametric Analyses and S e n s i t i v i t y  Studies 

Table 5.4.1 l i s t s  t h e  parametr ic  v a r i a t i o n s  f o r  t he  OCD d i r e c t l y - f i r e d  

systems. Case 1-1 represents the  Base Case around which parametr ic  v a r i a t i o n s  

were made. The parameters var ied  were considered important ones t h a t  cou ld  

have s i g n i f i c a n t  impacts on the  system performance. These inc lude power l e v e l  

(Cases 1-3 and 1-20), coa l  type (Case 1-5), a i r  preheat temperature (Cases 1-6 

and 1-7). oxygen l e v e l  (Case 1-7). magnetic induc t ion  (Cases 1-16, 1-17 and 

1-18), generator i n l e t  Mach number (Case 1-8). i n l e t  s w i r l  (Cases 1-9 and 

1-10), maximum H a l l  f i e l d  (Cases 1-12 and 1-13),  all temperature (Case 1-4). 

combustor pressure l oss  (Case 1-19), and the  d i f f u s e r  pressure recovery f a c t o r  

(Case 1-11). Cases 1-14 and 1-15 were o r i g i n a l l y  proposed as v a r i a t i o n s  on the  

generator load f a c t o r .  Since the  channel performance study suggested t h a t  t he  

constant H a l l  f i e l d  mode o f  opera t ion  would y i e l d  s a t i s f a c t o r y  performance f o r  

a supersonic disk, i t  was selected as the  channel design c r i t e r i o n  f o r  most o f  

the  cases. Once the  H a l l  f i e l d  i s  spec i f i ed  i n  t h i s  mode, the  i n l e t  load 

f a c t o r  i s  f i xed .  Consequently, the  load f a c t o r  i n  t he  constant H a l l  f i e l d  

design i s  no t  an independent parameter and these two cases are no longer 

appl icable.  Fur ther  d iscussion o f  the  v a r i a t i o n s  o f  d i sk  performance and s i z e  

w i t h  vary ing design c r i t e r i a  can be found i n  subsect ion 5.3. 

Case 1-2 was o r i g i n a l l y  proposed t o  explore the  d i sk  p o t e n t i a l  a t  maximum com- 

bus tor  temperature by us ing  a h igh  oxygen enrichment l e v e l  together  w i t h  HTAH 

preheating. However, r e s u l t s  o f  channel c a l c u l a t i o n s  i nd i ca ted  tha t ,  because 

o f  reduced t o t a l  geuerator mass f l o w  rate,  the  MHD power was s u b s t a n t i a l l y  

lower than f o r  t he  Base Case having the same preheat temperature. Thus, i t  was 

decided t h a t  f u r t h e r  systems study was not  warranted. Instead, by mutual 

agreement between NASA and Westinghouse, a separate case was s t i p u l a t e d  t o  

focus on the  study o f  oxygen enrichment w i thout  HTAH. This case i s  described 

i n  Sect ion 5.4.3, f o l l ow ing .  

A summary o f  o v e r a l l  energy balance and system performance f o r  each o f  t he  

d i r e c t l y - f i r e d  cases considered i s  g iven i n  Table 5.4.2. Est imates made f o r  

the increased steam power and p l a n t  e f f i c i e n c y  achieved by con f i gu ra t i ons  

i nco rpo ra t i ng  d i r e c t  MHD component coo l i ng  us ing feedwater are inc luded i n  t h i s  

table,  i n  parentheses under the  values f o r  the  separate coo l i ng  loop cases. 
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As rnight be expected, higher preheat temperature, channel wa l l  temperature, 

d i f fuser  recovery coef f  ic fent ,  Ha l l  f i e l d  l i m i t  and mag~e t i c  f i e l d  a l l  have 4 
benef i c ia l  e f f ec t s  on the p lan t  e f f ic iency.  A large p lan t  s ize i s  a lso 

s l  l g h t l y  favored from the performance standpoint. Uns i~rpr is ing ly ,  higher 1 
combustor pressure loss resu l t s  i n  lower p lan t  ef f ic iency.  3 g 

For two-terminal generator design, a subsonic channel y i e l ds  subs tan t ia l l y  

i n f e r i o r  performance t o  a supersonic channel, as evidenced by comparison 

between cases 1-8 and 1-1. Although pa r t  o f  the d i f ference o f  183 MW i n  MHD 

power between these cases i s  a t t r i bu tab le  t o  the lower preheat temperature 

(1650 K )  f o r  case 1-8, most i s  due t o  the subsonic channel design. Indeed, f o r  

the same preheat temperature o f  1650 K, an MHD power o f  465 MW was calculated 

f o r  a supersonic, constant Ha l l  f i e l d  channel, as compared w i t h  a power l eve l  

of  only 346 MN f o r  the subsonic channel. 

1 
d 

The u t i l i z a t i o n  of a d i r e c t  component cool ing system permits the attainment o f  P 
s l i g h t l y  higher p l m t  o v e r ? ~ l l  e f f i c i enc ies  i n  every case considered. The 

calculated performance increment i s  s l i gh t ,  however, and care fu l  design t o  3 
) r 

minimize the possib le detr imental e f f ec t s  upon p lant  safety and r e l i a b i l i t y  of 
'Z 

incorporating such a cool ing system w i l l  be necessary, i f  a net bene f i t  i s  t o  
1 i 

be rea l izab le  i n  an actual power p lant .  

5.4.2 OCD SEPARATELY-FIRED SYSTEMS 
i 

The separately f i r e d  combustion gas disk MHD/steam system configurbation was d a 
f u l l y  described i n  Section 4.1.1. The Base Case system parameters, parametric i 

cases, and resu l t i ng  performances are del ineated i n  Subsections 5.4.2.1 and 

5.4.2.2 below. 

5.4.2.1 Del ineat ion of Base Case Conditiocs 

Case 2-1 o f  Table 5.4.3 contains the 1 i s t i n g  of Base Case parameters f o r  the 

separately f i r e d  OC9 MHD/steam system parametric analyses. 4 

The t o t a l  coal thermal input t o  the p lan t  i s  2669 MWt, o f  which 1537 MWt i s  

fed t o  the MHD combustor, 1101 MWt t o  the g a s i f i e r  f o r  producing f u e l  gas t o  1 
3 



TARE 5 -4 -3 
PARAETRI C VARIATIONS FOR OCD SEPAP'TFLY-F IRE0 PREHEATER SYSTEMS 

2- 1 2-2 2-3 2-4 2-5 2-6 
Base Case - DoublePorer HalfPower - Preheat=1650 K 

~ e v e l  L eve 1 Subsonic 

2-7 2-8 
Swir l  = 0 Higher Cad.  

LOSS 

1. P lant  Size (MUt) 5339 

- 

2-stage 
cyc le - - 

- - - 
- 
- 

2. Coal Type Montana Rose- 
bud Subb. 

3 .  N O  Canbustor/Nozz~e 
Colabustor type 2-stage 

cyclone 
A i r  
5 
0.95 
90 
0.7 
0 -08 
0.07 

Oxidizer 
Fuel moisture as f i r e d  (%) 
S t o i c h i a w t r i c  r a t i o  
Ash ranoval (%) 
Seeding level  ( f  K )  
Fract ional  pressure loss. P/P i n  
Fract ional  heat loss. Q / M V  

4. WD Generator/Dif f user 
Generator type 2- terminal 

r a d i a l  outf low 
Constant 
r a d i a l  f i e l d  
7 
2835 
5.73 
1.8 
0.5 
NO 
0.78 
12 
2000 
0.45 
1.07 

Constant 
Velocf ty  - 
2740 
5.73 
0.85 - - 
0.55 
5.3 - - - 

Mode o f  generator operation Constant 
ru l ia l  f l e l d  

Magnetic induct ion (Tesla) 
l n l e t  t o t a l  temp. (K) 
I n l e t  t o t a l  pre;sure ( a m )  
l n l e t  Mach rider 
I n l e t  s w i r l  
Use o f  i n l e t  guide vanes 
I n l e t  current loading factor  
Maaimurn Hal 1 f i e l d  (kv/m) 
Generator wa l l  temp (K) 
Di f fuser  pressure recovery coeff .  
Di f fuser  e x i t  pressure (am)  

- 
2825 
5.60 - 
1 
Ves 
0.74 
12 - 

5. Hi0 Coiaponent Cooling Separate - - 
cool ing loop* 

6. Oxidizer Preheat 
HTAH (K) 
LTAH ( K )  

7. BoCtming Plant  
Steam condit ions 3500 ps i /  - - 

1WO F/ 1000 F 
Steam extract ions none* - - 
Condenser pressure ( i n  Hg absolute) 2.0 - - 
F i n a l  c&ustion gas s to ich ianetry  1.05 - - 
Stack gas temp. (K) 409 - - 

8. Sul fur  Emission Control Seed - - 
Regeneration 

9. Gas i f  i e r  f o r  HTAti 
Type Presslrr ized - - 

f l u i d i z e d  bed 
L BTU 
Hot - - F ue 1 produced 

Fuel Gas clean-up 

* Etdo111~1~ol  i d b t s  b i t h  d i r e c t  c w l i n g  by bottuning p lan t  working f l u i d  were a lso  investigated. 



f i r e  the HTAti, and 31 MWt f o r  seed regeneration. Montana Rosebud coal  d r ied  
t o  5% moisture i s  f i r e d  i n  the maif6 combustor w i t h  1920 K preheated a i r .  The 
a i r  f low r a t e  i s  c o ~ i t r o l l e d  t o  provide a sto ichiometr ic  r a t i o  of  0.95. A 

mixture of potassium carbonate and potassium su l fa te  i s  added a t  the second 

stage of the combustor t o  g ive a seed leve l  o f  0.7 w t  % potassium. Only 10% o f  

the coal ash i s  ca r r ied  over i n t o  the generator and the res t  i s  removed from 

the combustor. The t o t a l  temperature and pressure a t  the combustor e x i t  are 

2835 K and 5.73 ?tm, respectively. 

As i s  the case f o r  the d i r e c t l y - f  i r e d  Base Case 1-1, the d isk  generator 

operates a t  a constant Ha l l  f i e l d  o f  12 kV/m, w i t h  an i n l e t  Mach number o f  1.8 
and sw i r l  o f  0.5. An MHD power of 403 MW i s  extracted from the combust ion 

.gases i n  the generator f o r  t h i s  case. The generator i s  designed t o  g ive a 

pressure o f  1.07 atm a t  the d i f f u s e r  ex i t ,  w i th  the d i f f u s e r  pressure recovery 

coe f f i c i en t  assumed t o  be 0.45. 

The heat recovery systems conf igurat ion i s  qu i te  s im i la r  t o  tha t  used i n  the 

d i r e c t l y - f i r e d  OCD systems cases. However, the ox ida~ l t  yreheater system i s  

d i f f r , e n t  from that  previously described. 

As received coal i s  fed at  a r a te  of 1101 MWt t o  a g a s i f i e r  operating a t  a 

pressure o f  about 6.7 atm. The a i r  t o  fue l  r a t i o  i s  about 3. The hot, clean 

f ue l  gas produced i s  burned w i t h  a i r  preheated t o  922 K (1200°F) i n  a separate 

combustor t o  g ive a f i n a l  stoichiometry o f  1.05. The hot matr ix  reheat gas 

passes through a regenerative HTAH system which preheats MHD combustor oxidant 

t o  1920 K; thereaf ter ,  the exhausted reheat gas passes through a metal 1 i c  a i r  

recuperator t o  heat the a i r  f a r  the separate combustor t o  922 K, before 

expanding i n  gas turbines t o  generate add i t iona l  power f o r  a i r  compressors and 

ac generation. The exhaust gas i s  then mixed w i t h  the MHD gas stream a t  a 

locat ion upstream o f  the low temperature economizer f o r  f u r t he r  heat recovery, 

The a i r  f o r  the separate HTAH reheat loop i s  f i r s t  compressed t o  e pressure o f  

6.82 atm. As noted above a gas turb ine i s  used t o  d r i ve  the compressor. The 

a i r  stream i s  then s p l i t  i n t o  two parts, one which provides ox id ize r  f o r  the 



gas i f i e r ,  the other which i s  heated t o  922 K i n  a recuperator before being 

in jec ted  i n t o  the separate combustor f o r  the regenerative preheater matr lx  

reheat gas. 

5.4.2.2 Parametric Analyses and S e n s i t i v i t y  Studies 

The parametric variations f o r  the separately-f i r e d  cases are presented i n  Tat le  

5.4.4. Case 2-1 represents the Base Case around which the parametric analyses 

were made. Power leve l  i s  var ied i n  Cases 2-3 and 2-4, and s w i r l  r a t i o  i n  

Cases 2-7 and 2-8. A lower preheat temperature w i th  a subsonic channel design 

i s  represented by Case 2-6. A higher prckeat temperature (2270 K )  was 

o r i g i n a l l y  s t ipu la ted f o r  Case 2-5, but was subsequently found unattainable 

because the reheat gas temperature f o r  the HTAH was calculated t o  be on ly  about 

2108 K.  

Parametric analyses f o r  both separate and d i r e c t  MHD component cool ing loops 

were performed, and resu l t s  f o r  both appear i n  Table 5.4.4. 

The calculated performances f o r  these separa te ly4  i r e d  d i r k  systems a a1 1 

s i g n i f i c a n t l y  less than f o r  comparable d i r e c t l y - f i r e d  disk systems, as expected. 

The penalty f o r  provid ing a clean HTAH reheat gas i s  s u f f i c i e n t  t o  make such 

separately-f i red systelns unatt ract ive,  except as ear l y  demonstrat ion un i ts ,  and 

t o  prove out the basic coa l - f  i r ed  MHD power t r a i n  component technology. A more 

v iab le  option, and one which dispense! r l together  w i th  the necessity f o r  

operation of  large regenerat i re preheater systems, i s  the use of enriched a i r  

preheated t o  an intermedl ate temperature t o  obtain high combustor t o t a l  

temperatures. This opt ion i s  discussed, and i t s  performance and parametric 

s e n s i t i v i t i e s  detai led, i n  the next section. 

5.4.3. OXYGEN-AUGMENTED OCD D I S K  MHD/STEAM POWER SYSTEMS 

The general conf igurat ion of  these system has been discussed previously i n  

Section 4.1.1. Orginal ly ,  i t  was intended t o  evaluate the e f f ec t s  o f  oxygen 

enrichment upon OCD power system performance by evaluating oxygen-enriched 

parametric cases i n  the d i r e c t l y - f i r e d  and separately- f i red system analyses. 

This proved t o  be inappropriate, however, f o r  a number of  reasons. 

1 - " - -- 
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TABLE 5.4.4 
SUWRY i-r POWER GENERATION AND CONSUWTION, OCD SEPARATELY-FIRED PREHEATER svsTEns 

2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8 
Base Case - Double Pwer  Hal f  Power - Preheat=1650 K Swir l  = 0 Higher C d .  

Level Level Subsonic Loss 

Coal Input (MU) 
MHD Combustor 1537 - 3074 769 - 1740 1537 1537 
Gas i f ie r  f o r  HTAH 1102 - 2203 55 1 - 899 1102 1 102 
Seed Regeneration 3 1 - 6 1 15 - 35 3 1 31 

Total  2669 - .  5339 1335 - 2674 2669 2669 

Power Generation (1911) 
MHD Power 
Steam Power 
Gas Turbine Power 

Total 

cn 
I Power Consumption .'Mi) 
V 
0 

Compressor fo r  bO(D Loop 
Cornpressor f o r  Gas i f ie r  Loop 
Inverter, Generator & 
Transf onner Losses 
Other Aux i l i a r i es  

Total  

Net Power Output (MY) 993 (999) - 2003 (2013) 490 (493) - 935 ( 9 3 )  987 (993) (9s)  

Plant Eff iciency, (5) 37.2 (37.4) - 37 .5 (37.7) 36.74 (37.0) - 35.0 (35.3) 37.0 (37.2) 37.2 (37.4) 

Deviation o f  from Base - 
Case 2-1 

NOTE: Numbers i n  parentheses represent estimates f o r  ;unfigurhtion wi th  d i r e c t  HID Component cool ing 



e With 1920 K preheat and enriched a i r  as oxidant,  the  combustor 
t o t a l  temperatures exceeded l e v e l s  a t  which ma te r ia l s  used i n  the  
MHO combustor design cou ld  be expected t o  survive. 

a Numerous sa fe ty  cons idera t ions  a r i s e  whev an enriched ox idant  i s  
used w i t h  the c y c l i n g  mode o f  opera t ion  t yp ' -a1  o f  regenerat ive 
HTAH systems, espec ia l  l y  i n  pressur ized heate; beds. 

a S u i t a k l e  t o t a l  temperatures could be achieved by use o f  
oxygerl-enriched a i r  preheated t o  in termediate temperature l e v e l s  
t y p i c a l  o f  those permiss ib le  w i t h  recuperat ive m e t a l l i c  heat 
exc hdngers . 

a The removal o f  HTAH systems a l together  from the MHD power p l a n t  
design permi ts  a more r e l i a b l e  system, e s p e c i a l l y  w i t h  coa l  as 
the selected f u e l .  

5.4.3.1 De l i nea t i on  o f  Base Case Condit ions 

Table 5.4.5 conta ins a summary o f  the  Uase Case cond i t ions  f o r  the 

oxygen-augmented OCD MHDisteam power system. 

The f u e l  i s  Montana Rosebud subbiturninous coal,  as f o r  the prev ious OCD cases. 

The enrichment l e v e l  o f  the MHD cornbustor ox idant  i s  selected t o  p rov ide  a 

coa~bustor t o t a l  telnperature o f  2839 K, which i s  comparable t o  t h a t  obtained i n  

the separa te l y - f i r ed  and d i r e c t l y - f i r e d  OCD Base Cases w i t h  1920 K a i r  preheat 

leve ls .  The f i n a l  ox idant  mix ture  was found t o  be 38.2% by weight oxygen, 

w i t h  932 K preheat temperature assuned. For t h i s  mix ture  the r a t i o  

[02(added)/02( in a i r ) ]  equals 1.07 ( i .e .  a = 1.07). 

For. t l ie  oxygen augmented cases, i t  was found by parametr ic eva lua t ions  t h a t  

(as discussed i n  5.4.3.2) supersonic OCD performance could be enhanced by 

increasing the i n l e t  Mach number and t o t a l  pressure over the values used i n  

prev ious OCD Base Cases. The maximum net  MHD power ( t h a t  i s ,  MHD V I  minus 

colnpressor power) was obtained f o r  the Base Case a t  a s tagnat ion pressure n f  

8.02 atmospheres w i t h  an i n l e t  Mach number o f  1.9. The i n l e t  s w i r l  r a t i o ,  as 

i n  both prev ious Base Cases, was taken t o  be 0.5, l i m i t e d  by the lnaxirnirln value 

obtainable wi thout  guide vanes. 

Ttie f u e l  i s  d r i e d  t o  5 percent rnoisture by weight. I n  the MHD cornbustor, the 

f i n a l  s to ich ioniet ry  i s  0.95 w i t h  90 percent ash r e j e c t i o n .  Again, a seeding 



TABLE 5.4.5 
PARUMETCRS FOR OCD WITH METALLIC PREHEATER AND OXYGEN AUGMENTArION 

Plant  Size (MWt) 

Coal Type 

MHD CombustorlNozz l e  
Coinbus t o r  type 
Ox id izer  

Fuel  moisture as f i r e d  ( X )  
S t o i c h i o ~ n e t r i c  r a t i o  
Ash removal (%)  
Seeding l e v e l  ( %  K )  
F rac t i ona l  pressure loss, A P ~ P  
F r a c t i o n a l  heat loss, U/HHV 

MHD Generator IDi f fuser  
Generator type 
Mode o f  generator opera t ion  

Magnetic induc t ion  (Tes la)  
I n l e t  t o t a l  temp. ( K )  
I n l e t  t o t a l  pressure (atm) 
I n l e t  Mach number 
I n l e t  s w i r l  
Use o f  i n l e t  guide vanes 
I n l e t  cur ren t  loading f a c t o r  
Maxirilum Ha I 1  f i e  I d  ( ~ v / m )  
Generator w a l l  temp ( K )  
D i f f u s e r  pressure recovery coe f f .  
D i f f u s e r  e x i t  pressure (atm) 

2415 i 1000 MW, nominal ) 

Montana Rosebud 

2-stage h igh -sw i r l  

2- terminal  r a d i a l  ou t f l ow  
Constant r a d i a l  f i e l d  
(near impu 1 se) 
7 
2839 
8.02 

MHD Coinponen t Cod 1 i ng D i r e c t  feedwater Loop i 
Ox i d  i z e r  Preheat 

LTUH ( K )  

Bottolning P lan t  
Stea~n cond i t ions  3500 ps i a/ 1 WOF/ 1 UOOF 
Steam ex t rac t i ons  none 
Condenser pressure ( i n  Hg absolute) 2.0 
F i n a l  coin bus ti or^ gas s t o i c h i o ~ n e t r y  1.05 
Stack gas tenir?. ( K )  JC9 

Su l fu r  En~iss ion Contro l  Seed regenerat ion 3 I 
4. 



l e v e l  o f  0.7 percent K (K2S04 and K2COj) prov ide  adequate plasma 

c o n d u c t i v i t y  and s u l f u r  emission c o n t r o l .  The t o t a l  thermal i n p u t  t o  t h e  

combustor f o r  t he  Base Case was 2368 MW, w i t h  an a d d i t i o n a l  47  MWt charged t o  

t h e  seed regenerat ion system. This f i r i n g  r a t e  was s u f f i c i e n t  t o  permi t  power 

generat ion a t  the  900 MWe l e v e l  o r  above. For the  Base Case p lan t .  450 MWe 

i s  ex t rac ted  f rom the  d i s k  generator alone. 

The heat recovery sys tem and bottoming p 1 ani  design f o r  the  oxygen-augmented 

OCD system i s  q u i t e  s i m i l a r  t o  t h a t  f o r  the  separa te l y - f i r ed  OCD system. 

However, no analyses o f  system performance were c a r r i e d  out  w i t h  a separate MHD 

component coo l  i n g  loop assumed. The e f f i c i e n c y  decrement expected would be i n  

the 0.1 - 0.3 percentage p o i n t  range f o r  the  separate coo l i ng  case, when 

compared t o  the r e s u l t s  g iven here. 

The oxygen requ i red  t o  a t t a i n  the 2839 K combustor t o t a l  temperature i s  

prov ided by an on -s i t e  a i r  separat ion p lan t ,  a t  95 percent  p u r i t y .  The oxygen 

p l a n t  compressor i s  d r i v e n  by a steam tu rb ine  which i s  suppl ied w i t h  steam from 

the MHD bottoming p l a n t .  As described i n  Sect ion 5.2, the  energy requirement 

f o r  oxygen product ion  has been based upon a h igh -e f f i c i ency  p lan t .  The energy 

requ i red  i s  debi ted t o  p l a n t  power output.  

5.4.3.2 Parametric Analyses and S e n s i t i v i t y  Studies 

A ser ies  o f  parametr ic cases was inves t iga ted  f o r  the  oxygen-augmented OCD 

p lan t ,  i n  order  t o  de f i ne  the optimum pressure l e v e l  and oxygen enrichment f o r  

such a system. As i n  t he  Base Case, d isk  i n l e t  s w i r l  r a t i o  and Mach number 

were i n i t i a l l y  f i x e d  a t  0.5 and 1.9, respect ive ly .  The H a l l  f i e l d  design 

cons t ra in t ,  w i t h  Er = -12 kV/m, was used f o r  generator des'gn purposes. 

Since o v e r a l l  system performance depends s t rong ly  on the  combust~:~ra s tagnat ion  

pressure, a f i r s t  set  o f  parametr ic evaluat ions was used t o  e s t a b l i s h  the  

opt imal pressure f o r  each oxygen enrichment l eve l .  F igure  5-4-1 shows the 

r e s u l t s  of these c a l c u l a t i o n s  a t  se lected enrichment l e v e l s  a ( a 7 

[02(added)/02(in a i r ) ] ) .  A t  a = 0.9, a c l e a r  maximum net  MHD power 



Figure 5-4-1. OCD Power Output V a r i a t i o n  With Oxygen Enrichment 
Level and Combustor Pressure 

5- 74 



occurs a t  a compressor discharge pressure of 8 atm (810 kPa). With 

increas ing  a, the  l o c a t i o n  of t he  pressure maximum s h i f t s  toward h igher  

pressures. For  t h i s  inves t iga t ion ,  a l i m i t i n g  pressure of 10.9 atm (1.1 MPa) 

was assumed as the  p r a t i c a l  maximum, s ince l i t t l e  in format ion e x i s t s  regarding 

c o a l - f i r e d  combustor opera t ion  above t h i s  pressure leve l .  Maximum net  MHD 

power f o r  any a L 1.25 i s  found t o  occur a t  ( o r  above) the 1 i m i t i n g  pressure 

l e v e l  o f  10.9 atm. 

To e s t a b l i s h  the optimum oxygen enrichment l eve l ,  performance ca l cu la t i ons  

were performed f o r  values o f  a >  1.25 a t  the imposed maximum pressure l e v e l  o f  

1.1 atm. F igure  5-4-2 d i sp lays  the r e s u l t s  o f  the ca l cu la t i ons .  The t o t a l  

temperature f o r  each i s  g iven i n  parentheses alongside; c l e a r l y ,  the net  MHD 

power output  cont inues t o  increase ( w i t h  oxygen p l a n t  requirements deb i ted  t o  

the gross MHD power output,  i n  a d d i t i o n  t o  the  MHD compressor power) w i t h  

increasing a, t o  the compressor pressure l i m i t  o f  10.9 atrn (1.1 MPa). The 

cornbustor t o t a l  temperatures are ca lcu la ted  on the basis  of i d e n t i c a l  

combustor heat loss assumptions. The t o t a l  temperature f o r  the a = 1.70 case 

i s  approaching 3000 K, which i s  an extremely demanding l e v e l  f o r  known 

ma te r ia l s  and combustor designs. P lan t  e f f i c i e n c y  ca lcu la t ions ,  which 

consider not on l y  the net MHD power increase bu t  a lso  the  e f f e c t  o f  reduced 

combustion gas mass f lowra te  upon bottoming p l a n t  performance, show t h a t  f o r  

the a = 1.70, Pcomp = 10.9 atm case, a 39.6 percent o v e r a l l  e f f i c i e n c y  i s  

obta inable.  This  compares w i t h  the  ca lcu la ted  39.2 percent e f f i c i e n c y  f o r  the  

Base Case, us ing a = 1.07 and Pcomp = 9 atm. 

The increased hazard l e v e l s  and u n r e l i a b i l i t y  associated w i t h  the use of t he  

high-enrichment, high-pressure case are not d i r e c t l y  quan t i f i ab le ,  bu t  i t  i s  

c l e a r  t h a t  they w i l l  be more than s u f f i c i e n t  t o  o f f s e t  the  minimal performance 

ga in  over the Base Case enrichment cond i t ion .  Therefore, a p r a c t i c a l  design 

case (which a lso permi ts  near-opt imal performance) f o r  the oxygen-augmented 

OCO MHD/steam power system can be considered t o  be provided by use of the 

parameters t y p i c a l  of those which g i ve  combustor t o t a l  t e ~ p e r a t u r e s  equ iva len t  

t o  a i r  w i t h  1920 K preheat. Table 5.4.6 conta ins a summary o f  the system 

perfot-rnance under these condi t ions.  



a = (02 ADD/02 AIR) 

705407-6A 

lCigure 5-4-2. OCG Generator System Performance Var ia t i on  w i t h  
Oxygen Enrichrilent Level a t  Fixed Combustor Pressure 



TABLE 5.4.6 

Summary o f  Power Generat i o n  and Consumption, OCD w i t h  Metal 1 i c  
A i r  Preheater and Oxygen Enrichment, Ozadd/Ozair 

= 1.07 

Coal Input  (MN) 
MHD cot~~bus t o r  
Seed Regeneration 

Tota l  

Power Generat i o n  (MU) 
MHD Power 
Steam Power 

Tota l  

Power donsu~npt ion  (MW) 
Cot~~pressor 
I nve r te r ,  Generator and 
Transforri~er Losses 
Oxygen P lan t  
Other A u x i l i a r i e s  

Tota l  

Net Power Output (MW) 94 8 

P lan t  E f f i c i ency ,  V (%)  39.2 



5.4.4 SELECTION OF OPTIMUM SYSTEMS 

The Base Cases f o r  each o f  th ree  OCO MHD/Steam power systems were examined i n  

l i g h t  o f  t he  r e s u l t s  o f  systems parametr ic  studies, t o  determine which 

fea tu res  and c h a r a c t e r i s t i c  parameters o f  these systems cou ld  be mod i f ied  t o  

f u r t h e r  enhance system o v e r a l l  performance. This re-examination inc luded the  

eva lua t ion  and i n c l u s i o n  o f  s p e c i f i c  system design changes, t o  permi t  t he  f u l l  

performance p o t e n t i a l  o f  t he  d i sk  systems t o  be del ineated. 

The OCD MHD/steam system types f i n a l l y  se lected inc luded two d i r e c t l y - f i r e d  

systems, one separa te l y - f i r ed  system, and one oxygen-augmented system. The 

second d i r e c t l y - f i r e d  system was selected t o  be representa t ive  o f  t h e  

performance obta inab le  w i t h  supersonic d i s k  generator systems which cou ld  

prov ide  f o r  NOx removal Prom the  combustion gas by use o f  rad ian t  furance 

coo l i ng  r a t e  con t ro l .  Since the  1920 K preheat l e v e l  adopted i n  t h e  Base 

Cases precluded the  use o f  rad ian t  furnace design fea tures  t o  reduce NO, 

l e v e l s  i n  t he  exhaust gases t.o meet €PA l i m i t s ,  a lower preheat case ( 1650 K )  

was evaluated, f o r  which such NO, reduct ion  was poss ib le  w i thout  t he  use o f  

a separate exhaust gas scrubber. For the  1920 K separate ly- f  i r e d  case, and 

the oxygen-augmented case, subs to i ch ian~e t r i c  combustion and c o n t r o l l e d  gas 

coo l i ng  i n  the  rad ian t  seed and s lag  furnaces were considered adequate t o  

reduce NOx emissions t o  acceptable leve ls .  No d e t a i l e d  c a l c u l a t i o n s  o f  

NOx removal were performed. For the 1920 K d i r e c t l y - f  i r e d  case, a separate 

NOx scrubbing process was assumed. Estimates o f  NO, removal requirements 

us ing  the  EXXON DeNO, process were made, and can be found i n  Appendix D. 

These systems a l l  incorporated a d i r e c t  coo l i ng  system f o r  the  MHD power t r a i n  

components us ing condensate and feedwater as coolant,  r a t h e r  than us ing a 

separate coo l i ng  loop. The use o f  the  d i r e c t  coo l i ng  system provides f u l l  

heat recovery c a p a b i l i t i e s ,  thus r e s u l t i n g  i n  improved c y c l e  e f f i c i e n c y .  

However, i t  was recognized t h a t  the  f u l l  extent  o f  p o t e n t i a l  problems 

associated w i t h  the  opera t ion  and sa fe ty  o f  such d i r e c t  coo l i ng  systems remain 

t o  be determined. 



The generator design was based on the  constant  H a l l  f i e l d  cons t ra in t ,  which 

proved t o  be a s a t i s f a c t o r y  design c r i t e r i o n .  Except f o r  t he  1650 K preheat 

Case, a generator i n l e t  Mach number o f  1.9 was selected. The h igh  i n i t i a l  Mach 

number a l lows the ho t  gas i n  t he  generator t o  expand over a s u f f i c i e n t l y  long 

d is tance before  going through sonic t r a n s i t i o n .  For  the lower Preheat Case, 

because o f  t he  lower preheat temperature and combustor s tagnat ion  temperature, 

a lower i n l e t  Mach number was se lec ted  t o  prevent the gas s t a t i c  temperature 

frorn becoming excessively  low. 

A d i f f u s e r  pressure recovery c o e f f i c i e n t  o f  0.6 was adopted f o r  a l l  cases. 

This  recovery e f f i c i e n c y  was considered t o  be near the l i m i t  o f  p o t e n t i a l l y  

achievable recovery c o e f f i c i e n t s  f o r  u i s k / d i f  f use r  designs in tegra ted  w i t h  

rad ian t  furnace i n l e t  ducts, as described i n  Sect ions 6.1 and 6.5. 

A 3500 psia/lOOO°F/lOOOOF ex t rdc t i on - t ype  steam bottoming p l a n t  was i n teg ra ted  

w i t h  the MHD cycle.  De ta i l ed  steam p l a n t  modeling and o p t i m i z a t i o n  was per -  

formed f o r  the  1920 K d i r e c t l y - f i r e d  Case. The selected steam p l a n t  

c o n f i g u r a t i o n  i s  shown schemat ica l ly  i n  F igure  5-4-3. Condensate pump 

discharge i s  s p l i t  i n t o  two separate streams, one passing through a feedwater 

heater t r a i n  and the  o ther  passing through the d i s k  generator coo l i ng  systern 

and the low temperature economizer. The heater t r a i n  conta ins  seven closed 

heaters and one open heater which serves a lso as a deaerator. These two 

streams are then mixed and heated f u r t h e r  i n  a second economizer and subsequent 

components. 

The conf igura t ion  chosen was found t o  g i ve  an e f f i c i e n c y  o f  42.4% which i s  

s l i g h t l y  h igher  steam cyc le  e f f i c i e n c y  than the case where d i sk  coo l i ng  and the  

economizer are i n  se r i es  w i t h  the feedwater heater t r a i n .  I n  the l a t t e r  

conf igura t ion ,  gas s ide  temperature cons t ra in t s  coupled w i t h  the  r e l a t i v e l y  

la rge  heat loads o f  the d i sk  coo l i ng  system and the  low temperature economizer 

would requ i re  the d e l e t i o n  o f  some o f  the  lower temperature feedwater heaters, 

r e s u l t i n g  i n  decreased steam cyc le  e f f i c i e n c y .  



A l l  systems were s ized t o  a nomlnal net  e l e c t r i c a l  power output  o f  1000 MWe. 

This represents a t y p i c a l  c e n t r a l  power s t a t i o n  s i z e  which i s  w ide ly  accepted 

by l a rge r  u t i l i t i e s  i n  terms o f  c a p i t a l  investment. The 1000 MWe p l a n t  a lso  

permi ts  adequate load matching f o r  normal power d i s t r i b u t i o n  systems, and 1' 2 
L 

provides adequate s i ze  t o  r e a l i z e  the  b e n e f i t s  o f  sca l ing  i n  terms of MHD c y c l e  I! 
performance. 

! 
Table 5.4.7 summarizes the  c h a r a c t e r i s t i c  parameters f o r  each o f  the  f i n a l  

opt imized OCD cases. Gas-side and a i r - s i d e  s ta tepo in ts  f o r  each system are d 
:3 

I 

contained i n  Tables 5.4.8 through 5.4.11. Steam-side s ta tepo in ts  f o r  the  

s u p e r c r i t i c a l  ex t rac t i on - t ype  system designed s p e c i f i c a l l y  f o r  t he  1920 K 

d i r e c t l y - f i r e d  case are provided on Figure 5-4-3. Performance f o r  each OCD 

system i s  described i n  Table 5.4.12. 

Overa l l  p l a n t  e f f i c i e n c i e s  (coa l  p i l e  t o  bus bar)  obtained ranged from 39.0 E 
I percent f o r  the  separa te ly - f i red  OCD system t o  45.5 percent f o r  the  1920 K f 
I 

I preheat d i r e c t l y - f i r e d  system. The use o f  separa te l y - f i r ed  preheaters o r  t 
I oxygen enrichment t o  achieve the required combustion temperatures r e s u l t s  i n  t 

subs tant ia l  performance penal t ies.  The oxygen-augmented system shows a 
I 

s l i g h t l y  h igher performance, and can be considered t o  provide a h igher l e v e l  of 

r e l i a b i l i t y  than the separa te l y - f i r ed  system w i t h  regenerat ive preheaters. 



TABLE 5.4.7 BASE PARAMETERS FOk ThE FIhAL SELECTED GCD SYSTEMS 
i 

Plant Size, MWe 

1920 K 1650 K Indirect [I 
Direct Firec Girect Fired Fired ~arichea 

(CASE 1A) (CASE 10) (CASE 2 )  (CASE 3) 

Oxidant Air Air Air Enriched n1r 

Oxidant Preheat Temperature, K 1920 1650 1920 922 

Oxidant Preheater Type Direct- Direct- 1 nd i rect- Metal 1 ic 
Fired HTAH Fired HTAH Fired HTAH heaters 

Generator Inlet Mach Number 1.9 1.7 1.9 1.9 

Generator Inlet Swirl 0.5 0.5 C. 5 0.5 

Generator Design Mode Constant Constant Constant Constant 
Hall Field Hall Field hall Field hall Field 

Cn 
I 
Q Maximum Hall Field, kV/m 12 12 12 12 
d 

Diffuser Pressure Recovery Factor 0.6 0.6 0.6 0.6 

Magnetic Induction, T 7 7 7 7 

MHDS Power Train Component Cooling Direct Direct Direct Direct 
Feeawater Feedwater Feedwater Feedwater 
Coo 1 i ng Cool ing Coo 1 ing Coo 1 i ng 

Stem Bottoming Plant 

NOx Scrubbing System 

Extraction Extraction Extraction Extraction 
Type TY pe Type 
fuHj Scrubber None Requirea None Required hone Requirea 





STATEPO I N T  

STAT ION 
NUMBER 

TABLE 5 . 4 . 8  GAS AYD A I R  SIOE STATEPOINTS 

FOR 1920 I( DIRECTLY FIRED OCD SYSTEM (CASE 1A) 
( S t a t  i o n  Numbers C o r r e s p o n d  t o  F i g u r e  5 -4 -4 )  

h 

W P T SPECIF l C 
MASS FLOW PRESSURE TEMPERATURE ENTHALPY 

(kg/s ( 100 kPa) (K  (MJ/k9) 





TABLE 5 . 4 . 9  GAS AND A I R  S I D E  STATEPOINTS FOR 

1 6 5 0  K DIRECTLY-FIRED OCD SYSTEM (CASE 1 8 )  

( S t a t i o n  Numbers  C o r r e s p o n d  t o  F i g u r e  5 - 4 - 4 )  

STATEPOINT W P T S P E C I F I C  

STAT ION MASS FLOW PRESSURE TEMPERATURE ENTHALPY 

NUMBER ( k g / s )  ( 100 k P a )  ( K )  (Mj /kg)  



Figure 5-4-5. Separately F i r e d  OCD MHD/Steam System - 
Statepoint  Stat ion? f o r  Optimized Design Case 2 

- 
-4 I 
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LPOINTS FOR TABLE 5 .4 .10  GAS AND AIR SIDE STAT' 

1920 K SEPARATELY-F IRED OCD SYSTEM (CASE 2 )  

( S t a t i o n  Numbers Correspond t o  F i g u r e  5-4-5)  

! 

STATEPOINT P T W SPECIFIC 

STAT ION MASS FLOW PRESSURE TEMPERATURE ENTHALPY 

NUMBER (kg /s )  ( 1 0 0  kPa) ( K )  ( M j I k g )  



STATEPOINT 

STATION 

NUMBER 

TABLE 5 . 4 . 1 0  GAS AND A I R  S I D E  STATEPOINTS FOR 

1 9 2 0  K SEPARATELY-FIRED OCD SYSTEM (CASE 2 )  ( C O N T ' D )  

( S t a t i o n  N u m b e r s  C o r r e s p o n d  t o  Figure 5 - 4 4 )  

h 

W P T S P E C I F I C  
MASS FLOW PRESSUHE TEMPERATURE ENTHALPY 

( k g / s  ( 100 k P a )  (I0 ( M j l k g )  





TABLE 5 . 4 . 1 1  GAS AND AIR S IDE STATEPOINTS FOR 

OCD SYSTEM WITH OXYGEN AUGMENTATION (CASE 3 )  

( S t a t i o n  Numbers C o r r e s p o n d  t o  F i g u r e  5-4-6)  

STATEPOINT 

STAT I ON 

NUMBER 

h 

W P T SPECIFIC 

MASS FLOW PRESSURE TEMPERATURE ENTHALPY 

( k 9 / s  1 ( 100 k P a )  ( K  1 ( M j / k g )  



TABLE 5.4.12 

Coal Inpu t  t o  Plant,  MWt 
MHD Combustor 

G a s i f i e r  
Seed Regenerat i o n  
Tota l  

Gross Power Out, MWe 
MHD (dc)  

Steam 
Gas Turbine 
Tota l  

i 
1 Power Consumption, MWe 
i? Cycle A i r  Compressor 

~1 B o i l e r  Feed Pumps 
I 
a 
A 

Oxygen P lan t  

I NOx Scrubber 
Other 

k Tot a 1 

Generator I n l e t  Pressure - Atn. 
Generator Mass Flow - kg/s 
Generator I n l e t  Temperature - K 
Disk I n l e t  Radius (m) 
Disk O u t l e t  Radium (m) 
Radia l  E - f i e l d  (kv/m) 
Voltage (kV) 
To ta l  Enthalpy i n  (MW) 
Enthalpy E x t r a c t i o n  (%) 
Generator I sen t rop i c  eff .  (%) 
P lan t  Net Power Out, MWe 
P lan t  E f f i c i ency ,  % 

PEaFORMAtiCE SUI4t4ARY FOR OPTIMIZED OCD SYSTEMS 

DIRECTLY-FIRED DIRECTLY-FIRED SEPARATELY-FIRED 
1920 K PREHEAT 1650 K PREHEAT 1920 K PREHEAT 02 ENRICHED 



6.0 OPEN CYCLE DISK SYSTEMS - MAJOR 

COMPONENT AND SUBSYSTEM DESIGN 

6.1 DISK GENERATOR, NOZZLE, AND DIFFUSER DESIGN 

The general layout  o f  the d i sk  generator design which was developed f o r  

a p p l i c a t i o n  t o  open c y c l e  MHD systems i s  t h a t  o f  two mono l i t h i c  p ie rced disks, 

which mate a t  t h e i r  ou ter  circumferences w i t h  s t r u c t u r a l  members o f  the  d i f -  

fuser. A c e n t r a l  ho le  i s  prov ided i n  one o f  the d isks  t o  permi t  combustion 

gas plasma eqt ry ;  the  plasma, a f t e r  passing through the f l ow  channel formed by 

the shaped upper and lower d i sk  inner  surfaces, then exhausts t o  a d i f f u s e r  

connected t o  the ou ter  circumference o f  the d i sk  s t ruc ture .  The supersonic 

nozzle i s  formed by a necking-down o f  the inner  surfacgs o f  each disk, j u s t  

r a d i a l l y  downstream o f  the c e n t r a l  plasma i n l e t .  

The d i f f u s e r  i t s e l f  i s  an annular s t r u c t u r e  surrounding the d i sk  generator, 

and accept ing i t s  exhaust a t  i t s  inner  circumference. Decelerat ion o f  the 

supersonic d isk  exhaust plasrna i s  accomplished by means of a sonic t r a n s i t i o n  

set up j u s t  a t  the e x i t  o f  the d i sk  ( a  normal shock i s  assumed f o r  ca l cu la -  

t i o n a l  purposes) f o l  lowed by d i f f u s i o n  o f  the high-subsonic annular f l ow  

through a se t  o f  p a r a l l e l  equ iva len t  s t r a i g h t - w a l l  d i f f u s e r s  formed by the 

placement o f  a number o f  s p l i t t e r  vanes i n  the annulus. The d i f f u s e r  ex l~austs 

a t  1.068 atmospheres t o  the rad ian t  furnace arrangement through a s e t  of 

co l  l ec  t i on  ducts arranged symmetr ical ly about i t s  outer  per iphery.  

o. 1 .1  NOZZLE AND D I S K  GENERATOR DESIGN 

The d i sk  generator and d i f f u s e r  s t r u c t u r a l  concept i s  i l l u s t r a t e d  i n  F igure  

6-1-1. This  concept i s  by no means an opt imized s t r u c t u r a l  s o l u t i o n  and many 

o f  the f a b r i c a t i o n  and assembly d e t a i l s  have no t  been addressed; however, the  

concept has been developed t o  the degree necessary t o  permi t  the prepara t ion  

o f  v a l i d  weight and cas t  estimates. Design parameters f o r  the d isk  generators 

and nozzles o f  each o f  the 4 OCD system designs are provided i n  T a ~ l e s  6.1.1A 

through 6.1. ID. 





TYPE 

TABLE 6.1.1A 
0CG POWER SYSlEM - CASE 1A 
NOZZLE AND DISK GENERUIOR 

DESIGN UATA 
(1920K DIRECTLY-FIREb DISK SYSTkM) 

3 
Radia l  Outf low H a l l  Generator w i t h  S w i r l  a 

OPERATING MODE Supersonic Near- Impul se Mode 

DIMENSIONAL DATA, PLASMA-WETTED SURFACES 
Disk I n l e t  Radius 1.256 m 
Disk I n l e t  Height 0.419 m 
Disk O u t l e t  Radius 5.206 a 
Disk O u t l e t  Height 0.243 nl 

PLASMA PROPERTIES 
Mass Flow 
I n l e t  Pressure 
I n  l e t  Temperature 
I n l e t  S w i r l  Ra t io  

NOLLLL DATA 
l n l e t  Pressure 
l n l e t  Temperature 
Nozzle O u t l e t  Area 

COOL 1 NG SY 5TtCI 1)ATH 

TY pe 
Cooling Water Pressure 
Cooling Water Flow 
Cooling Water l n l e t  leniperature 

U I Sh ELECS k 1 CAL DATA 
Design H a l l  F i e l d  (Constant) 
Tota l  Terrrlinal Voltage D i f fe rence 
FlHO dc Power 

MISCELLANEOUS 
Total  Weight ( t op  & bottom sect ions)  
Cooling System P ip ing  
Disk S t r u c t u r a l  M a t e r i a l  

Thickness 
Inner I n s u l a t i n g  Wall Operating 

Temperature 
Design Ax ia l  Magnetic F i e l d  

Low Pressure Regenerative 
1013 kPa 
179.7 kg/s 
312 K 

136,000 kg 
2" Sch 40s Sta in less  Steel  
F i berg 1 ass 
0.23 m 
2000 K 



TYPE 

OPERATING MODE 

TABLE 6.1.18 
OCO PObER SYSTEM-CASE 16 
NOZZLG AND DISK GENERATOR 

DESIGN DATA 
( 165UK OIHECTLY-FIRED DISK SYSTEM) 

Radial  Outflow H a l l  Generator w i t h  S w i r l  

Supersonic bear-Impulse Mode 

U IMENS IONAL DATA, PLASMA-WETTED SURFACES 
Disk I n l e t  Radius 1.309 m 
Disk I n l e t  Height 0.436 m 
Oisk Ou t le t  Radius 5.lb4 m 
Disk O u t l e t  Height 0.254 m 

PLASMA PROPERTIES 
Mass Flow 
I n l e t  Pressure 
I n l e t  Temperature 
I n l e t  S w i r l  Ra t i o  

NOZZLE DATA 
I n l e t  Pressure 
I n l e t  Temperature 
Nozzle Ou t le t  Area 

COOLING SYSTEM DATA 

1.y pe Low Pressure Regenerative 
Cooling Water Pressure 993 kPa 
Cooling Water Flow 195.1 kg/s 
Cooling Water I n l e t  Temperature 312 K 

D ISK  ELECTRICAL DATA 
Design Hal 1 F i e l d  (Constant) -12 kV/m 
Tota l  Terminal Voltage D i f fe rence 46.5 kV 
MHD dc Power 522.3 MWe 

Tota l  Weight ( t o p  & bottom sect ions)  134,000 kg 
Cooling System P ip ing  2" Sch 4US Sta in less  Steel  
Oisk S t r u c t u r a l  Ma te r i a l  F iberg lass  

Thickness 0.23 m 
Inner  I n s u l a t i n g  Wall Operating 2000 K 
Iemperature 

Design Ax ia l  Magnetic F i e l d  7 T 



TYPE 

OPERATING MODE 

Table 6.1.1C 
OCD POWER SYSTEM-CASE 2 

NOZZLE AND DISK GENERATOR 
DESIGN DATA 

( 1920K INDIRECTLY-F IRED DISK SYSTEM) 

Radial  Out f low H a l l  Generator with S w i r l  

Supersonic Near-Impu 1 se Mode 

DIMENSIONAL DATA, PLASMA-WETTED SURFACES 
Disk I n l e t  Radius 1.051 m 
Disk I n l e t  Height 0.350 m 
Disk O u t l e t  Radius 4.909 m 
Disk O u t l e t  Height 0.180 m 

PLASMA PROPERTIES 
Mass Flow 
I n l e t  Pressure 
I n l e t  Temperature 
I n l e t  Mach Number 
I n l e t  S w i r l  Ra t i o  

NOZZLE DATA 
I n l e t  Pressure 
I n l e t  Temperature 
Nozzle O u t l e t  Area 

COOLING SYSTEM DATA 
Type Low Pressure Regenerative 
Cool ing Water Pressure 1013 kPa 
Cool ing Water Flow 1 92.2 kg/s 
Cool ing Water I n l e t  Temperature 312 K 

DISK ELECTRICAL DATA 
Design Hal 1 F i e l d  (Constant) 
To ta l  Terminal Voltage D i f fe rence 
MHD dc Power 

MISCELLANEOUS 
Tota l  Weight ( t o p  & bottom sec t ions)  
Cool ing System P ip ing  
Disk S t r u c t u r a l  Ma te r i a l  

Thickness 
Inner  I ns t i l a t i ng  Wall Operat icg 

Temperature 
Design Ax ia l  Magnetic F i e l d  

123,000 kg 
2" Sch 40s Sta in less  Stee l  

F iberg lass  
0.23 m 
2000 K 



TABLE 6.1.10 
OCD POWER SYSTFM-CASE 3 

NOZZLE AND OISK GENERATOR 
DESIGN DATA 

(OXYGEN-AUGMENTED OISK SYSTEM WITH 
METALLIC AIR HEATER) 

TY PC Rad ia l  Outflow H a l l  Generator w i t h  S w i r l  

OPERATING MODE Supersonic Near- Impu! se Mode 

DIMENSIONAL DATA 
Disk I n l e t  Radius 
Disk I n l e t  Height 
Disk O u t l e t  Radius 
Disk 0ut:s'. Height 

PLASMA PROPERTIES 
Mass Flow 
l n l e t  Pressure 
l n l e t  Temperature 
I n l e t  Mach Number 
I n l e t  S w i r l  Ra t i o  

NOZZLE DATA 
l n l e t  Pressure 
l n l e t  Temperature 
Nozzle Ou t le t  Area 

COOLING SYSTEM DATA 
Type Low Pressure Regenerative 
Cool ing Water Pressure 993 kPa 
Cool ing Water Flow 213.6 kg/s 
Cool ing Water I n l e t  Temperature 312 K 

D I S K  ELECTRICAL DATA 
Design H a l l  F i e l d  (Constant) -12 kV/m 
Tota l  Terminal Voltage D i f fe rence 53 kV 
MHD dc Power 450.6 MW, 

MISCELLANEOUS 
Tota l  Weight ( t o p  & bottom sect ions)  143,100 kg 
Cool ing System P ip ing  2" Sch 40s Sta in less  Steel  
Disk S t r u c t u r a l  Ma te r i a l  F iberg lass  

Thickness 0.23 m 
Inner  I n s u l a t i n g  Wall Operat ing 2000 K 

Temper a t  u r e  
Oesign Ax ia l  Magnetic F i e l d  7 T 



Disk Pressure Wall 

The d i sk  pressure w a l l s  are made o f  f i b e r g l a s s  t o  p rov ide  the  requ i red  

e l e c t r i c a l  i n s u l a t i o n  between the  cu r ren t  c o l l e c t o r  e lec t rode r ings.  Each 

f i b e r g l a s s  w a l l  i s  f ab r i ca ted  i n  the form o f  a p ie rced monolithic f l a t  disk, 

approximately 0.i3 in ( 9  inches) i n  thickness. A c e n t r a l  ho le  o f  approx- 

imate ly  2.5-3 m i n  diameter i s  provided i n  the  lower d i sk  f c r  plasma entrance 

f rom the combustor, s ince a l l  the  open cyc le  generator systems selected f o r  

conceptual design w i l l  operate i n  the out f low mode. 

The f i b e r g l a s s  s t r u c t u r a l  w a l l  i s  p ro tec ted  from the  hot  channel gases by a 

th ickness o f  magnesid r e f r a c t o r y  which i s  supported by a ser ies  o f  water- 

cooled s ta in less  s t e e l  tube r ings .  Welded studs are prov ided on the tube r i n g s  

t o  promote the adhesion o f  the  ceramic mass; the tube r i n g s  themselves are 

attached t o  the f ibereglass by a bo l ted  support. (Most fasteners and m e t a l l i c  

members i n  t h i s  reg ion  should be f a b r i c a t e d  o f  norlmagnetic ma te r i a l s  s ince they 

operate i n  the c e n t r a l  f i e l d  of the magnet). The bu lk  of the  magnesia 

-e f rac to ry  i s  i n s t a l l e d  as a rammed mass, shaped t o  p rov ide  th, appropr iate 

channel l o f t i n g .  A f i n i s h  coat  o f  plasma jet -sprayed magnesia i s  appl iea t o  

the  ranuned mass su r f  aces. 

Disk !dall Ref rac tory  

Magnesia was selected as the reference r e f r a c t o r y  f o r  the  d i sk  generator 

a p p l i c a t i o n  due t o  i t s  known c a p a b i l i t y  t o  r e s i s t  slag-and seed-laden plasma 

d e t e r i o r a t i o n .  The design w a l i  aperat ing temperature o f  2000 K (3140°F) i s  

o n l y  s l  i g h t  l y  h igher  than the cur ren t  ly-accepted upper 1 i m i  t o f  3000°F f o r  

r e l i a b l e  operat ion o f  water-cooled magnesia wa l ls .  As demonstrated i n  the 

open-cycle parametr ic evaluat ions, the opera t ing  w a l l  temperature o f  the d i sk  

does not  appear t o  be a per fo rmance-cr i t i ca l  parameter i n  the  1600 K - 2000 K 

range, and a t radeo f f  between s l i g h t l y  lower w a l l  temperature (hence h igher  

d i s k  heat losses) and s i l r iace l ongev i t y  c ~ u l d  thus be made, i f  the h igher  wa l l  

temperature i s  determined t o  be detr imenta l  t o  the  i n t e g r i t y  o f  the magnesia 

sur f  aces. 



Disk Wall Cool ing Water System 

Disk w a l l  cool i rrg i s  prov ided by a  se r ies  o f  c i r c u ~ i ~ f e r e n t i a l  coo l i ng  water 

tubes i n  the d i sk  r e f r a c t o r y  wa l l .  These headers are located on a f i x e d  r a d i a l  

p i t c h  (0.1 rtieter o r  4" chosen f o r  t h i s  study) and c a r r y  i n  p a r a l l e l  

approximatt?ly one-half o f  the t o t a l  steam p l a n t  condensate f l ow  ( a t  312K i n l e t  

t t t~ r lpe~~ature)  f o r  regenerat ive coo l i ng  o f  the d isk generator wa l l .  The low 

pressure and temperature o t  the coo l i ng  water permi ts  use of a  r e l a t i v e l y  

t h i n - w a l l  s ta in less  s t e e l  tub ing  (2"  schedule 40s was selected f o r  the r e f -  

erence design),  a1 lows operat ion o f  the e n t i r e  d isk f i be rg lass  w a l l  a t  a con- 

s tan t  temperatut'e t o  e l im ina te  d e f l e c t i o n s  caused by d i f f e r e n t i a l  thermal 

stresses between inner and outer  w a l l  sect ions, and eases the d i f f i c u l t i e s  o f  

p rov id ing  e l e c t r i c a l  i s o l a t i o n  o f  the i n d i v i d u a l  c i r cumfe ren t i a l  tubes from one 

another and froitl ground. Cool ing water i s  suppl ied t o  each 1 i ne  fro111 a  

colnbined supply IiL.ia1er through a  length o f  i n s u l a t i n g  hose and re tu rns  t o  

another header t l lrouyh anottier equ iva len t  hose length. Each c i rcu lnferent  i a1 

t ~ l b e  run l~ iust  be provided w i t h  a  p a i r  o f  connectir lg necks pet le t rat  ing the 

f i be rg lass  and ending i n  a  coup; i l ly which connects t o  the i n s u l a t i n g  hoses from 

the condensate supply and r-eturn tieaders. The d isk  generator I S  des igrled t o  

operate w i t 1 1  a  grounded e x i t ,  so t h a t  the c o o l i c g  tubes w i l l  be a t  a  h igher  

pote l i t  i d l  the c loser  they are t o  the d isk  ax is .  The inner tube runs lilust thus 

be prov ided w i t h  the longest hoses t o  ensure e l e c t r i c a l  i s o l a t i o n .  

Uisk Generator Electrodes 

The e lec t rode systelil f o r  a d isk generator can i n  p r i n c i p l e  be ~ i~ade  very much 

simpler than t h a t  f o r  a  t y p i c a l  l i n e a r  generator of equivalent  power output.  

A t  the design po in t ,  the d isk  generator can i n  theory achieve adequate 

performance wh i l e  opera t ing  w i t h  on:y two sets o f  e lect rodes ( t h e  s ing le - load 

H a l l  generator).  As demonstrated i n  Sect ion 5.3.4, however, the o f f -des ign  

c h a r a c t e r i s t i c s  o f  the d i sk  generator rriandate the i r l c lus ion  o f  i n te r~ i l ed ia te  

e lect rodes between anode and cathode t o  prov ide cur ren t  c o n t r o l  c a p a b i l i t y  and 

s t a b i l i t y  under dctual  operat ing cond i t ions .  No :!lore than fou r  o r  f i v e  sets o f  

such interrtled i ate e lec t rodes are t t l ruyh t  t o  be requi red,  thus ~ i l a i n t a i n i n g  a 

simple d isk  design when cor~~pared t o  l i r l ea r  generatgrs 



The metal 1 ic cold-wall slagging electrode is proposed as the reference 

electrode design for this study. The relatively low temperature of the 

metallic surface will result in the buildup e?" liquid layer of slag over the 

electrode, providing thermal insulation and proci.,.;ion from abrasion by the 

particulates and condensed vapors carried in the high-velocity combusion 

products. Because of the high current concentrations resulting from 

electrothermal instabilities at the slag/plasma and slag/electrode interface, 

the base material of the electrode must be selected to provide exceptional 

thermal diffusivity as well as adequate condt-tivity[l]. Copper is the 

material selected for the disk generator el :-odes. Protective caps of 

oxidation-resistant materials must also be prbvided, especially on the anode, 

in order to limit electrode surface oxidation in the presence of high 

currents. 

The averiige surface current density for linear MHD generator electrodes has 
2 bee11 limited to 10 kA/m . For the disk, with electrodes widely separated by 

insulating walls and with no sidewall effects to enhance current concentra- 

tions on electrode surfaces, a higher average loading may be possible, say 

1 00-500 k~/m'. 

Electrodes for the disk generator are fabricated by bending rectangularsection 

extruded copper piping into continuous rings of the proper diameter for each 

electrode position. The design current loadings for any electrode in any of 

the four OCD design cases will be limited to a maximum of approximately 
2 30 kA/m with an exposed electrode surface of width 25.4 mm ( 1  inch) at any 

ring circumference equivalent to or greater than that for the disk inlet 

radius. At the segment short-circuit currents characteristic of the disk 

designs proposed, maximum current densities are on the order of 50 kA/m 2 

(assuming both upper and lower electrodes of any pair are equally loaded). The 

pl asma-and slag-contacting surf aces of the electrodes are capped with an 

oxidation-resistant material. Suitable choices would be noble metals such as 

platinum 0' palladium for the anode. Less costly materials, for exampl~ 

tungsten, could serve for the cathode and intermediate electrode cap material. 



The r e t e n t i o n  o f  a  s l a g  coa t i ng  on l i n e a r  generator  e l ec t rode  sur faces  i s  

a ided by the  i n c l u s i o r ~  o f  an i n s e t  s t r i p  o f  r e f r a c t o r y  m a t e r i a l .  Th i s  may n o t  

be necessary f o r  the d i s k  e lect rodes,  s i nce  they  a re  w e l l  separated and 

surrounded by  a  r e f r a c t o r y  w a l l  which cou ld  p rov ide  a  s l a g  adhesion surface. 

The h i g h  temperature o f  t he  i n s u l a t i o n  w a l l s  may n o t  be amenable t o  l i q u i d  

s l a g  r e t e n t i o n ,  however, s ince  s l a g  condensat ion temperature i s  on t h e  o rde r  

o f  1900 K. Th is  des ign f a c t o r  must be i n v e s t i g a t e d  i n  g rea te r  d e t a i l  i f  

f u r t h e r  work w i t h  co ld -e l ec t rode  d i s k  generators  i s  proposed. 

I n  the fu tu re ,  the  ho t  e l e c t r o d e  concept w i l l  p robab ly  be more adaptable and 

acceptable f o r  d i s k  generators,  a l though the  p r o t e c t i v e  s l a g  l a y e r  does o f f e r  

a  g rea te r  e l e c t r o d e  l i f e t i m e  w i t h  the  supersonic f l ows  w i t h  which d i s k  

perforlriance i s  op t  ilnized. 

I f  the  e l e c t r o d e  p o s i t i o n i n g  c r i t e r i a  i n d i c a t e d  by the  o f f - d e s i g n  c a l c u l a t i o n s  

of Sec t ion  5.3.4 are app l i ed  t o  each o f  the  f o u r  OCD syste~l i  cdses, p o t e n t i a l  

c lt?c t rode  pos i t  ions can be proposed atid t he  s p e c i f i c  per forn~ance para~ i ie te rs  

Fot- each d i sk  e l e c t r o d e  system lnay be ca l cu la ted .  For  a  d i s k  w i t h  f o u r  

separate segments, designed w i t h  the cons tan t  H a l l  f i e l d  c o n s t r d i n t  (El. = 

12 kV/m across the  d i s k )  the  seginentation lengths should decrease from i nne r  

t o  outer. r ad ius .  Taking a  rough segmentat i on  requirernerit o f  2 ~ r i /  l m/O.5 m/ 

0.5 111 as t he  base design case, each of the f o u r  d i s k  generators  proposed f o r  

the OCD cases w i l l  have e l e c t r o d e  system des ign parameters as noted i n  Tdble 

6.1.2, w i t h  a  re fe rence  e lec t rode  w id th  ( t h a t  i s ,  ou te r  su r face  r a d i u s  minus 

ir ir ier su r face  r a d i u s )  of 25.4 tnm. The rec tangu la r  copper p i p i n g  has e x t e r i o r  

dinierisions o f  25.4 x  50.8 ~iini, w i t h  a  w a l l  th i ckness  o f  approx imate ly  6.3 lnln 

(1 /4  inch) .  The cap th ickness  i s  assunled t o  be 0.75 mrri (3O m i l s ) .  Heat 

losses t o  t i le  e l ec t rode  c o o l i n g  system are est imated based upon a  s l a g  

te~npet'atur'e o f  1800 K and assurriing t h a t  a l l  heat t r d r i s f e r  o c c u r r i n g  i n  the 

generator  i s  through convect ion. The t o t a l  e l ec t rode  .;ysteln hellL. l oss  i s  l e s s  

than 7 percent  o f  the generator  t o t a l  ( w a l l  and e lec t rode )  heat l oss  i n  every  

case. Even w i t h  a  s i g n i f i c a n t l y  wider anode (say  125 mm) the  t o t a l  e l e c t r o d e  

systetn heat loss would be o n l y  10 percen t  o f  the  generator' t o t a l  heat loss.  



TABLE 6.1.2 OPEN CYCLE DISK SYSTEM DATA 

CASE 1A CASE 18 CASE 2 CASE 3 

Electrode Radius 
(m) 

Anode 1.26 1.31 1.05 0.92 
Electrode 2 3.25 3.25 3.00 3.00 
Electrode 3 4.23 4.23 3.95 4.05 
Electrode 4 4.72 4.72 4.55 4.75 
Cathode 5.21 5.18 4.91 5.35 

Disk Load Current 
( A )  
(Constant Er 
Constra int )  

Total  Electrode 
Surface Area 
(n12) 5.Q6 5.97 5.57 5.57 

Estimated Heat Loss 
t o  Electrode Cool ing 
System MWt 
( %  o f  Disk Tota l  Loss) 3.1 (6.6) 2.6 (6.8) 2.9 (6.8) 3.7 (6.3) 

7 

Electrode Loading 
a t  De ign Po in t  4 (kA/m ) 

Anode 
Cathode 



For the percentage heat losses noted above, i t  becomes f e a s i b l e  t o  use a 

coo l i ng  system f o r  the e lect rodes which i s  e n t i r e l y  independent o f  the  

bottoming p l a n t .  This  i s  an important advantage o f  the  d i sk  generator over 

current ly-proposed l i n e a r  generators, s ince i t  e l im ina tes  the  p o s s i b i l i t y  o f  

copper ions en te r i ng  the feedwater stream. I t  has been demonstrated t h a t  

copper o r  copper-bearing a1 loys, when used i n  the  lower-temperature regions of 

a h igh  pressure steam-raising system, w i l l  cause increased co r ros ion  r a t e s  i n  

h igh  heat f l u x  regions o f  the steam p lan t ,  p a r t i c u l a r l y  i n  regions where phase 

changes are occur r ing  i n  the working f l u i d .  The use o f  a l l  s ta in less -s tee l  

p i p i n g  i n  the regenerat ive coo l i ng  sect ions o f  the  disk, d i f f u s e r ,  and 

combustor has been proposed i n  order t o  p rov ide  ma te r ia l s  i n  these sect ions 

i d e n t i c a l  t o  t h a t  u t i l i z e d  i n  the rad ian t  furnace waterwalls, thus e l i m i n a t i n g  

a l l  sources o f  copper from the  system. 

The copper e lec t rode r i n g s  f o r  the d i sk  are supported by studs he ld  i n  p lace 

i n  the f i b e r g l a s s  i n s u l a t i n g  wa l l s  of the disk. The design o f  the  e lec t rode 

support system must inc lude p rov i s ion  f o r  conta in ing  the r e a c t i o n  forces 

caused by the motion o f  the load cu r ren t  i n  a ?lane norninally perpendicular  t o  

t ha t  o f  the magnet a x i a l  f i e l d  vector, as we l l  as by the skew forces r e s u l t i n g  

from the increasing r a d i a l  f i e l d  near the ou ter  per iphery  o f  the magnet. The 

d e t a i l s  o f  the fo rce  containnient s t r u c t u r e  f o r  the e lec t rode r i n g s  have not  

been determined, as they are beyond the scope o f  t h i s  study. 

A schematic representat ion of the e lec t rode i n t e g r a t i o n  w i t h  the d i sk  wa l l ,  

and the cu r ren t  e x t r a c t i o n  prov is ions  f o r  electrodes, are shown i n  F igure  

6-1-1 D e t a i l  D. Cooling water can be introduced through a downcomer brazed t o  

an opening i n  the ou ter  wa l l  o f  each c i r c u l a r  e lect rode,  en te r i ng  through an 

i n s u l a t i n g  sec t ion  o f  hose from the combined e lec t rode / i nve r te r  coo l i ng  

system. Th is  system i s  independent o f  the bottorning p l a n t  systems, r e j e c t i n g  

heat d i r e c t l y  t o  the p l a n t  component coo l i ng  o r  serv ice  water system. Wdter 

treatment must be as comprehensive as t h a t  f o r  the d isk/d i f fuser /combustor  

coo l i ng  systems, i n  order t o  p rov ide  an extremely low c o n d u c t i v i t y  f l u i d .  

Temperature can be kept i n  the 373-423 K range w i t h  r e l a t i v e l y  low f l u i d  

pressures. A f t e r  coo l ing  the  e lec t rode r i n g ,  the water i s  ex t rac ted  a t  a 



po in t  d iamet r i ca l l y  opposed t o  i t s  i n j e c t i o n  point ,  again through an insulated 

connection which returns the heated f l u i d  t o  the heat exchangers and 

demineralizers. The t o t a l  heat load i n  a s ing le  r i n g  electrode from ohmic 

heating a t  short  c i r c u i t  current  i s  less than 100 kW. The system i s  thus 

e f f ec t i ve l y  sized f o r  removal o f  heat t ransfer red from the d isk  plasma t o  the 

electrode walls. 

No cool ing i s  required f o r  the p a i r  o f  25.4 x 76.2 mm insulated copper bus 

bars which ex t rac t  the current  a t  opposite sides o f  each r i n g  electrode. Four 

bus bars are connected t o  form the combined current  lead- in from one electrode 

p a i r  t o  one terminal o f  the inver ter  bank serv ic ing a s ing le  segment. 



F- 
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Disk Generator Supersonic Nozzle 

The nozzle which achieves the f i n a l  acce le ra t i on  o f  the  combt~stor s w i r l i n g  

e x i t  f l ow  t o  the  supersonic v e l o c i t i e s  needed f o r  d i sk  generator power ex t rac-  

t i o n  i s  f ~ r m e d  by a continuous c i r c u l a r  c o n s t r i c t i o n  i n  the  f l o w  passage be- 

tween the  upper and lower d isk  wa l l s  j u s t  downstream o f  the  combustor exhaust 

ou ter  radius. To minimize stagnat ion pressure losses i t  i s  ,Iecessary t o  t u r n  

the a x i a l  component o f  plasma f l ow  leav ing  the combustor w h i l e  i t  remains sub- 

sonic, and t o  achieve the bulk  o f  the acce lera t ion  t o  supersonic v e l o c l t y  

a f t e r  the  conversion of t h i s  a x i a l  f l o w  component t o  e i t h e r  r a d i a l  o r  tangen- 

t i a l  f low.  The c o r r e c t  design o f  the  supersonic nozzle requ i res  a d e t a i l e d  

e f f o r t  f o r  each i n d i v i d u a l  d i sk  generator rpp l i ca t i on ,  which i s  w e l l  beyond 

the scope of t h i s  study. 

Cool i ng  o f  the  nozzle wal I s  i s  provided by the d i sk  genernLor coo l i ng  system 

p rev ious l y  described. Since a l l  po r t i ons  o f  the d isk  generator s t r u c t u r e  

i ns ide  the rad ius  o f  the inner  e lec t rode w i l l  operate a t  a constant p o t e n t i a l  

above ground, the design o f  the cool  i ng  system i n  the  nozzle reg ion  can r e l y  

upon m u l t i p l e  headers and la rger ,  more c l o s e l y  spaced c o o l i n g  passages, i f  

necessary, t o  p r o t e c t  the nozzle surfaces and those o f  the upper d i sk  sec t ion  

d i r e c t l y  opposed t o  the combust.or e x i t ,  F6r t h i s  design concept, the  d i sk  

coo l i ng  l i n e  separat ion o f  0.1 m has been assumed t o  be maintained i n  the 

nozzle region t o  f a c i l i t a t e  e s t i m a t ~ o n  o f  costs and weignts. 

6.1.2 ANIIULAR DIFFUSER FOR D I S K  GENERATOR 

Conceptually, the most e f f i c i e n t  d i f f u s e r  f o r  a d i sk  generator w i t h  r a d i a l  

ou t f low would be a r a d i a l  ( i .e., constant  angular momentum) d i f f u s e r  o f  the 

type u t i l i z e d  i n  turbomachinery. This  would prov ide f o r  r e l a t i v e l y  h igh  

pressure recovery w i t h  minimal heat loss. With the opera t ing  parameters and 

a p p l i c a t i ~ n s  chosen f o r  the open-cycle d i sk  generators i n  t h i s  study, however, 

the use o f  a pure r a d i a l  d i f f u s e r  i s  complicated by the absence o f  any s i g n i -  

f i c a n t  d isk  o u t l e t  s w i r l  and by the necess i ty  t o  couple the d isk  exhaust t o  a 

steam bottoming p lan t .  The d i f f u s e r  concept se lected was thus t h a t  o f  an 

annular d i f f u s e r  surrounding the d i sk  generator, which couples the  d isk  ex- 

haust t o  a l i m i t e d  number o f  d i s c r e t e  r a d i a n t  furnaces located about the 

d i f f u s e r  periphery. 



6.1.2.1 D i f f u s e r  Layout 

The d i sk  d i f f u s e r  i s  composed i n  concept o f  a se t  o f  r a d i a l  ly-disposed 

equ iva len t  1 inear  d i f f u s e r s ,  whose w a l l s  are formed by s p l i t t e r  vanes running 

from the  roo f  (upper h o r i z o n t a l  sur face)  t o  the  f l o o r  ( lower h o r i z o n t a l  sur- 

face)  o f  the annular d i f f u s e r .  The s p l i t t e r  vanes ac t  as l o c a t i n g  and sup- 

p o r t i n g  members f o r  the  d i f f u s e r  s t r u c t u r e  and prov ide  access between the  

upper and lower d i sk  surfaces f o r  serv ice  connections passing through t h e i r  

i n t e r i o r .  

6.1.2.2 D i f f u s e r  Aerodynamic Design 

The number of s p l i t t e r  vanes and t h e i r  aerodynamic shapes are d i c t a t e d  by the  

prec ise  app l i ca t i on .  The design must prov ide equ iva len t  backpressure on the 

d i sk  exhaust a t  any azimuthal l oca t i on  along the  e x i t  radius, wh i l e  a t t a i n i n g  

lnaximun~ pressure recovery and t u r n i n g  the  f l o w  i n t o  a l i m i t e d  nunlber of sym- 

me t r i ca l l y -p laced  rad ian t  furnace i n l e t  ducts. A t  any r a d i a l  p o s i t i o n  the 

r a t e  o f  increase o f  the f l o o r - t o - r o o f  and wa l l - t o -wa l l  dimensions betweell 

s p l i t t e r  p a i r s  must be selected t o  prevent s t a l l  and t o  prov ide niaxinium pres- 

sure recovery i n  analogous fash ion  t o  t h a t  f o r  a pu re l y  l i n e a r  d i f f u s e r .  For 

the open-cycle generator cases and parameters selected f o r  the opt inl ized sys- 

tem designs i n  t h i s  study, i t  was determined t h a t  a d i f f u s e r  w i t h  a maximun~ 

o u t l e t  rad ius  o f  about 10 meters and a s p l i t t e r  p a t t e r n  o f  24 s tpara te  vanes 

equa l ly  pos i t i onzd  i n  azimuth could be ca lcu la ted  t o  prov ide reasonable an- 

nu l  ar d i f f u s e r  performance[Z]. This d i f f u s e r  design was then assumed f i x e d  

f o r  a l l  f o u r  o f  the  open-cycle cases. (The i n l e t  rad ius  o f  the d i f f u s e r  was 

taken t o  be equal t o  the  o u t l e t  rad ius  o f  the  d i sk  generator f o r  each 

i n d i v i d u a l  case.) Each f l o w  path between s p l i t t e r  vanes i s  assunled t o  c a r r y  

mass f l o w  equal t o  the t o t a l  d i sk  generator f l o w  d i v ided  by the number o f  

equ iva len t  f low paths i n  the d i f f u s e r .  

Supersonic t o  Sl~bsonic T rans i t i on  

For the t r a n s i t i o n  from supersonic t o  subsonic f low, the d isk generator per-  

formance model assumes the  ex is tence of a normal shock a t  the d i sk  generator 

e x i t .  The i n l e t  Mach number f o r  the subsonic p o r t i o n  o f  the  d i f f u s e r  w i l l  

depend upon the Mach number a t  which the s ~ n i c  t r a n s i t i o n  occurs. This i s  set 



by the d i f f u s e r  o u t l e t  condi t ion,  which spec i f i es  the  d i sk  e x i t  radius.  I n  .. 
prac t ice ,  an ob l ique shock system w i l l  be se t  up a t  the d i sk  e x i t  radius;  the  

system w i  11 undoubtedly move up and down the channel s l i g h t l y ,  even g iven the  

p r o v i s i o n  o f  a very soph is t i ca ted  combustor/ inverter i n teg ra ted  c o n t r o l  

system. A l i m i t e d  distance, over which the  sonic t r a n s i t i o n  can occur through 

a se r ies  of an l ique shocks i s  prov ided a f t e r  the  d i sk  e x i t  rqd ius  and p r i o r  t o  

the leading edge of the s p l i t t e r s .  Flow dece lera t ion  w i l l  occur w i thout  

r e s o r t  t o  a complicated wa l l  separat ion design i n  t h i s  region, s ince the 

equivalent  f l o w  area f o r  constant f l oo ia - roo f  separat ion increases l i n e a r l y  as 

the radius. Ma in ta in ing  a constant channel he igh t  i n  t h i s  area may no t  pro-  

mote maximum pressure recovery, however. Each app l i ca t i on  of the d i f f u s e r  

requ i res  an extensive aerodynamic evaluat ion,  no t  o n l y  f o r  design p o i n t  opera- 

t i o n  bu t  f o r  normal f l u c t u a t i o n s  about the design po in t ,  and f o r  maneuvering. 

rhese d e t a i l e d  evaluat ions were no t  made as p a r t  o f  t h i s  study. 

6.1.2.3 D i f f u s e r  Cool ing 

The d i f f u s e r  roo f  and f l o o r  surfaces are cooled by c i r cumfe ren t i a l  coo l i ng  

l i n e s  s i m i l a r  t o  those used i n  the d isk  w a l l  coo l i ng  system. These l i n e s  

c a r r y  coo l ing  water which has p rev ious l y  been d i rec ted  through the d isk  

coo l i ng  system. The s p l i t t e r  vanes are ccoled by h igh  pressure b o i l e r  

feedwater, which f lows through the sp l  i t t e r  vane cool  i ng  system from the 

comb us to^- coo l i ng  syste~n and thence t o  the rad ian t  furnace waterwal ls.  

The roo f ,  f l o o r ,  and s p l i t t e r  vanes are pro tec ted  from the seed-and slag-lade11 

plasma by a surface layer  of plasma-jet-sprayed magnesia, backed by a t h i c k -  

ness o f  rammed magnesia supported by the studding on the i n t e r n a l  coo l i ng  

tubes. The studding a l so  aids i n  heat t r a n s f e r  from the r e f r a c t o r y  t o  the 

coo l i ng  water system. The vanes and wa l l s  w i l l  operate a t  a sur face temper- 

a tu re  o f  2000 K t o  prevent condensation and bu i ldup o f  s lag f i l m s  w i t h i n  the  

d i f f u s e r .  This r e l a t i v e l y  h igh  wa l l  temperature and the r e s t r i c t e d  dimensions 

o f  t he  d i f f u s e r  f l ~ w  sect ions between vanes w i l l  l i m i t  the amount o f  heat 

t r a n s f e r  t o  the wa l l s  from the plasma, p a r t i c u l a r l y  i n  the l ower -ve loc i t y  

I regions where convect ive heat t r a n s f e r  becomes small, 



The e x t e r i o r  surfaces o f  the d i f f u s e r  can be covered w i t h  a f i b e r  b lanket  

i n s u l a t i n g  layer  t o  l i m i t  heat loss t o  ambient, s ince w a l l  c o o l i n g  i s  prov ided 

by the low temperature condensate system. The coo l i ng  tubes are b o l t e d  t o  the 

s t a i n l e s s  s tee l  w a l l  p la tes ;  these w a l l s  w i l l  t he re fo re  operate a t  about 

maximum metal temperatures f o r  the tube wa l l s  i n  the coo l i ng  system, w i t h  the 

e x t e r i o r  b lanket  i n s t a l l e d .  

6.1.2.4 D i s ~ I D i f f u s e r  S t r u c t u r a l  Design 

The s t r u c t u r a l  designs of the d isk  and d i f f u s e r  hdve been i n teg ra ted  t o  

prov ide a reasonably s t rong and s t i f f  s t r u c t u r e  w i t h  a miniliiurn o f  s t r u c t u r a l  

metnbers beiny requ i red  i n  the d isk area; t h i s  reduces the amount of i o t e r -  

ference w i t h  the d i sk  serv ice  connect ion layout  requirements and w i t h  the  

magnet and co~noustor subsys tem serv ice  connect ions. Lack o f  a heavy s t r u c -  

t u r a l  framework f o r  the d i sk  generator i t s e l f  a l so  permi ts  the poss ib i  1 i t y  of 

a rliore r a p i d  changeout o f  the d isk i f  necessary by r i s e  of the overhead crane, 

thus enhanciriy a v a i l a b i l i t y  and m a i n t a i n a b i l i t y  o f  the d isk gerierdtor systems. 

The 0.23 meter thickness o f  the d i sk  f i b e r g l a s s  wa l ls  w i  11 1 i rn i t  the ~naxin~um 

bellding de fec t ion  under operat ing pressure loadings t y p i c a l  of the supersovic 

open-cycle d isk generators t o  approximately 4.3 mm (0.17 inch),  assuming 

simply-supported cond i t ions  a t  the inner  and outer  diameters. This  thickness 

was es tab l ished p r i m a r i l y  from d e f l e c t i o n  considerat ions.  The assuniption of 

sistple support cond i t ions  requ i res  t h a t  appropr iate s t r u c t u r a l  support be 

provided f o r  the f i b e r g l a s s  d isks from the d i f f u s e r  a t  the o ~ t e r  d isk  

dialneter, and from the combustor (below) and a system o f  b rac ing  (above) a t  

the inner  d i  arneter. 

The ir iner diameter o f  the lower f i o e r g l a s s  d i sk  i s  supported from the exten- 

s ion  o f  the combustor exhaust neck which penetrates the annular ho le  i n  the 

magnet. The combustor asserribly i t s e l f  i s  supported from a concrete fourldat ion  

by means o f  a f i b e r g l a s s  and s tee l  e l e c t r i c a l l y - i n s u l a t i n g  s t ruc tu re .  

The ir iner din!,wrer o f  the upper f i b e r g l a s s  d i sk  i s  supported against the n igh  

pressure gas fo rces  i n  the nozzle i n l e t  plenum region by means o f  a system o f  



bracing. The arrangement shown i n  F igure  6-1-1 employs a  support c y l i n d e r  dnd 

a  web o f  spoke-l ike s t a i n l e s s  s tee l  rods which r e i n f o r c e  t h e  upper d isk  w a l l  

and t r a n s f e r  loads due t o  the  h igh  pressure gas fo rces  i n  the  nozzle out t o  

the  d i f f u s e r  s t ruc ture .  The r e s u l t i n g  loads appl ied t o  the  d i f f u s e r  roo f  by 

the  spokes are i n  the  outward d i r e c t i o n  and tend t o  balance the  inward ac t i ng  

gas forces, thus reducing the  tendency o f  the d i f f u s e r  roo f  t o  d e f l e c t  inward. 

The d i f f u s e r  s t ruc tu re  cons is ts  of upper and lower s t r u c t u r a l  wa l l s  fabr ica ted 

from s ta in less  s tee l  p la te ,  and s t i f f e n e d  by wide f lange s ta in less  s tee l  

beams. The roof  and f l o o r  are separated by 24 r a d i a l  f l o w  s p l i t t e r s  which are 

u t i l i z e d  tu main ta in  the  r e l a t i o n s h i p  between the  upper and lower wa l l s  i n  the  

d i f f u s e r  subsonic por t ion ,  promote e f f i c i e n t  d i f f u s i o n  i n  a shor t  r a d i a l  d i s -  

tance, t u r n  the f l ow  i n t o  the  r z d i a n ~  furnace i n l e t  ducts a t  the  completion o f  

the d i f f u s i o n  process, and provide access between upper and lower sect ions o f  

the  d isk  and d i f f u s e r .  

I n  the arrangement i l l u s t r a t e d  i n  F igure 6-1, the  f i be rg lass  d isks  are bo l ted  

a t  t h e i r  ou ter  diameters t o  s ta in less  s t e e l  r i n g  members welded t o  12.7 mm 

(0.5 inch) t h i c k  s ta in less  s tee l  p l a t e  wa l l s  and 8 x  8 WF beam r a d i a l  

s t i f f e n i n g  members. These 8 x  8 WF beams provide the necessary s t rength  and 

s t i f f n e s s  t o  t r a n s f e r  the channel d isk  support loads, and the  d i f f u s e r  gas 

loads, outward t o  the 12 x 12 WF beam r i n g  members, which i n  t u r n  t r a n s f e r  the 

loads t o  the s p l i t t e r s .  The conf igura t ion  of F igure 6-1-1 r e s u l t s  i n  a  

d e f l e c t i o n  of approximately 8 mm o r  less a t  the channel support r ings .  To 

t h i s  value must be added the f i be rg lass  d i sk  d e f l e c t i o n  o f  4.3 mm t o  a r r i v e  a t  

a  t o t a l  w a l l  d e f l e c t i o n  of approximately 13 mm (0.5 inch) .  This d e f l e c t i o n  

w i l l  occur i n  both wal ls ,  and the  maximum channel narrowing i s  approximately 

25 man ( 1  inch) ,  being 11% of the  minimum channel height  f o r  the i l l u s t r a t e d  

d isk .  As p rev ious l y  noted, t h i s  d e f l e c t i o n  w i l l  be reduced by the e f f e c t  o f  

t he  upper w a l l  s t i f f e n i n g  system, which t rans fers  an outward gas pressure 

f o r c e  from the d isk hub t o  the  d i f f u s e r  roof, thus tending t o  balance the 

inward gas pressure force. T a i l o r i n g  of the  unloaded channel gas surface 

p r o f i l e  can a lso  be u t i l i z e d  t o  a l low f o r  the de f lec t i ons  under operat ing 

condi t ions.  



The d iscuss ion  above r e l a t e s  o n l y  t o  d e f l e c t i o n s  due t o  gas pressure loads, 

and assumes t h a t  the  channel lower w a l l  i s  supported by the  combustor a t  i t s  

inner  diameter, and t h a t  the s t i f f e n i n g  s t r u c t u r e  supports the  upper channel 

wa l l .  Dur ing the assembly o f  the  upper channel w a l l  onto i t s  (ou te r )  support 

r ing ,  the f i b e r g l a s s  d isk  w i l l  sag approximately 30 nun (1.2 inches) a t  i t s  

inner  diameter under i t s  own weight and t h a t  added by the coo l  i ng  tubes and 

ceramic. (Th i s  est imate assumes no s t r u c t u r a l  c o n t r i b u t i o n  from the  tubes. ) 

Allowance f o r  t h i s  i n i t i a l  d e f l e c t i o n  must be designed i n t o  the unstressed 

shape o f  the channel so t h a t  when loaded by i t s  own weight the inner  d isk  w a l l  

s u r f  aces conform t o  the requ i red  channel p r o f  i le.  An addi - t iona l  a1 lowance 

must a lso  be made f o r  the d e f l e c t i o n  o f  the  upper w a l l  which w i l l  occur as the 

s t i f f e n i n g  s t ruc t t r re  spokes are i n s t a l l e d .  Nomirial preten- s ion iny  may be 

requ i red  t o  miniinize d e f l e c t  i o n  lrnder load. 

As noted prev iously ,  the d e f l e c t i o n  o f  the  f i b e r g l a s s  d isks  expected from the 

presence o f  a  thermal gradient  between t h e i r  inner and outer  surfaces can be 

e l im ina ted by apply ing a  layer  o f  f i b e r  wool thermal i n s u l a t i o n  on the  

e x t e r i o r  sur face o f  the d isks .  The s t ress  l e v e l s  i n  the f i b e r g l a s s  d isks  are 

w e l l  below the l i m i t i n g  stresses f o r  the r e s u l t i n g  temperature of the  

mater ia l ,  due t o  the low operat ing temperature o f  the coo l i ng  water system. 

When loaded by the h igh  pressure gas fo rces  i n  the c e n t r a l  reg ion  o i  the upper 

d isk  h a l f ,  the s t i f f e n i n g  s t r u c t u r e  w i l l  d e f l e c t  approxiinately 5 mm (0.2 

inch) ,  a l l ow ing  a  correspond'ng increase i n  channel height  i n  t h i s  region. 

This component o f  de f !ec t ion  i s  p ~ r t i c u l a r ! y  c r i t i c a l  i n  t ha t  the nozzle 

t h r o a t  area and there fore  the f l owra te  under choked f low cond i t ions  i s  

d i r e c t l y  af fected.  Adjustment o f  the throat; area i s  poss ib le  a f t e r  assembly 

by ad jus t i ng  the pretensioning o f  the s t i f f e n i n g  s t ruc ru re  spokes. 

An a l t e r n a t i v e  approach t o  s t i f f e n i n g  the  upper channel  all dur ing  operat ion 

i s  t o  use the  gant ry  crarre which w i l l  be ~ r o v i d e d  as p a r t  o f  the f a c i l i t y .  An 

insu la ted  support cy l i nde r  could t r a n s f e r  the c e n t r a l  gas pressure load t o  the  

t r a v e l l e r  o f  the crane. The crdne s t i f f n e s s  c h a r a c t e r i s t i c s  would have t o  be 

assessed and Found su i tab le  f o r  such purpose. Since the load path  obta ined by 



t h i s  approach i s  less d i r e c t  than tha t  o f  the spoked s t i f f e n i n g  structure, i t  

can be expected t o  involve much heavier s t r uc tu ra l  members. This, however, 

may not be inconsistent w i t h  the gantry crane l i f t i n g  capab i l i t y  necessary f o r  

hand1 ing the magnet components and the combustor. 

The main support load paths from the d i f f u s e r  s t ruc ture  t o  ground w i  11 be v i a  

the lower outer  r i n g  g i rder  shown on Figure 6-1-1, and a r i n g  o f  post members 

adjacent t o  the periphery o f  the magnet. No disk o r  d i f f use r  support loads 

w i l l  need t o  be t ransfer red through the magnet. For ce r t a i n  d i f f use r l r ad ian t  

boi  l e r  arrangements (see Sect ion 6.5 f o r  f u r t he r  discussion], the outer r i n g  

g i rder  could conceivably be u t i l i z e d  t o  t rans fe r  the deadweight loads of the 

inner wal ls  o f  the radiant  furnaces t o  ground. The d i f f u s e r  s p l i t t e r s  would 

require modi f ica t ion t o  peignit the t rans fe r  of  these loads. 

6.1.3 ADD I T IONAL DES I GN CONS I DERAT IONS 

Some other aspects of d isk generator deta i  1 design which w i l l  requ i re  at ten- 

t i o n  are the provisions f o r  access t o  the space between the channel and magnet 

f o r  securing cool ing l ines, e l e c t r i c a l  conduits, etc. The inner r i n g  g i r de r  

can be interrupted i n  the region of  each s p l i t t e r  t o  provide access, given the 

design of  a su i tab le  s t r uc tu ra l  t r a n s i t i o n  from r i n g  g i rder  t o  s p l i t t e r .  

Provis ion must also be made i n  the d i f f u s e r  s t ruc ture  design t o  f a c i l i t a t e  i t s  

disassembly and removal i n  the event tha t  access t o  the magnet i s  required. 

The capab i l i t y  of disassembling port ions of the d i f f u s e r  upper surface t o  

provide access t o  loca l  areas o f  the i n t e r i o r  f o r  maintenance, refurbishment, 

etc.  appears t o  be mandatory i n  view of  the res t r i c t ed  access afforded by the 

narrow gas oassage dimensions. The d e t a i l s  of  gas seal ing between disk, 

combustor, d i r fuser ,  and radiant  futs!tace have not been established. 

6.1.4 ADVANCED D ISK  GENERATOR DESIGN CONCEPTS 

The disk generator and d i f f u s e r  design concepts presented i n  the preceding 

sections have been l im i t ed  t o  stra ight forward approaches u t i l i z i n g  normal 

s t r uc tu ra l  mater ia ls which appear t o  sa t i s f y  the design requirements and 

appl icable design constraints.  Advanced developments of disk generator 

designs t o  accomodatc improved aero dynamics and structures can be envisioned. 



As an exampld, the  d i sk  generator pressure w a l l  t o  accomodate a f l o w  narmal t o  

t h e  magnetic vector  could be pre fabr ica ted  i n  the  form of a set  of dome-shaped 

f i be rg lass  disks, r a t h e r  than f l a t  d isks.  fhe shape would prov ide  add i t i ons1  

s t i f f n e s s  t o  the pressure wal ls,  thus p e r m i t t i n g  t h i n n e r  sect ions a ~ d  

r e q u i r i n g  less brac ing  against deadweight and gas pressure loads. 

The r i n g  and r a d i a l  g i r d e r  s t r u c t u r e  o f  the  annular d i f f u s e r  cou ld  be replaced 

by a l i g h t e r  s t r u c t u r e  s i m i l a r  t o  the  formers and s t r i n g e r s  used i n  a i r c r a f t  

fuselages. Since the  d i f f u ~ e r  w a l l  coo l i ng  i s  prov ided by a r e l a t i v e l y  low 

temperature coo l i ng  water system, the  s t a i n l e s s  s t e e l  p l a t e  and support mem- 

bers could be replaced by a st rong and l i g h t  non-magnetic ma te r i a l  such as 

aluminum, wi thout  approaching l i m i t i n g  st resses a t  the  operat ing temperature, 

even w i t h  ex terna l  i n s u l a t i o n  app l ied  t o  l i m i t  heat losses t o  an~bient. 

6.2 COAL COMBUSTOR 

The combustor c o n f i g u r a t i o n  seiected f o r  a p p l i c a t i o n  t o  the f o u r  open c y c l e  

d i sk  generator system design cases i s  a two-s':age v e r t i c a l i y - f i r i n g  type, w i t h  

h igh  e x i t  s w i r l .  The l a rge r  f i r s t  ( g a s i f i e r )  stage i s  s i t ua ted  d i r e c t l y  

beneath the  second stage, which exhausts through an adapter sec t ion  t o  the  

supersonic nozzle formed by the upper and lower d i sk  generator sect ions j u s t  

i ns ide  the  inner rad ius  o f  the power e x t r a c t i o n  region. The combustor i s  

supported by s s ta in less  s t e e l  and f i b e r g l a s s  i n s u l a t i n g  and support s k i r t ,  

and i n  t u r n  supports the lower d i sk  generator a t  the  inner  circumference 

through the  adapter sect ion. The combustor i s  located i n  a p i t  sunk d i r e c t l y  

beneath the  c e n t r a l  a x i a l  hole i n  t he  d i sk  magnet, and f i r e s  through t h i s  hole 

t o  the d i sk  generator. F igure  6-2-1 i nd i ca tes  the  general c o n f i g u r a t i o n  o f  

t h e  d isk generator/magnet/combustor geometry. A l l  se rv ice  and c o n t r o l  

connections t o  the  combustor pass through tunnels i n  the  magnet support pad. 

Access t o  the  combustor i s  through personnel tunnels which a lso  penetrate the  

support pad. 

6.2.1 COMBUST3R CONFIGURATION SELECTION 

The se lec t i on  o f  combustor type i s  i n t i m a t e l y  connected w i t h  the  choice o f  

d i s k  f l ow  d i rec t i on ,  i.e. e i t h e r  r a d i a l  i n f l o w  o r  r a d i a l  out f low.  The r a d i a l  
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i n f l o w  d i sk  prov ides marg ina l l y  b e t t e r  performance when compared t o  a r a d i a l  

ou t f l ow  d i sk  w i t h  the  same d i sk  i n l e t  s tagnat ion  cond i t i ons  and mass f low.  

This occurs because the  i n l e t  s w i r l  r a t i o  can be maintained i n  the r a d i a l  

i n f l o w  case by the conservat ion o f  angular momentum i n  the  gas as i t  f lows 

through the d isk.  However, w i t h  a f i x e d  oxidant,  f ue l ,  and preheat c o n d i t i o n  

i t  i s  not  pass ib le  t o  o b t a i n  i d e n t i c a l  i n l e t  s tagnat ion  cond i t i ons  f o r  the 

i n f l o w  and out f low disks, p r i n c i p a l l y  because o f  the imp l ied  requirement f o r  a 

c i r cumfe ren t i a l  i n l e t  plenum between the combustor and the d i sk  power 

e x t r a c t i o n  reg ion  i n  the  i n f l o w  case. 

I n  the d i sk  generator modeling sec t i on  (Sect ion  5.1), losses f o r  bo th  types of 

combustors were discussed, and the  values assumed f o r  the d i s k  subopt imizat ion 

studies were l i s t e d  i n  Table 5.1.1. It was concluded du r ing  the e a r l y  p a r t  of 

the  d i sk  generator subopt im iza t  i o n  process t h a t  the r a d i a l  i n f  law 

con f i gu ra t i on  o f fe red  no performance advantage over the r a d i a l  ou t f l ow  d isk.  

The problems i n  power t r a i n  layout  and magnet design r e s u l t i n g  from the use of 

the i n f l o w  con f i gu ra t i on  and i t s  l a rge  c e n t r a l  d i sk  exhaust duct were a lso 

considered i n  ~naking the dec is ion  t o  focus the study upon the ou t f l ow  d isk .  

For the  study, a rough comparison scheme f o r  eva lua t ion  o f  combustor heat 

losses was developed. This compar,is+n process i s  reviewed i n  A p p e n d i ~  '.. For 

the s p e c i f i c  combustor c o n f i g u r a t i ~ n s  evaluated i n  the Appendix ('a s i n g l e  

2-stage a x i a i l y - f i r i n g  combustor and a se r i es  o f  t a n g e n t i a l l y - f i r i n g  2-stdge 

combustors w i t h  the same mass f l o w  as the  s i n g l e  combustor) i t  was concluded 

t h a t  f o r  a l l  p r a c t i c a l  choices o f  combustor g,zometries, the  heat loss  of the  

combustor p lus  nozzle combination o f  an i n f l 3 w  d i sk  w i l l  be several tirnzs 

greater  than t h a t  f o r  an equ iva len t  ou t f l ow  d isk.  As a l i m i t i n g  r a t i o ,  thc  

heat loss r a t i o  must always be a t  leas t  2.5 t imes greater  i n  the i n f l ow  systerrt 

than i n  the ou t f low system, g iven the same general combustor/nozzle 

con f i gu ra t i ons  assumed f o r  the ana lys is  o f  Appendix A. 

Estimated heat losses f o r  the ( r a d i a l  ou t f l ow)  two stage h igh -sw i r l  corn bust or.^ 

used i n  the  optimized open cyc le  d isk  generator systems def ined by t h i s  study 

range from 5 percent t o  7 percent o f  t he  f u e l  h igher  heat ing  value. Thus, the 



equ iva len t l y  s ized r a d i a l  in f low combustor/nozzle c o n f i g u r a t i o n  can be expected 

t o  e x h i b i t  heat losses i n  t he  range 13 percent t o  20 percent  of HHV f u e l .  For  % 
ir 

the  base 1920 K preheat condi t ion,  an increase o f  combustor heat l oss  o f  10% B i 
(f rom 7% t o  17%) r e s u l t s  i n  an estfmated decrease i n  combustor f lame temper- i 
ature  of over 100 F, t r a n s l a t i n g  i n t o  a performance loss o f  2-3 percentage d 

! 
p o i n t s  f o r  d i r e c t l y - f i r e d  OCD systems designed by the methods developed i n  the  

study. 
i 
I 
3 
I 
y 

A comparison of the  expected performance o f  an in f low d i s k  when compared t o  an ! 1 
ou t f l ow  d i sk  w i t h  the  same i n l e t  opera t ing  cond i t ions  i s  made i n  a recent  paper E 
by Nakamura and JenkinsCl]. 3 3 

For the  same i n l e t  c o n d i t i o n  t o  the generator, w i t h  i d e n t i c a l  magnetic 

induct ion,  d isk  w a l l  temperature, i n l e t  enthalpy f l u x ,  and d i f f u s e r  cond i t ions ,  

a supersonic r a d i a l  i i l f l ow  d i sk  operat ing i n  the impulse mode showed a s l i g h t l y  

lower enthalpy e x t r a c t i o n  r a t i o  than d i d  a comparison r a d i a l  ou t f l ow  generator  

opera t ing  w i t h  supersonic f low i n  the  impulse mode. The assumption o f  a r a d i a l  

i n f l ow /ou t f l ow  c o n f i g u r a t i o n  f o r  the d i s k  resu l ted  on ly  i n  an increase of 1.5 

percentage po in t s  i n  t t ~ c  generator enthalpy ext inact ion r a t i o .  When considered 

i n  l i g h t  o f  the f a c t  t h a t  a constant preheat temperature would prov ide  s i g n i -  

f i c a n t l y  -- lower. i n l e t  s tagnat ion temperature i n  a r a d i a l  i n f l o w  d i sk  systern as 

compared t o  an analogous out f low d i sk  system, i t  i s  apparent t h a t  the  r a d i a l  

i n f l o w  con f i gu ra t i on  w i l l  not match the  r a d i a l  ou t f l ow  performance f o r  OCD 

opera t ion  w i t h  i d e n t i c a l  preheat levels ,  i f  the der ived r e l a t i o n s h i p  f o r  

combustor heat losses, i s  cor rec t .  

It was therefore decided t o  focus the  systems parametr ic ana lys is  upon the  

r a d i a l  out f low d i sk  generator.  This, i n  turn,  se t  the  bas ic  c o n f i g u r a t i o n  o f  

the coal  combustor f o r  the OCD p lan ts .  

6.2.2 COMBUSTOR GENERAL DESIGN REQUIREMENTS 

The general design requi remer~ts f o r  a coa l  cornbystor t o  be used w i t h  an open B 

i! 
ii 

c y c l e  d i s k  MHD generator are i n  no s i g n i f i c d n t  way d i f f e r e n t  f rom those o f  any 3 
4 

o the r  MHD coa l  combustor. The normal requirements o f  coa l  v o l a t i l i z a t i o n ,  ii , 
,3 

: 



carbon conversion, seed vapor i za t i on  and i on i za t i on ,  s tab le  operat ion, s lag  

re jec t ion ,  etc .  must be prov ided f o r  the d i sk  as w e l l  as l i n e a r  MHO generator 

a p p l i c a t i o n  of the  combustor. Cer ta in  design requirements must, however, 

receive mcre emphasis i n  the  s p e c i f i c a t i o n  of combustor d e t a i l s  f o r  t h e  d i sk  

generator app l i ca t i on ,  These inc lude:  

Min imiza t ion  of combustor heat and pressure losses; 

o Resign f o r  s u i t a b l e  l i f e t i m e  a t  the extreme coinbustion temperatures 

requ i red  f o r  the d i s k  generator;  

o C o n p a t i b i l i t y  w i t h  the  r d d i a l  ou t f l ow  conf igura t ion  o f  the d i sk  

generator. 

For the d i sk  yenerator, the min imiza t ion  o f  heat and pressure losses i n  the 

combustion gas i s  p a r t i c u ; a r l y  important,  s ince the  r e ~ u i r e m e n t  t o  accelerate 

the  combustion gas t o  supersonic v e l o c i t i e s  causes s depression i n  channel 

i n l e t  c o n d u c t i v i t y  w i t h  respect t o  a subsonic l i n e a r  generator, f o r  the  same 

combustor s tagnat ion cond i t ions .  Therefore, t he  d jsk generator combustor 

design should r e f l e c t  t h i s  throirgk a min imiza t ion  of combustion chamber wa l?  

area. For the r a d i a l  ou t f low d isk t h i s  requi revent  i s  best met by a 2-stage 

a x i a l l y - f i r i n g  contbustor located c o a x i a l l y  w i t h  the d i sk  generator, as shown i n  

F igure 6-2-1. An a d d i t i o n a l  cons idera t ion  i n  t h i s  area i s  the necess i ty  f o r  

p rov id ing  a s w i r l  v e l o c i t y  ( t a n g e n t i a l  v e l o c i t y  component) a t  the d i sk  

generator i n l e t ,  t o  enhance i t s  performance by compensating f o r  the induced 

s w i r l  component w i t h  o p p ~ s i t e  d i r e c t i o n .  A h igh  e x i t  s w i r l  v e l o c i t y  imp l ies  

the presence of guide vanes placed i n  the  combustion gas f low, w i t h  attendant 

heat and pressure losses. Such guide vane losses can be reduced if the design 

of the combustor second stage permi ts  the  attainment o f  a reasonable s w i r l  

wi thout  the  need f o r  vanes. 

The present study presumes t h a t  e s w i r l  r a t i o  of 0.5 can be obtained w i thout  

r e s o r t  t o  guide vanes i n  the combustor o u t l e t  f low.  Sect ion 5.1.2 describes 

the  modeling f o r  enthalpy and pressure losses a r i s i n g  from the i n t r o d u c t i o n  o f  



guide vanes. Parametric cases 1-10 ( d i r e c t l y - f  i red,  s w i r l  = 1.0) and 2-8 

(separa te ly  f i r e d ,  s w i r l  = 1.0) are the  h igh -sw i r l  cases i n  t h e  parametr ic  

analyses. Ne i ther  case e x h i b i t s  a performance improvement over the  respect ive  

base case w i t h  the  nominal s w i r l  r a t i o  o f  0.5. 

The modeling o f  s w i r l  losses re fe r red  t o  above r e f l e c t s  the  assumption t h a t  a 

vaneless combustor/nozzle combination can prov ide  a t  l e a s t  a s w i r l  o f  0.5. The 

v a l i d i t y  of t h i s  assumption has no t  been proven. Given the  lack  o f  performance 

improvement w i t h  the h ighe r -sw i r l  cases over the  0.5 s w i r l  cases, i t  was 

decided t o  spec i f y  f o r  t he  opt imized OCD systems vaneless combustors w i t h  

design s w i r l  a t  the d i sk  i n l e t  o f  0.5. The vaneless d i sk  i n l e t  passage can be 

expected t o  r e s u l t  i n  a more r e l i a b l e  (i.e., longer MTBF) combustor design, 

thus c o n t r i b u t i n g  t o  p l a n t  a v a i l a b i l i t y ,  

6.2.3 COMBUSTOR DESIGN DETAILS 

The design d e t a i l s  of the combustor f o r  each o f  the  f o u r  OCD cases have been 

developed t o  the  degree necessary t o  permi t  a reasonable cos t  est imate t o  be 

made f o r  each u n i t .  The spec i f i c  design of combustor a u x i l i a r y  systems such as 

seed and coal  i n j e c t i o n  has co t  been addressed. These serv ice  systems, wh i le  

important t o  the o v e r a l l  p l a n t  performance, are i n  no major aspect d i f f e r e n t  

from those requ i red  f o r  a l i n e a r  MHD p l a n t  combustor. Thus, the  d e t a i l s  o f  

nozzle placement f o r  coa l  i n j e c t i o n  and mixing, s lag  removal and/or e l e c t r i c a l  

i so la t ;on ,  etc .  are not considered i n  the fo l lowing.  

6.2.3.1 Combustion Condit ions 

The combustion voluc!es of the f i r s t  stage and second stage were selected on the  

basis o f  the f o l l o w i n g  c r i t e r i a ,  recogniz ing t h a t  t he  residence-time and shape 

values chosen w i l l  very l i k e l y  be mod i f ied  i n  the l i g h t  o f  the experimental  

data from the cu r ren t  DOE/MHD in tens i ve  MHD cool  combustor R&D program. These 

data were not ava i l ab le  f o r  t h i s  study, so "best est imates" have bee17 used t o  

a l low s i z i n g  and cos t ing  o f  components. 

@ The o v e r a l l  combusticn sto!;hiometric r a t i o  i s  4 = 0.95 f o r  a l l  

combustors. 



a The f i r s t  stage volume was chosen on the bas is  o f  p rov id ing  a  minimum 

gas residence t ime o f  70 mi 11 iseconds. This residence t ime 1  i m i t  

prov ides the minimum acceptable t ime t o  permi t  v o l a t i l i z a t i o n  and 

maximize carbon u t i l i z a t i o n  i n  t h e  assumed f u e l - r i c h  m ix tu re  (*-0.40). 

a The second stage volume was chosen t o  p rov ide  a  minimum gas residence 

t ime o f  20 m i  11 iseconds. This permi ts  complete vapor iza t ion  and 

i o n i z a t i o n  o f  t he  potassium seed. 

The use o f  extremely f u e l - r i c h  mixtures f o r  f i n a l  combustion cond i t ions  i n  the  

d i sk  combustors t o  minimize NOx format ion (an espec ia l l y  c r i t i c a l  area w i t h  

the  open cyc le  d i s k  generator system w i t h  h igh  preheat l e v e l  and d i r e c t l y - f i r e d  

preheaters)  was not  inves t iga ted  f o r  t h i s  study. S to ich iomet r ic  r a t i o s  4 ~ 0 . 8 5  

would be the minimum al lowable due t o  toe  s i g n i f i c a n t l y  decreased u t i l i z a t i o n  

e f f i c i e n c y  of the combustor below t h i s  value, The stagnat ion temperature 

a t t a i n a b l e  w i t h  such r i c h  mixtures wourd begi? t o  decrease below the $ = 0.95 

temperature somewhere i n  the v i c i n i t y  o f  4-0.90, again a  c r i t i c a l  consider-  

a t i o n  f o r  maximum d i sk  generator performance p o t e n t i a l .  I t i s  l i k e l y  t h a t  a  

combust i o n  s to i ch iomet r i c  r a t i o  o f  9-0.92-0.93 would opt imize the cornbust i o n  

cond i t i ons  w i t h  respect t o  NOx format ion and stagnat ion temperature. For  

t h i s  study on ly  the  value 9 = 0.95 was u t i l i z e d  i n  eva lua t ing  the perforniance 

of the  "opt imized" OCD systems. 

6.2.3.2 Combustor Geometry 

The cornbustion chamber shape was assumed t o  be a  r i g h t  c i r c u l a r  c y l i n d e r  f o r  

each stage, w i t h  a  s l i g h t l y  r e s t r i c t i v e  nozzle ( o r  " f i n d e r " )  between the f i r s t  

and second stages. The L/D o f  each stage was held a t  s l i g h t l y  more than 1.0 t o  

minimize surface-to-volume r a t i o  wh i le  p rov id ing  s u i t a b l e  mix ing  w i t h i n  the gas 

i n  each stage. The outs ide  diameter of the  second stage i n  each combustor 

design was constra ined t o  be less  than 3 meters, t o  permi t  the coupl ing o f  each 

combustor by a  con ica l  adapter w i t h  the d i s k  generator i n l e t  neck through the 

warm bore o f  the  d i sk  magnet. 



The a x i a l l y - f i r i n g  l i n e a r  combustor was selected not  o n l y  f o r  i t s  minimum heat 

and pressure l oss  p o t e n t i a l ,  but  a l so  because i t  provides f o r  ease o f  s l a g  

rernoval system design. The s lag  i s  removed fkmom t h e  combustion mix ture  

p r i n c i p a l l y  by the  c e n t r i f u g a l  fo rces  generated i n  t he  s w i r l i n g  mixtures, and 

g r a v i t a t i o n a l  fo rces  cause i t  t o  f l o w  downwards i n  the combustion chamber 

towards the s lag  o u t l e t  neck. The diameter of the neck was taken t o  be 

approximately 0.25 times the diameter o f  the  f i r s t  stage combustion chamber, t o  

l i m i t  the p o t e n t i a l  f o r  complete blockage o f  the  o u t l e t  by s lag  bu i ldup du r ing  

long-term h igh  power l e v e l  opera t ion  wh i l e  min imiz ing the ava i l ab le  area f o r  

r a d i a t i o n  losses through the s lag  system. The heat losses a t t r i b u t a b l e  t o  s lag  

rernovdl from the  combustor have been est imated and are considered i n  the  f i n a l  

systems performance ana lys is  f o r  each case. 

6.2.3.3 Combustor E l e c t r i c a l  I s o l a t i o n  

The d i sk  generator design an t i c i pa tes  the  operat ion of the  system w i t h  the  

downst ream rad ius  ( i .e. d i f f use r  and beyond) grounded. Thus, the combustor 

must operate a t  the  f u l l  H a l l  p o t e n t i a l  developed across the d i sk  generator, 

which f o r  the f o u r  OCD cases evaluated w i l l  be approximately 50 kV. The 

combustor support and a l l  serv ice /cont ro l  l i n e s  must t he re fo re  permi t  f u l l  

i s o l a t i o n  from ground. For the coo l i ng  water, a i r ,  seed, and e l e c t r i c a l  

connections var ious methods have been proposed f o r  prev ious l i n e a r  generator 

designs, and these are no d i f f e r e n t  i n  p r i n c i p l e  o r  i n  d e t a i l  from those 

requ i red  by the d i sk  ger~era tor  combustors. These i s o l a t i o n  p rov i s ions  are  

there fore  not  considered i n  the conceptual design f o r  these combustors. For 

the i s o l a t i o n  o f  the  combustor s t r u c t u r e  from ground, a f i b e r g l a s s / s t a i n l e s s  

s t e e l  combination support and i n s u l a t i n g  r i n g  i s  proposed. Shaped as a 

t runcated c i r c u l a r  cone, t h i s  r i n g  supports the deadweight loads o f  the  

combustor and lower d isk  ha l f  inner  sect ion, and i s o l a t e s  H a l l  p o t e n t i a l  

from ground. The s t r u c t u r e  hits been s ized on support and i s o l a t i o n  

considerat ions only, i n  order t o  permi t  a rough major ma te r i a l s  p l u s  

f a b r i c a t i o n  cost  evaluat ion.  D e t a i l s  o f  i n t e r f a c e  w i t h  the  combustor f i r s t  

stage and concrete support have not  been developed, nor  has the r e q u i s i t e  

in fo rmat ion  concerning de tec t i on  o f  impending loss o f  i s o l a t i o n .  



6.2.3.4 Combustor Cool ing System 

Combustor coo l i ng  i s  prov ided by a se r ies  o f  c i r cumfe ren t i a l  coo l i ng  l i n e s  

located i n  t h t  w a l l  o f  t he  f i r s t  and second stage and the  s lag  o u t l e t  neck. 

These l i n e s  are prov ided w i t h  s u p e r c r i t i c a l  bottoming p l a n t  working f l u i d  f rom 

the  h igh  pressure b o i l e r  feedwater pump through a  10 inch  Schedule 160 

s t a i n l e s s  s t e e l  header t h a t  runs v e r t i c a l l y  up the  s ide  of the  combustor from 

tqp t o  bottom. Fo l lowing the passage o f  the  f l u i d  through the  h igh  pressure 

h igh  temperature e l e c t r i c a l  i s o l a t i o n  sec t i on  from the  main feedwater header, 

i t  enters the  i n d i v i d u a l  coo l i ng  c o i l s  through welded coupl ings a t  the  var ious 

s ta t i ons  along the header, f lows c i r c u m f e r e r i t i a l l y  around the wa l l s  o f  the 

combustor, and leaves t o  mix w i t h  the bu lk  o f  the  heated f l u i d  i n  a  r e t u r n  

header p a r a l l e l  t o  and ,den t i ca l  w i t h  the  i n l e t  header. Both headers are f u l l y  

insu la ted  t o  reduce heat losses from the coo l i ng  system. 

The combined f l o w  from the  i n d i v i d u a l  coo l i ng  c o i l s  i s  ~- , ,~ed through an 

e l e c t r i c a l  i s o l a t i o n  sect ion, through the  d i f f u s e r  s p l i t t e r  vane coo l i ng  l i nes ,  

t o  the rad ian t  furnace i n l e t  duct  coo l i ng  l i n e s  and hence t o  the rad ian t  

furnace. Thus, the bu lk  o f  the heat l o s t  i n  the combustor i s  recovered f o r  

steam generat ion i n  t he  bottoming p lan t .  

S i r~ce  the steam p l a n t  working f l u i d  i s  routed through both the d i sk  and 

combustor coo l ing  systems, which operate a t  the  f u l l  HalS p o t e n t i a l ,  i t  i s  

necessary t o  p rov ide  the  utmost p u r i t y  and thus minimize c o n d u c t i v i t y  i n  t h i s  

f l u i d  by the  use o f  a  f u l l - f l o w  deminera l i za t ion  u n i t  i n  the coo le r  condensate 

p o r t i o n  o f  the system. This requirement i s  shared w i t h  the d i sk  generator 

cysten by any l i r ~ e a r  MHD system which has d i r e c t  coupl ing between the  MHD 

component coo l i ny  system and the  bottoming p l a n t  working f l u i d .  

The coo l i ng  c o i l s  w i t h i n  the wa l l s  o f  the combustor are fab r i ca ted  f rom 2 i ~ c h  

Schedule 160 f~11 -s tudded  p ip ing .  These c o i l s  are welded t o  the 10 i nch  

Scttedule 160 s l ~ p p l y  and r e t u r n  headers, The i n l e t  and o u t l e t  headers 

themselves are p a r t  o f  i h e  combustor s t ruc ture .  The t o t a l  pressure loss  i n  the  

cornbustor coo l i ng  system, from i n l e t  t o  o u t l e t  f langes a t  the e l e c t r i c a l  

i s s l a t i o n  ,ections i s  est imated t o  be approximately 50 t o  130 kPa a t  f u l l  f l o w  

fu l l -power  cond i t ions .  



6.2.3.5 Combustor Wall and S t r u c t u r a l  Design 

The w a l l  design selected f o r  the  OCD coa l  combustors i s  dep ic ted  i n  F igu re  

6-2-2. The pressure envelope i s  formed fro111 13 mn (0.5") t h i c k  s t a i n l e s s  

s tee l .  Since the  combustor operates d i r e c t l y  i n  the  f i e l d  of the d i s k  magnet, 

a l l  m e t a l l i c  components :,ill of necessi ty  be fabr ica ted  from non-magnetic 

mater ia ls .  The use of s t a i n l e s s  s t e e l  i s  i nd i ca ted  because o f  i t s  h igh  

s t reng th  a t  the  h igh  temperatures a t  which the  w a l l  and p i p i n g  must operate. 

Since a t  t h e i r  ou ter  circumference the c i r c u m f e r e n t i a l  coo l i ng  c o i l s  w i l l  be 

supported by the  combustor wal l ,  the  w a l l  w i l l  operate a t  the  maximum metal 

temperature o f  the coo l i ng  system ( w i t h  thermal i n s u l a t i o n  app l ied  t o  l i m i t  

wa l l  heat losses t o  ambient). The v e r t i c a l  p i t c h  o f  t he  2- inch coo l i ng  l i n e s  

was chosen t o  be 100 mm ( 4  inches) i n  the f i r s t  stage, and 75 mm ( 3  inches) i n  

the second stage. 

The combustor w a l l  i s  se t  w i t h  rammed magnesia r e f r a c t o r y  t o  p r o t e c t  the s tee l  

coo l i ng  c o i l s  and o i l ter  s t e e l  precsure jacket .  Each stage i s  f i n i shed  w i t h  a 

plasma-jet-sprayed coat ing  of re f rac tory ,  magnesia f o r  the  f i r s t  stage and 

y t t r i a - s t a b i l i z e d  z i r c o n i a  f o r  the  second. Magnesia e x h i b i t s  good res is tance 

t o  s lag  a t  temperatures up t o  2000 K but i t  i s  necessary t o  use the s t a b i l i z e d  

(cub ic )  form of z i r c o n i a  as a f i n a l  w a l l  coa t i ng  i n  the  second stage o f  the 

combustor due t o  the extreme gas temperatures. I n  th,? presence of a reducing 

environment, and seed mater ia ls ,  the  s t a b i l i z e d  form of z i r c o n i a  w i l l  r e v e r t  t o  

the an iso t rop ic  s t r u c t u r e  a f t e r  some t h e ,  thus r e s u l t i n g  i n  t he  p o t e n t i a l  f o r  

s p a l l i n g  and c rack ing  of the app l ied  surface layer .  This i s  judged t o  be a 

ser ious problem f o r  the  combustor design, a t  l eas t  f o r  the 1920 K preheat case. 

For lower preheat temperatures, t he  presence of an i n s u l a t i n g  s lag  l aye r  ( i n  

the f i r s t  stage a t  l e a s t )  may obv ia te  the necessi ty  f o r  a s i g n i f i c a n t  

r e f r a c t o r y  l i n i n g  i n  the  combustor. Such a problem i s  not un ique ly  d i sk  

generator- re lated,  but due t o  the necessi ty  t o  operate the d i s i  w i t h  the  

h ighest  ava i l ab le  s taynat ion  cond i t i ons  t o  maximize plasma c o n d u c t i v i t y  a f t e r  

acce lera t ion  t o  supersonic flow, i t  poses a severe handicap t o  achiev ing 

equ iva len t  performance t o  t h a t  o f  a subsonic 1 inear  genkrator, w i t h  h igh  

a v a i l a b i l i t y .  Thus the na t i ona l  MHD coa l  combustor R&D program should be 

addressed t o  a t t a i n i n g  these plasma parameter requirements a lso.  
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The combustor wal l  i s  covered by an external  blanket o f  mineral wool 

insulat ion,  t o  l i m i t  heat loss t o  ambient. The blanket i t s e l f  i s  covered w i t h  

a t h i n  layer o f  s ta in less s tee l  lagging mater ia l  t o  provide support. 

The en t i r e  combustor can be shop-fabricated and shipped as a u n i t  t o  the p lan t  

s i t e .  The combustor can be i ns ta l l ed  i n  i t s  p i t  p r i o r  t o  the i n s t a l l a t i o n  o f  

the magnet. For removal o f  the combustor a f te r  p lant  construct ion i s  complete, 

the overhead crane can l i f t  the combustor f ree  o f  i t s  support s k i r t  fo l lowing 

disk generator removal; the combustor can be t i l t e d  t o  the hor izonta l  and 

removed v i a  a special ly-s ized access tunnel under the magnet. 

6.2.3.6 F i na l  Case Design Parameters 

The design parameters f o r  the coal combustors o f  each OCD case are given i n  

Tables 6.2.1A through 6.2.10. The dimensional data f o r  each combustor design 

i s  contained i n  Table 6.2.2. 



TABLE 6.2.1A 
MHD COAL COMBUSTOR OESIGN DATA 

FOR 
OPEN CYCLE DISK GENERATOR SYSTEM 

WITH DIRECTLY-FIRED AIR PREHEATERS 
1920 K PREHEAT 

e General Data 
Combustor Type: 
Fuel  : 
Fuel Type: 
Fuel  C a r r i e r  Gas: 
Oxidant:  
Seed 
Seed C a r r i e r  Gas: 

Cocnbust i on  Data 
Fue: i o n d i t i o n s :  Mass Flow 

Coal Thermal Input  
C a r r i 2 r  Gas Flow 
C a r r i e r  Gas Temp. 

Oxidant Condit ions: 
Mass Flow 
Temperature 
Pressure 

Combustion Gas Conditions, 
F i r s t  Stage: 

Plasma Stagnat ion Temp. 
Res i dence Time 

Overa l l  Combustion 
Stofchiometry: 

Co~nbcrst i o n  Gas E x i t  
Cond,t ions: idass Flow 

Temperature 
Pressure 

Seed F e e d i ~ g  System Data 
Seed i n j e c t i o n  Rates: 

2-Stage Cyclone 
Pu lver ized Coal 
Montana Rosebud, 5% Mois ture  
F lue  Gas 
A1 r 
Mixed K2CO3 and K2SO4 
A i r  

Seed I n j e c t i o n  Temperature: 350 K 
Plasma E x i t  Conduct iv i ty :  1 1.24 mho/m 



TABLE 6.2.1A 
MHD COAL COMBUSTOR DESIGN DATA 

FOR 
OPEN CYCLE OISK GENERATOR SYSTEM 

WITH DIRECTLY-F IRED A I R  PREHE9TERS 
1920 K PREHEAT 

Combustor Cooling System Data 
Design iieat Duty: 145.4 MWt 
Coo 1 i ng Sys tem Type : High Pressure Regenerative 
Cooling Water Conditions: 

Mass Flow 
Pressure 
I n l e t  Temperature 
Out le t  Temperature 

385.16 kg/s 
26.3 MPa 
555 K 
622 K 

a Slag Separation Data 
Slag Reject ion Coef f ic ient :  0.90 
Slag Flow t o  Quench System: 7.83 kg/s 
Ash/Slag Carryover t o  Channel: 0.87 kg/s 
Slag Reject ion Heat Loss 11.2 MWt 

a Miscellaneous Data 
Combus t o r  She I 1 Matzr i a 1 
Combustor Cooling Line Mater ia l  

Shel l  and C o ~ l i n g  System Maximum 
Operating Temperature: 

Insu 1 at  ing Jacket Design Outer 
Temperature 

Combustor Structur*al F loat ing 
Potent ia l  

Combustor Weight 
1st  Stage A i r  I n l e t  Header Diameter 
2nd Stage A i r  I n l e t  Header Diameter 
Slag Neck Diameter 

18-8 Stainless Steel 
2" Sch. 160 Stainless Steel 
F u l l  Studded 



TABLE 6.2.10 
MHD COAL COMBUSTOR DESIGN DATA 

FOR 
OPEN CYCLE DISK GENERATOR SYSTEM 

WITH DIRECTL't-FIRED AIR PREHEATERS 
1650 K PREHEAT 

a General Data 
Combustor Type : 
Fuel : 
Fuel Type: 
Fuel C a r r i e r  Gas: 
Oxidant: 
Seed : 
Seed C a r r i e r  Gas: 

0 Combustion Data 
Fuel Conditions: Mass Flow 

Coal Thermal Input  
C z r r i e r  Gas Flow 
C a r r i e r  Gas Temperature 

Oxidant Co i d  i t i ons :  
Mass Flow 
Temperature 
Pressure 

Combust ion  Gas Conditions, 
F i r s t  Stage: 
Plasma Stagnation Temp. 
Residence Time 

Combustion Gas Conditions, 
Second Stage : 
Plasma Stagnation Temp. 
Residence Time 

Overa l l  Combustion 
Stoichiometry: 

Combustion Gas E x i t  
Condit ions: Mass Flow 
Temperature 
Pressure 

Seed Feeding System Data 
Seed I n j e c t i o n  Rates: 

Seed I n j e c t  ion  Temperataure: 
Plasma E x i t  Conduct iv i ty :  

2-Stage Cyclone 
Pulver ized Coal 
Montana Rosebud, 5% Moi s tu re  
F lue Gas 
A i r  
Mixed K2CO3 and K2SO4 
A i r  



TABLE 6.2.10 
MHD COAL COMBUSTOR DESIGN DATA 

FOR 
OPEN C t  2LE DISK GENERATOR SYSTEM 

WITH DIRECTLY-FIRED AIR PREHEATERS 
1650 K PREHEAT 

a Combustor Cool i ng  System Data 
Design Heat Duty: 159.9 MWt 
Coo 1 i ng Sys tem Type : High Pressure Regenerative 
Cool ing  Water Conditions: 

Mass Flow 453.56 kg/s 
Presslire 26.3 MPa 
I n l e t  Temperature 521 K 
Ou t le t  Temperature 592 K 

e Slag Separation Data 
Slag Re jec t ion  Coe f f i c ien t :  0.90 
Slag Flow t o  Quench System: 8.64 kg/s 
Ash/S 1 ag Carryover t o  Channe 1 : 0.96 kg/s 
Slag Reject ion Heat Loss 12.3 MWt 

e Misccllaneous Data 
Combustor She l l  Ma te r ia l  
Combustor Cool ing L ine  Ma te r ia l  

She l l  and Cool ing System Maximum 
Operat ing Temperature: 

I n s u l a t i n g  Jacket Design Outer 
Temperature 

Combustor St:*uctural F l o a t i n g  
Po ten t ia l  

Cornbustor We igh t  
1st Stage A i r  I n l e t  Header Diameter 
2nd Stage A i r  I n l e t  Header Diameter 
Slag Neck Diameter 

18-6 Sta in less  Stee l  
2" Sch. 160 Sta in less  Steel  
F u l l  Studded 



1AfX.E 6.2.1C 
MHD COAL COMBUSTOR DESIGN DATA 

FOR 
OPEN CYCLE DISK GENERATOR SYSTEM 

UI TH SEPARATELY-f IRED A I R  PREHEATERS 

General Data 
Combustor Type: 
Fuel : 
Fuel Type: 
Fuel Carr ier  Gas: 
Oxidant: 
Seed : 

Seed Carr ier  C.rs: 

0 Cornoustion Data 
Fuel Conditions: Mass Flow 

Coal Thermal Input 
Carr ier  Gas Flow 
Carr ier  Gas Temp. 

Oxidant Conditions: Mass Flow 
Tempeyature 
Pressure 

Combust ion Gas Cond'c t ions, 
F i r s t  Stage: 

Plasma Stagnation Temp. 
Residence Time 

Combustion Gds Conditions, 
Second Stage: 

Plasma Stagnation Temp. 
Residence Time 

Overal l  Combustion Stoichiometry: 
Conlbustion Gas E x i t  Conditions: 

Mass Flow 
Temperature 
Pressure 

0 5eed Feeding System Data 
Seed I n j ec t i on  Rates: 

Seed I n j e c t  ion Temperature : 
P:dsma E x i t  Conductivi ty 

Combustor Cooling System Data 
Design Heat Duty: 
Coo 1 i ng Sys tem Type : 
Cool i p s  Water Conditions: 

Mass Flow 
Prt,ssure 
I r i l e t  Temperature 

2-S t age Cyc 1 one 
Pulverized Coal 
Montana Rosebud, 5% Moisture 
Flue Gas 
A i r  
Mixed K2CO3 and 
~ 2 ~ 0 4  
A i r  

102.8 MWt 
High Pressure Regenerative 

447 kg/s 
26.3 MPa 
514 K 



TABLE 6.2.1C 
MHD COAL COMBUSTOR DESIGN DATA 

FOR 
OPEl CYCLE DISK GENERATOR SYSTEM 

WITH SEPARATELY-FIRED A I R  PWEHEATERS (CONT'D) 

e Slag Separat ion Data 
Slag Re jec t i on  C o e f f i c i e n t :  0.90 
Slag Flow t o  Quench System: 5.48 kg/s 
Ash/Slag Carryover t o  Channel: 0.61 kg/s 
Slag Re jec t i on  Heat Loss: 7.8 MWt 

Miscellaenous Data 
Combustor Shel 1 Ma te r i a l  : 
Combustor Cool i n g  L ine  Mater i a1 : 

Shel 1 and Cool i n g  System Maximum 
Operat ing Temperature: 

I n s u l a t i n g  Jacket Design 
Outer Temperature 

Combustar S t ruc tu re  F l o a t i n g  
Potent i a1 

Combustor Weight 
1st Stage A i r  I n l e t  Header Diameter 
2nd Stage A i r  I n l e t  Header Diameter 
Slag Neck Diameter 

18-8 Sta in less  Stee l  
2" Sch. 160 Sta in less  Stee l  
( F u l l  Studded) 



TABLE 6.2.10 
MHD COAL COMBUSTOR DESIGN DATA 

FOR 
OPEN CYCLE DISK GENERATOR SYSTEM 

WITH OXYGEN AUGMENTATION 

General Data 
Combus t o r  Type : 
Fuel : 
Fuel Type: 
Fuel Car r ie r  Gas: 
Oxidant: 
Seed : 
Seed Car r ie r  Gas: 

2-S t age Cyc 1 one 
Pulverized Coal 
Montana Rosebud, 5% Moisture 
Flue Gas 
Oxygen Enr i cned .4i r 02=1.07 
Mixed KzCO3 and K2SO4 
A i r  

@ Combustion Data 
Fuel Conditions: 

Mass Flow 
Coal Thermal Input  
Car r ie r  Gas Flow 
Carr ier  Gas Temp. 

Oxidant Conditions: 
Mass Flow 
Temperature 
Pressure 

Combustion Gas 
Conditions, F i r s t  Stage: 

Residence Time 
Combustion Gas 
Conditions, Second 
Stage: 

Residence Time 
Overal l  Combustion 
Stoichio~netry:  
Combust ion Gas E x i t  
Conditions: Mass Flow 

Temperature 
Pressure 

a Seed Feeding System Data 
Seed I n j ec t i on  Rates: 

Seed I n j e c t i o n  
Temperature: 
Plasma E x i t  
Conductivi ty: 



TABLE 6.2.1D 
MHO COAL COMBUSTOR DESIGN DATA 

r: OR 
OPEN CYCLE DISK GENERATOR SYSTEM 
WITH OXYGEN AUGMENTATION (CONT'D) 

Combustor Cool ing System Data 
Design Heat Duty: 165.8 MWt 
Cooling System Type: High Pressure Regenerative 
Cooling Water Conditions: 

Mass Flow 496.8 kg/s 
Pressure 26.3 MPa 
I n l e t  Temperature 483 K 
Out l e t  Temperature 555 K 

Slag Separation Data 
Slag Reject ion Coef f ic ient :  0.90 
Siag Flow t o  Quench System: 8.91 kg l s  
Ash/Slag Carryover t o  Channel: 0.99 kg/s 
Slag Reject ion Heat Loss 12.7 MWt 

e Miscellaneous Data 
Combustor Shel l  Mater ia l  
Combustor Cooling Line Mater ia l  

She1 1 and Cool ing Systern Maximum 
Operating Temperature: 
Insu la t ing  Jacket Design Outer, 
Tetnperature 
Combustor St ructura l  F loa t ing  
Potent ia l  
Combustor Weight 
1st Stage A i r  I n l e t  Header Diameter 
2nd Stage A i r  I n l e t  Header Diameter 
Slag Neck Diameter 

18-8 Stain less Steel 
2" Sch 160 Stain less Steel 
(Fu 1 1 -Studded) 



TABLE 6.2.2 
OPEN LYCLE DISK GENERATO8 SYSTEM COAL 

COMBUSTOR DIMENSIOiJAL DATA 

FIRST STAGE 
Ins ide  Diameter (D l ) ,  m 
Length (L1 + LS), m 
Pressure Vessel Wall Thickness ( t 4 ) .  m 
Magnesia Refractory ThicKness ( t 2  + t3 ) ,  m 
Plasma-Sprayed Z i r con ia  Thickness ( t i ) ,  m 
Cool ing System Tube P i t c h  (P), m 
Outer I n s u l a t i n g  Jacket Fhickness ( t 5 ) ,  m 
Outside Diameter (D ) ,  m 
Slag Necx Di arneter fDS) , m 

SECOND STAGE 
I n s i d e  D i  ameter (02). m 
Length (Lz),  m 
Pressure ' ksse l  Wall Thickness ( t 4 ) ,  m 
Magnesia Refractory Thickness ( T 2  + T3), m 
Plasma-Sprayed Z i r con ia  Thickness ( t i ) ,  m 
Cool ing System Tube P i t c h  (P ) ,  m 
Outer I n s u l a t i n g  Jacket T h i c ~ n e s s  ( t 5 ) ,  m 
Outside Diameter (D4), m 

(1) Preheat 
(21 1650 K Preheat 

DIRECTLY ( I 1  DIRECTLY ( 2 )  SEPARATELY WITH 02 
FIRED FIRED FIRED AND NO HTAH 



6.3 MAGNET SbdSYSTEM 

The superconducting magnet system f o r  the disk MHD generator consists o f  the 

magnet, the cryogenic support equipment, and the power supply and p ro tec t  ian 

systems, While a l i nea r  MHD channel requires a complicated magnet co i  1 and 

s t ruc tu ra l  arrangement t ha t  completely sur*ounds it, thus posing serv ice con- 

nect ion and 1 ine  rou t ing  problems, and making channel inspect ion and repa i r /  

replacement d i f f i c u l t ,  the working volume o f  a disk generator channel can be 

e f f ec t i ve l y  magnetized by a s ing le  solenaid magnet system, Such a s ing le  

solenoid magnet can provide maximum access ib i l i t y  and places v i r t u a l l y  no 

l im i t a t i ons  on plasma f low paths t o  and from the disk generator i t s e l f .  

Previous disk MHO channels have been magnetized by a " s p l i t  p a i r "  co i  1 ( i  .e. 

Helmholtz p a i r )  formed by two solenoid c o i l s  w i t h  a common axis, having the 

disk located between and coaxial  w i th  the co i  1s. This type o f  magnet requires 

a massive suppor5 s t ruc ture  t o  hold $the co i  1s apart against t h e i r  mutual 

magnetic a t t rac t ion;  such a force containment s t ruc ture  requires posts which 

must operate a t  cryogenic temperatures t o  pass t l~rough the disk and d i f f u s e r  

o f  an outf low disk generator. Although such a magnet type can be u t i l i z e d  by 

passing the supports through the i n t e r i o r  o f  the s p l i t t e r  :fanes i n  the annular 

d i f fuser ,  i t  was decided tha t  the s ing le  c o i l  magnet was more acceptable from 

the standpoints of  design s imp l i c i t y  and ease o f  access t o  the power t r a i n  

components. 

6.3.1 D ISK  GENERATOR MAGNET DESIGN C R I T E R I A  

The basic design c r i t e r i a  developed f o r  the disk generatnr magnets t o  be used 

<n the open cycle disk syster~ls were as fo l lows: 

The magnet should be simple t o  design and construct, t o  maintain 
and extend the conceptual s i m p l i c i t y  o f  the disk generator power 
t r a i n ,  and t o  minimize costs; 

The layout should minimize inter ference w i t h  the choice o f  plasma 
f low paths f o r  the d isk  generator; 

The conf igurat ion chosen should permit access t o  the d isk  gen- 
e ra to r  and di f fuser,  and minimize obstruct ions and design con- 
s t r a i n t s  f o r  t h e i r  serv ice connections; 



e The size o f  the e f f e c t i v e l y  magnetized volume should provjde 
margins such t ha t  c lose t ~ l e r a n c i n g  i s  not  required f o r  loca t ing  
the disk generator w i t h  respect t o  the magnet. 

These design c r i t e r i a  could apply t o  a magnet f o r  v i r t u a l l y  any d isk  generator 

configurat ion; fo l l ow ing  the choice o f  the rad ia l -ou t f  low conf igurat ion f o r  the 

OCD system disk generators, i t  was possib le t o  def ine design requirements which 

f ixed the general magnet conf igurat ion.  

6.3.2 DISK GENERATOR MAGNET CONFIGURATION SELECTION LOGIC 

For the four open-cycle d isk  generator systems being considered, the diameter 

of  the d isk  generators was on the order o f  10 m, thus ind ica t ing  t ha t  a magnet 

of  substant ia l  s ize was required. A f t e r  a review of  possib le magnet conf i g -  

urat ions f o r  the disk generator systems, i t  was decided t o  configure the disk 

magnet as a solenoidal magnet, i n  the form o f  a f l a t tened  r i g h t  c i r c u l a r  

cy l inder.  The cy l inder  would have a cent ra l  ax i a l  hole provided, through which 

the coal  omb bust or second stage could exhaust t o  the d isk  generator supersonic 

nozzle. Such a magnet could be supported w i t h  i t s  c y l i n d r i c a l  axis disposed 

e i t he r  v e r t i c a l l y  o r  hor i zon ta l l y .  The s ing le  c o i l  design also was capable o f  

provid ing a r e l a t i v e l y  large volume o f  magnetization a t  minimum cost, thus 

permi t t ing the placement o f  the d isk  generator a t  an a l t i t u t e  above i t s  face 

su f f i c ien t  t o  permit the i n te rpos i t i on  o f  cooling, e l ec t r i ca l ,  and instrument 

l ines, and s t ruc tu ra l  support members between the disk and the magnet dewar 

outer surf ace. The comp'lexity o f  the force containment s t ruc ture  f o r  such a 

design i s  minimal i n  comparison t o  v i r t u a l l y  any other magnet design. 

The large diameter of the disk generator and the necessity o f  coupl ing i t s  

exhaust t o  a set of  rad iant  furnaces o f  substant ia l  size, w i t h  minimum turn ing 

losses and simple d i f f u s e r  designs, f i n a l l y  r e s t r i c t e d  the se lec t ion o f  magnets 

t o  those w i th  v e r t i c a l  axes o f  symmetry. To permit maximum access t o  the d isk  

generator and d i f fuser ,  these are located on the upper hor izonta l  face i ~ f  the 

disk magnet, w i t h  the magnet supporting i t s e l f  from the f l o o r .  The cen t ra l  

ax ia l  hole i n  the magnet i s  penetrated by the combustor exhaust duct. The 

combustor i s  located below the magnet i n  a p i t ,  w i th  access permitted by tun- 

nels under the magnet support f l o o r  f o r  service l i n e s  and f o r  maintenance o r  



repa i r .  The disk design selected requires no support from the magnet, thus 

e l im ina t ing  a possib le h igh heat load s i t u a t i o n  which would requ i re  a substan- 

t i a l  l y  en? arged cryogenic system capaci ty .  Speci f i c  magnet parameters and 
important dimensions which were defined as a r e s u l t  of the open-cycle d isk  

generator parametric studies are as fol lows: 

e The a x i a l  component o f  the magnetic induct ion throughout t he  
volume o f  in te rac t ion  i n  each disk generator design i s  spec i f ied 
as 7 T. This value i s  t o  be a t ta ined a t  any po in t  On the disk 
working volume w i th  an allowable va r i a t i on  o f  + 1 T. 

Q To provide su f f i c ien t  clearance between dlsk under surface and 
magnet upper surface, the working volume o f  each d isk  ( i n  which 
the 7 * 1 T requirement given above i s  t o  be met) i s  t o  be 
located i n  a v e r t i c a l  region beginning a t  0.60 m and ending a t  
1.02 m above the upper magnet dewar surface. 

The minimum f r e e  radius of the cen t ra l  hole i n  the magnet c o i l s  
should be 1.5 m. This w f  11 provide clearance t o  pass the exhaust 
duct of the combustor second stage throu h the magnet t o  the disk 9 generator nozzle, whi le  simultaneously a lowlng flow ve loc i t i es  
su f f i c i en t l y  low t o  minimize pressure losses f o r  the mass-flow 
ra tes being considered. 

W4th the magnet configurat ion and layout chosen, the cryogenic systems and 

power supply and protect  ion systems f o r  the superconduct i ng  magnet can be 

located an adequate distance from the magnet t o  avoid s i gn i f i can t  magnetic 

in te rac t  ions. 

6.3.3 D I S K  GENERATOR MAGNET DESIGN DETAILS 

6.3.3.1 Magnet Subsystem 

The magnet subsystem f o r  each of the open cyc le  disk generators t reated i n  

t h i s  study consists of an outer r i n g  of conductors gap - f i l l ed  by epoxy t o  form 

a monolith, and an inner stack of f l a t  p la tes  supporting conductors. These 

are depicted i n  Figures 6-3-1 and 6-3-2 as Regions A and 0, respect ively.  The 
outer monol i th ic s t ruc tu re  i s  required t o  accommodate the higher current  den- 

s i  t i e s  present i n  t ha t  region. Internal ly-cooled, cabled superconductors are 
shown i n  the Figures, the propert ies o f  which are described below. 







The magnet c o \ l  subsystem i s  thermally insulated by a rad ia t ion  sh ie ld  and 

vacuum jacket held i n  place by standoffs, as shown i n  Figure 6-3-2. The 

standoffs are concentric G-10 f iberg lass cy l inders  designed t o  permit r e l a t i v e  

rad i  a1 thermal expansion. 

The dimensions o f  each magnet and the extent o f  'Regions A and !! vary w i t h  the 

appl icat ion t o  each ~f the four  OCD systems, as described i n  the fo l low icg  

text .  The fundamental design and general layout of the i n t e r i o r  components of 
the magnet subsystem do not, however. The descr ipt ion o f  design deta i ls ,  

dimensions, operating parameters, etc. i n  the fo l lowing sections are spec i f i c  

t o  a 7.65 m co i  1 radius supercon:~ucting magnet sui  tab le  f o r  use i n  the OCD 
system using 1920 K oxidant preheat and incorporating a 5.21 m (outer radius) 

disk generator (Case 1A). A subsequent section on magnet scal ing de ta i l s  the 

parameters and scal ing laws appropriate t o  the s ing le  disk solenoidal magnet 

desigr,, which permits a s ing le  evaluation o f  costs, weights, and s fz ing f o r  

other disk generator r a d i i  based on the 7.65 m magnet design. Table 6.3.1 

contains major design parameters f o r  the disk magnets f o r  each o f  the four  OCD 

system cases. 

Conductors 

The in te rna l  ly-cooled cabled superconductors ( ICCS) have a cross section 

approximating a 50 mn (2-inch) square w i th  rounded corners. They are capable 

of carry ing 50 kA current a t  4.5 K t o  5 K w i th  a copper/superconductor r a t i o  

of 5:1, using Nb3Sn superconductor. The 40 percent void i n  t h i s  case 
2 resu l t s  i n  an average current  density o f  25 MA/m . This i s  consistent w i th  

6 GJ of  stored-energy i n  the f i e l d  and a discharge voltage o f  750 V, w i t h  a 

temperature r i s e  t o  200 K. 

Other Materials 

The -rsnductor case and support p lates f o r  the inner region o f  conductors are 

fabr icated o f  304L stain less s tee l  w i th  0.14 percent nitrogen addit ion. The 

rad ia t ion sh ie ld  and vacuus vessel are also 304 stain less steel .  This 



TABLE 6.3.1 
OCD SYSTEMS - MAJOR MAGNET DESIGN PARAMETERS 

CASE 1A CASE 1B CASE 2 

a MAGNET DIMENSIONS 
(m) 

CASE 3 

- C o i l  Outside Diameter 15.30 15.55 14.75 16.05 - C o i l  Thickness 1.00 1 .oo 1.00 1 .oo - Tota l  Diameter 15.80 16.05 15.25 16.55 - Tota l  Thickness 1.50 1.50 1.50 1.50 - Central  Clear Bore 2.90 2.90 2.90 2.90 

a MAGNET AND DEWAR 

WEIGHT (tonnes) 

a MAGNET DESIGN AXIAL 

FIELD [ T )  

a MAGNET CONDUCTOR 

Type Stab1 i 1 i zed Same Same Same 
Nb3Sn 
(5: 1 Cu/SC*) 

Operatin, Temperature 5 K 5 K 5 K 5 K 
Average Current Density 25 ~ ~ / m 2  25 ~ a / m 2  25 ~ ~ / r n 2  25 ~ ~ / r n 2  



mater ia l  and others o f  comparable strength are under evaluat ion f o r  app l i -  

ca t ion t o  superconduct i ng  magnet designs o f  thD s nature, i n  t e s t i n g  programs 

bei  ng ca r r ied  out  a t  room temperature as we1 1 as a t  cryoge . :c temperature. 

The G-10 f ibe rg lass  standoffs are an E-glass c l o t h  i n  an epoxy matr ix. 

F ie lds  and Forces 

The magnet currents necessary t o  provide the near-constant 7 T magnetic 

induct ion throughout the region o f  i n te rac t ion  o f  the OCO disk generator a lso 

induce a substant ia l  r ad ia l  f i e l d ,  as shown i n  Figure 6-3-3. The ax ia l  f i e l d  

passes through zero midway through the  outer pot ted conductor r ing, and 
becomes negative a t  5 T a t  the outer periphery o f  the c o i l .  This r esu l t s  i n  

the balancing o f  r ad ia l  loads i n  the outer r i n g  since the (pos i t i ve )  inner 5 T 
f i e l d  generates an outward loading from the 7.65 m point .  Radial loads thus 

do not begin t o  accumulate u n t i l  w i t h i n  the 6.05 m radius. The peak value of 

165 MPa (24,000 psS) occurs a t  the 1.25 m inner radius. It should be noted 

tha t  whi le the magnet diagram o f  Figure 6-3-1 depicts a c o i l  w i th  a 1.15 m 
inner radius, i t  i s  possib le w i th  very l i t t l e  d i f f i c u l t y  t o  provide a s l i g h t l y  

larger radius by a removal o f  conductor i n  the cent ra l  region, without any 

s i gn i f i can t  e f f e c t  on the performance o f  the magnet i n  the region r' 

i n te rac t ion  w i th in  the d isk  generator. Thus, a f t e r  f i n a l  design d e t a i l s  o f  

the combustor exhaust neck area have been defined, i t  i s  possible t o  a r r i ve  a t  

the required base s ize without s i gn i f i can t  impact on the previous magnet 

design e f f o r t s .  

f i gu res  6-3-1 and 6-3-2 shows tha t  the superconductor density i n  the c o i l s  i s  

graded as a funct ion o f  radius. Such a design approach provides several 

pos i t i ve  e f fec ts .  I t  permits the maintenance o f  a r e l a t i v e l y  constant 7 T 
ax ia l  f i e l d  w i th in  the working volume o f  the disk generator. It al lows the 

use o f  more s t ruc tu ra l  mater ia l  near the hole i n  the magnet t o  minimize the 

c i rcumferent ia l  stresses. F ina l l y ,  i t  permits opt imizat ion .of the s t ruc tu ra l  

e f f i c i ency  near the 5.25 m radius where the overa l l  required current  density 

i s  h igh enough t o  necessitate use o f  a large por t ion  o f  the magnet cross 

section f o r  conductor. 





Stresses 

The stresses in the principal structural components of the disk generator 

magnet appear in Table 6.3.2, together with the factors of safety based on 

typical material property data taken from the pub1 ished 1 i teratu~e. The 

a1 lowable stress is 113 of the static ultimate tensile strength or 2/3 of the 

yield strength, whichever is lower. 

The vacuum jacket is designed iit + I : @  minimum size required for fabrication and 

handling, which accounts for t,+ I JW applied stress. 

6.3.3.2 Cryogenic Subsystem 

The cryogenic subsystem is designed to cool the magnet coil and structure to 

the operating temperature of 4.5 K and to maintain them at that temperature 
continuously while the MHD generator is in service. A mechanical refrig- 
erator/l iquef ier is used to supply primary refrigeration for coi 1 and power 

lead cooling. A separate closed-loop system, cooled by the primary refrig- 
eration equipment, is provided within the magnet enclosure itself to circulate 

supercritical helium through the magnet coils. A bulk liquid nitrogen system 

provides refrigeration for initial cooldown of the magnet system, for inter- 

mediate shield cooling, and for helium refrigerator pre-cooling. The complete 

cryogenic subsystem consists of helium refrigerator and compressor equipment, 

a helium purifier, gas and liquid storage containers, a helium circulating 

pump, heat exchangers for the closed-loop circulating system associated with 

the internally-cooled conductor, initial cooldown and warmup piping, instru- 

mentation, safety devices, and controls including provisions for automatically 

maintaining required temperatures and liquid levels in the system. A sim- 
plified block diagram of the cryogenic system is shown in Figure 6-3-4. 

Heat Loads 

The estimated steady state heat loads which the cryogenic system must handle 

are summarized in Table 6 . 3 . 3 .  

Refrigerator and Compressor Equipment 

Tne refrigerator and compressor equipment will be designed to have a margin in 

rated capacity of at least 25% above the estimated maximum heat loads of the 



TABLE 6.3.2: EVALUATION OF SAFETY FACTORS FOR NAJOR STRUCTURAL COMPONENTS OF DISK MAGNET 

STRUCTURAL MATER I AL OPERATING aPP * aPP SAFETY FACTOR 
COMPONENT TEMPERATURE APPLIED STRESS ALLOWABLE STRESS 

K MPa MPa o a l  1 juapp 
( k s i  ) ( k s i )  I 1 

w 

304L ! 
Disk Sta in less  4 24 460 

Steel  4 1.08 
P la te  +O. 14N (61.5) (66.7) 

Vacuum 304 Room 24.8 184 
Sta in less  7.4 

Jacket Steel  Temperature (3.6)  (26.7) 
- 

GI0 4 t o  Room 138 172 
St  andof f 1.25 

Fiberglass Temperature (20) (25; 

I i * 
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leads and 4.5 K region given i n  Table 6.3.3. The magnet system can be 

maintained a t  operating temperature using 1 i qu id  he1 ium from the storage 

container dur ing repa i r  and/or mar1 tenance o f  r e f  r i ge ra to r  and compressor 

equipment. 

The cryogen 1 c system includes h i  91,-pessure gaseous he1 ium storage capacity 

su f f  i c l e n t  f o r  the complete system charge o f  he1 i um. Emergency atmospheric 

pressure helium recovery containers are not  included, and i n  the event o f  

magnet quench, a por t ion  o f  the helium charge may be released i n t o  the atmo- 

sphere through the vent stack. 

Closed-Loop Coi l  Cooling System 

A closed-loop system w i t h  heat exchangers, pump, and manifolds w i l l  c i r c u l a t e  

superc r i t i ca l  helium a t  about 4 atm pressure and s l i g h t l y  above 4.5 K through 

the i n t e r n a l l y  cooled conductor o f  the magnet c o i l .  Heat absorbed by the 

supercr:t ical helium i n  the c o i l  passages w i l l  be removed by heat exchange w i t h  

4.5 K helium o f  the primary re f r i ge ra t i on  system. 

Maanet Cool down and war mu^ 

Cooldown o f  the magnet from room temperature w i  11 be accomplished by forced 

c i r c u l a t i o n  o f  co ld  helium gas through the magnet co i l s .  The re f r i ge ra to r  

compressor w i l l  be u t i l i z e d  t o  force the gas through the system whi le the 

cooldown heat exchanger, supplied w i t h  l i q u i d  ni t rogen from bulk storage, w i l l  

p r ima r i l y  cool the helium gas t o  approximately l i q u i d  ni t rogen temperature. 

Warmup o f  the magnet w i l l  a lso be accomplished by means o f  forced c i r c u l a t i o n  

of  helium gas using the re f r i ge ra to r  compressor. Gas a t  room temperature w i  11 

be del ivered t o  the sh ie ld  and c o i l  cool ing system. Return gas which has been 

cooled by heat exchange w i t h  the magnet c o i l s  and s t ruc ture  w i l l  be warmed back 

t o  room temperature i n  warming c o i l s  provided i n  the re tu rn  l i n e  t o  the 

compressor suction. 



TABLE 6.3.3: DISK GENERATOR MAGNET 
SUMMARY OF ESTIMATED HEAT LOADS FOR CRYOGENIC SUBSYSTEM 

REMOVAL OF HEAT ENTERING 4.5 K REGION OF MAGNET 

Raaiat ion from intermediate sh ie ld  

Conduction through supports 

Conduct ion through stack 

Pump and c i r c u l a t i n g  system losses 

Res is t ive  heating i n  conductor sp l ices (100) 

Tota l  r e f r i g e r a t i o n  a t  4.5 K 

Refr igerant  f low required t o  remove 2.16 kW 

LHe i n  a t  4.5 K; gas out a t  4.7 K 

REFRIGERATION FOR CURRENT LEADS 

(50 kA p a i r )  

T w ~ s t a g e  leads (Note 2) 

0 1 s t  Stage 
LHe i n  a 4.5 K; gas out a t  80 K 

a 2nd Stage 
He gas i n  a t  80 K; gas out a t  300 K 

REMOVAL OF HEAT FROM 80K REGION 

(Intermediate sh ie ld  and heat s ta t ions)  

Radiat ion from vacuum jacket  wal ls  

Conduction through supports 

Conduction through stack 

30 W 

25 W 

5 W 
2 kW (Note 1 )  

100 W 

2.16 kW 

Tota l  r e f r i ge ra t i on  a t  80 K 573 W 

Refr igerant  flow, (LN2) required t o  remove 
573 W: 

NOTE 1: Required only dur ing energizing. Pumping losses dur ing steady s ta te  
operation are neg l ig ib le .  Estimate i s  based or] continuous r a t i n g  and 
i s  therefore conservative. 

NOTE 2: The two-stage leads are more e f f i c i e n t  i s  use o f  r e f r i ge ran t  than 
conventional single-stage leads. The use o f  two-stage leads i s  
pre fer red f o r  r e l a t i v e l y  h igh design currents because lead 
re f r i ge ra t i on  i s  a s i gn i f i can t  por t ion  o f  t o t a l  r e f r i g e r a t i o n  requ i red 
during steady s ta te  operation. 



6.3.3.3 Magnet Power Supply and Dl scharge Subsystem : -. * 

The power supply and discharge subsystem i s  deslgned t o  charge the magnet, t o  
maintain automatical ly the desired steady s ta te  magnetlc f l e l d ,  and t o  d l s -  

charge the magnet under both rout lne and emergency condlt lons. The subsystem 

w i l l  consist  o f  a s o l l d  s ta te  rectifier u n l t  designed f o r  60 Hz input  from the 

powerplant bus, current  and voltage controls, an emergency dump res is to r ,  a 

c i r c u i t  breaker t o  act I vate the emergency res is tor ,  and the con t ro l  equipment 

necessary t o  actuate the emergency dump system automatically i n  response t o  a 
s ignal  from the c o i l  quench monltoring system. A s imp l l f l ed  diagram o f  the 

power supply and discharge system i s  shown I n  Figure 6-3-5. Design charac- 

t e r i s t i c s  o f  the subsystem are given i n  Table 6.3.4. 

R e c t i f i e r  Power Supply Uni t  

The power supply u n i t  w i  11 provide d i r e c t  current  t o  the magnet f o r  charging 

and w i l l  maintain the desired (constant) current  i n  the magnet c o i l s  during MHD 

generator service use. The u n i t  w i  11 be so designed tha t  the voltage can be 

reversed t o  provide f o r  con t ro l led  discharge o f  the magnet w i t h  stored en- ergy 

returned t o  the power p lant  bus. Controls w i l l  permit operation a t  currents 

from 0 t o  50 kA wi th  voltage 0 t o  - + 18 V. Automatic cont ro l  o f  current  a t  any 

desired se t t ing  i s  possible w i t h  the power supply cont ro l  systems. 

Emergency C i r c u i t  Breaker 

The c i r c u i t  breaker i s  capable o f  breaking up t o  50 kA d i r e c t  current  under 

emergency condit ions. The opening of  the c i r c u i t  breaker in te r rup ts  the 

current  i n  the low impedance power-supply magnet loop, causing the f u l l  magnet 

current t o  pass through the dump res is to r .  

Emeraencv Dum~ Resistor 

The res i s t o r  i s  designed as a water-cooled u n i t  which i s  capable o f  absorbing 

a l l  of the stored energy i n  the fu l ly-charged magnet. Under normal steady- 

s ta te  operating condit ions the res i s t o r  w i l l  remain as a shunt across the c o i l  

terminals and w i l l  ca r ry  ~ n l y  a small current  as determined by the voltage drop 

across the p0w2r leads. 
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TAbLE 6.3.4: DESIGN DATA FOR SUPERCONDUCTING MAGNET POWER SUPPLY SUBSYSTEM 

Power Supply Unit  

Maximum chargeldischarge rat ing:  

Current, maximum 50 kA 

Voltage, maximum + 18 V - 
Charge time, minimum 4 hr  

Discharge time, mininlum 4 hr 

Normal Rating (steady s ta te )  

Current 50 kA 

Voltage t l  V 

Emergency C i r c u i t  Breaker 

Current, maximum 50 kA 

Voltage, maximum 1 kV 

Emerqency Dump Resistor - 
Resistance 0.2 ohm 



6.3.4 DISK MAGNET SCALING LAWS 

The design information provided i n  the previous subsections i s  spec i f i c  t o  the 

7.650. solenoidal magnet which i s  appropriate f o r  the 1920 K preheat opee- 

cyc le  disk generator having an outer rad ius o f  5.2 m. I n  order t o  provide a 

means o f  evaluat ing the size, cost, and performance of magnets o f  the same 

basic design for  the disks of various sizes spec i f i ed  f o r  the remaining three 

OED systems, magnet sca l ing l i ~ws  was derived. These sca l ing laws are be l leved 

t o  ho ld  over the range o f  dish sizes proposed f o r  the OCD generator systems 

t reated herein, subject t o  the appropr l a t e  const ra in ts  discussed i n  each 

subsection below. The magnet sca l ing laws provided are also adaptable t o  

magnets f o r  disk generators other than those described i n  t h i s  report .  

6.3.4.1 Disk Magnet Parameters 

The p r i nc i pa l  parameters o f  a solenoidal dlsk magnet r r e  as fol lows: 

R - outer radius o f  winding, m 

t - thickness o f  winding, m 

5 - f i e l d s t r e n g t h ,  T 

j x  - overa l l  current  density, A/m 2 

N - c o i l  parameter d i r e c t l y  r e l a tab le  t o  cost, A-m 

C - cost, do l l a r s  

Each dlsk magnet must be designed t o  generate the f i e l d  i n t ens i t y  and geometry 

required i n  the channel region, t o  funct ion s a t i s f a c t o r i l y  f o r  the required 

magn:;' l i f e ,  and t o  be avai lable a t  the lowest possib le cost. This involves a 

choice o f  the proper conductor f o r  the f i e l d s  w i t h i n  the magnet and se lect ion 

of appropriate mater ia ls for  conductor s t ruc tu ra l  support, insulat ion,  and 

cool ing. 

6.3.4.2 Channel Size Scaling 

The disk magnets t ha t  have been examined i n  t h i s  study have been l i m i t e d  t o  

those which are capable o f  provid ing a 7 T ax i a l  f i e l d  i n  the channel region. 
2 The maximum current  densi t ies are i n  a l l  regions less than 3 x lo7  A!m , 

which i s  an upper bound chosen t o  minimize magnet s i ze  whi le  remaining 



consistent w l t h  r e1  table performance. Th I s  1 l m l t  tng current  densf ty l ed  t o  a 

windlng thickness o f  1 m, whlch provided a reasonable magnet outer rad lus f o r  

the r a d t a l  extent  o f  the ax ia l  f f e l d  required. Study of a few cases revealed 

tha t  the magnet outer radlus could set  a t  1.5 tlmes the channel outer radlus 
f o r  the channel s i ze  range o f  Interest ,  and w i t h  the 1 m c o l l  thickness taken 

as a f lxed dlrrisnslon. 

I n  basic design, the dlsk magnet I s  a large f l a t  solenoid composed o f  a main 

winding w l t h  several smaller t r i m  c o i l s  t o  f l a t t e n  the a x l a l  f l e l d  w l t h l n  the  
channel volume. 

The ax ia l  f i e l d  f o r  various magnet deslgns was determined s t  several pos i t ions 

i n  the channel region f o r  several r a t i o s  of outer rad ius t o  Inner radius o f  the  

c o i l  system. L i t t l e  va r ia t ion  I n  f i e l d  l eve l  i s  expected i n  the region between 
0.6 m and 1.1 m from the centerplane which would encompass channels w i th  

3 volumes o f  20 t o  40 m . 

These pre l iminary  invest igat ions l ed  t o  the r e a l i z a t i o n  tha t  approximate 

sca l ing f o r  the disk magnets involves selecr ing the magnet thickness t o  be 

constant a t  1 m and the outer radius t o  be 1.5 times the channel outer radius, 

R c *  As a r e s u l t  magnet volume ( V )  f o r  any disk magnet considered would be 
2 proport ional  t o  Rc. 

These resu l t s  apply t o  a magnet w i t h  constant 7 T ax i a l  f i e l d .  I f  the f i e l d  
leve? were required t o  change, the thickness would then necessar i ly  change i n  

2 the same proport ion. Then V would be proport ional  t o  Rc  Bz. 

6.3.4.3 Stress Scaling 

The electromagnetic loading per u n i t  conductor length q, on the magnet c o i l  i s  

equal t o  I x B a t  any location. If the channel radius were t o  be changed then 

f o r  a given f i e l d  strength a t  the magnet axis, i t  has been assumed, conser- 

vat ively,  t ha t  I would vary w i th  R. As a resu l t ,  q would vary w i th  R. I n  a 

c:  i r cu l a r  f l a t  p late,  the stress would be a = 2q/ t  and the stress s t i l l  would 

be proport ional  t o  R but  a t  twice the unpunctured value. 



6.3.4.4 Disk Power Level i c a l i n g  

I f  the channel power level ,  P, i s  increased by expanding both the entrance 

height  and radius proport ional  t o  (p)'12, then i t  c8n Be shown tha t  the 

channel outer  radius should increase by (P) i n  order t o  make the magriet- 

ized volume proport ional  t o  P. The d isk  magnet volume, V, i s  proport ional  t o  
2 1 /2 R and, consequently, t o  (P) . 

I f  both sides o f  the d isk  magnet were t o  be used then the ava i lab le  power woibid 

double w i th  no change i n  the magilet. Ensuing power-related magnet var ia t ions 

would fo l l ow the above re la t ions.  

I I 
6.3.4.5 Cost Scaling 1 I I 

8 
A synthesis o f  product ion costs of 1 inear magnets was conducted by Hatch [I]. 

He p lo t t ed  cost  ( C )  logar i thmice l ly  as a funct ion o f  VB', which re f l ec t s  

energy i n  the magnet warm bore. The data d isp lay  considerable scat ter .  

However, the mainstream of the information appears t o  1 i e  along a band wit.h 

slope Q,6  i n  the large magnet range so t ha t  C i s  proportfonal t o  V 0.6 B l .Z  

Detai led cost studies were conducted f o r  a 6 m disk magnet as wel l  as the 7.65 m 

d isk  magnet w i th  7 T nominal f i e l ds .  The costs of the two magnets were found 

t o  be approximately 35.6 m i l l i o n  do l lars  and 47.2 m i l l i o n  dol lars,  respect ively 

(mid 1978 basis). Using the same cost scal ing fac tors  as were found 

appropriate f o r  the l i near  magnet, the costs should be proport ional  t o  

(6.0/7.65)lo2 = 0.75 since the n ~ m i n a l  magnetic induction i s  the same fo r  

each magnet design. The r a t i o  o f  costs determined by the deta i led est imating 

procedures ( resu l t s  f o r  the 7.65 m magnet are given i n  Section 7.0 of t h i s  

repor t )  i s  35.6/47.2 = 0.75, which i s  i n  good agreement wi th  the scal ing fac tor  

resu l t .  

For the development o f  costs f o r  the three remaining solenoidal magnet designs 

proposed f o r  app l ica t ion t o  the OCD systems, the scal ing fac to r  Cl/C2 = (Rl/RZ) 
1.2 

was u t i l i z e d ,  wtth the 7.65 m magnet as the reference design. 



6.3.5 OTHER MAGNET DESIGNS FOR DISd GENERATORS 

6 . 3 . 5 . 1  S p l i t  P a i r  Magnets 

I n  order  t o  evaluate the  s u i t a b i l i t y  o f  a s p l i t  p a i r  magnet design f o r  large-  

scale d i sk  MHD power generat ion systems, a  d e t a i l e d  design e f f o r t  extending 

beyond the scope o f  the present Disk MHD Generator Study would be required, 

since t h e  s t r u c t u r a l  and cryogenic system design complexi t ies f o r  the  s p l i t  

p a i r  magnet f a r  exceed those f a r  the solenoidal  s i n g l e - c o i l  magnet described 

previously.  

One s i g n i f i c a n t  adva~~tage o f  such a magnet design would be the  e l i m i n a t i o n  o r  

reduct ion  o f  t h e  r a d i a l  f i e l d  se t  up by a  f l a t  d isk  magnet design component a t  

:he o u t e r  r a d i i  o f  the d i sk  generator, thus con f igu r ing  the  f i e l d  t o  provide 

only an ax ia l  component throughout the  reg ion o f  i n te rac t i on .  This f i e l d  

gecmetry matches t h a t  assumed i n  the  cur rent  d i sk  generator performance eva l -  

ua t i on  and design codes, thus increasing the  p r o b a b i l i t y  t h a t  t he  ca lcu la ted 

performance o f  the d isk generator would be more c l o s e l y  matched by the  a c t u l l  

equipment i n  serv ice  than i n  the  case where a  h igh r a d i a l  f i e l d  component were 

present, 

Add i t iona l ly ,  t he  design o f  a  s p l i t - p a i r  magnet t o  provide equivalent  a x i a l  

magnetic induct ion  i n t e n s i t y  f o r  a  s i m i l a r  d i sk  channel requ i res  the use o f  

less ;uperconductor than i n  the f l a t  p l a t e  d i sk  magnet design. As noted 

previously,  the fo rce  c~n ta inmen t  s t ruc tu re  o f  the  s p l i t - p a i r  magnet design 

would nncessar i l y  penetr i i te  the plasma-car*rying regions o f  the  d i sk  generator 

and d i f f u s e r ;  i t  i s  estimated t h a t  f o r  the  s i z e  o f  d i sk  generatar being con- 

sidered and the requ i red  magnetic induct ion  o f  7 T, approximately h a l f  the 

channel circumference would be blocked by magnet s t r u c t u r a l  members a t  the  

disk outer  radius.  

The inne r  c o i l  region o f  the s p l i t - p a i r  magnet would encroach upon the  

c y l i n d r i c a l  space w i t h i n  which the  channel 1  ies, thereby d imin ish ing access- 

i b i l i t y  f o r  channel mainte~ance, repa i r ,  o r  replacement. Tne s t r u c t u r a l  

design o f  the magnet, channel, and d i f f u s e r  would necessar i l y  be more c l o s e l y  

in tegra ted than i n  the case o f  the s i n g l e - c o i l  d isk  magnet. 



Summary cost  evaluat ions f o r  t h e  s p l i t - p a i r  magnet design i n d i c a t e  t h a t  the 

cos ts  are rbughly s i m l l a r  t o  those of t he  s i n g l e  c o i l  d isk  magnet f o r  the  same 

s ize  OCD system. The e f f e c t  of the  cos t  reduct ion  due t o  removal o f  

superconductor i s  c l e a r l y  l o s t  by the  necessi ty  f o r  a more complicated magnet 

s:ructure. 

6.3.5.2 Advanced S ing le  C o i l  Disk Magnet 

The choice o f  a s i n g l e - c o i l  so lenoidal  magnet as the reference magnet design 

f o r  the open cyc le  d i sk  generator systems studies was based p r i m a r i l y  upon i t s  

r e l a t i v e l y  low cost,  simple s t r u c t u r a l  design, and minimum in te r fe rence  f o r  

access t o  the hot-gas-carrying components of the MHD system. The p r i c e  pa id  

f o r  these p o s i t i v e  features i s  the  appearance o f  a r e l a t i v e l y  h igh  r a d i a l  

f i e l d  componmt a t  the l a rge r  d i sk  r a d i i "  The presence o f  such a r a d i a l  f i e l d  

component r e s u l t s  i n  a dev ia t i on  o f  the ac tua l  phys ica l  s i t u a t i o n  from the 

idea l  quasi-one-dimensional geometry assumed f o r  the MHD i n t e r a c t  i on  i n  a d i sk  

generator of the p lanar  f l o w  type used i n  the  open-cycle power systems 

described herein. 

A t  the expense o f  a s l i g h t l y  more complicated conductor design and s t r u c t u r a l  

design, i t  i s  poss ib le  t o  u t i l i z e  a magnet o f  the basic s ing le  c o i l  so lenoidal  

design and conf igure  the  d isk  generator f l ow  geometry t o  take advantage o f  the 

r a d i a l  f i e l d  comyonect. This would provide a more compact o v e r a l l  design, 

since the plasma p;th i s  longer than a r a d i a l  l i ne .  

As described prev ious ly  i n  Sect ion 6.1.4, the  d isk  generator can be formed 

from shaped ra the r  than from f l a t - p l a t e  f i b e r g l a s s  sections, thus p rov id ing  

increased s t i f f n e s s  t o  the  s t ruc tu re  wh i le  decreasing ex terna l  support 

requirements f o r  compecsation of gas forces and deadweight loads a t  the  inner 

and outer  r a d i i  o f  the  d isk.  The f i g u r e  selected f o r  the d i sk  generator can 

be chosen simultaneously w i t h  the design o f  the  magnet i t s e l f .  By a 
combination o f  conductor thickness and dens i ty  di f ferences tetween the  main 

c o i l s  and t r i m  c o i l s ,  and by r e q u i r i n g  t h a t  the  magnet f i e l d  be conf igured so 

t h a t  the plasma f l o w  surface a t  channel center  be normal t o  the  r e s u l t a n t  

f i e l d  ( B  I--,. r + B z) r a t h e r  than const ra in ing  the  magnet design t o  provide a z- 



constant a x i a l  f i e l d  component ( B g )  across the  disk, i t  appears poss ib le  t o  

p rov ide  an advanced d i sk  generator/magnet i n teg ra ted  design which r e t a i n s  the  

advantages o f  the s i n g l e  c o i l  ( f l a t )  magnet wh i l e  a l so  decreasing component 

s i ze  and improving generator performance. 

Tllus, the p o t e n t i a l  advantages of such a domed shaped d i sk  design are: 

The possi  b i  1  i t j  o f  reducing the  amount o f  conductor required. 
The resu l tan t  f i e l d  w i l l  be constra ined t o  a nominal value o f  7 
T; as shown i n  F igure  6 4 - 6 ,  the r e s u l t a n t  f i e l d  o f  a s i n g l e  c o i l  
f l a t  p l a t e  d i sk  magnet a t t a i n s  valuss h igher  than the  7 T nominal 
value a t  r a d i i  near t he  d i sk  generator edge, when measured along 
the pd th  a t  which plasma f low would be normal t o  t h e  r e s u l t a n t  
magnetic induct i o n  vector.  The reduct ion  o f  the r e s u l t a n t  f i e l d  
a t  the l a rge r  r a d i i  can be accomplished by reduc i ru  the th ickness 
o f  the ou ter  c o i l s  and/or the  conductor dens i t y  i n  these c o i  1s. 

The p l a s ~ ~ ~ a  f low path  t rave led  i n  a domed d i sk  generator i s  longer 
f o r  the same outer  rad ius  when compared t o  a f l a t  p l a t e  d isk .  
This imp l ies  t h a t  the advanced ( i n t e g r a t e d  disk/magnet) system 
w i  1 1  be smal ler f o r  the same MHD cnthalpy ex t rac t i on ,  g iven 
s i m i l a r  i n t e r a c t i o n  condi t ions.  

Some obvious disadvantages a lso accrue when u t i l i z i n g  the curved 
f l o w  path f l ow  the  plasma. 

Pressure losses i n  the d i sk  generator are increased due t o  the 
tu rn ing  l l ~ s s e s  i n  the s!~personic f low;  

Coupling of the d i sk  generator exhaust t~ the d i f f use r *  i s  more 
complicated and may r e s u l t  i n  a degradat ion o f  o v e r a l l  system 
performance due t o  a decrease i n  d i f f u s e r  pressure recovery 
capabi 1 i t,y. 

Add i t i ona l  e f f o r t  t o  de f i ne  the poss ib le  advantages and disadvantages o f  such 

an in tegra ted  d i s k h a g n e t  design was not w i t h i n  the scope o f  the study. This 

type o f  d i sk  generator and magnet design appears t o  o f f e r  proniise o f  increased 

performance, and should be inves t iga ted  f u r t h e r .  

6.4 D I S K  GENERATOR POWER MANAGEMENT SYSTEM 

The Hall-connected d isk  MHD generator can be expected t o  show a d e f i n i t e  

advantage i n  the power manaoement system design over comparably-sized l i n e a r  

MHD generators. For the d isk  i t  is poss ib le  t o  conceive o f  such a system, 





designed around a two-terminal machine, w i t h  no conso l i da t i on  c i r c u i t r y .  

However, the  eva lua t i on  o f  o f f -des ign  performance f o r  the  supersonic OCD 

generator (Sect ion 5.3.4) revealed t h a t  several in termediate e lec t rodes between 

anode and cathode would be requ i red  t o  r e a l i z e  l i n e a r  e l e c t r i c a l  charac ter -  

i s t i c s  i n  the d isk .  A mu l t i p le -e lec t rode  d i sk  generator s t i l l  permi ts  the use 

o f  a power management system w i t h  no cu r ren t  conso l i da t i on  equipment, thus 

promising super io r  r e l i a b i l i t y  and e l e c t r i c a l  e f f i c i e n c y  when compared t o  any 

Faraday o r  diagonal MHD generator. The cos t  o f  such a power management system 

can a l so  be an t i c i pa ted  t o  be much less  than t h a t  o f  a system w i t h  s i m i l a r  

power handl ing c a p a b i l i t y  f o r  t he  l i n e a r  generator. 

For t h i s  study, the  design f o r  a nominal 500 MW d i sk  generator power management 

system was prepared, us ing as a bas is  t he  reference d i sk  generator design 

described i n  Sect ion 5.3.4. The r e s u l t s  o f  t he  design e f f o r t  were u t i l i z e d  

w i t h  appropr iate sca l i ng  laws t o  est imate the cos t  o f  such a system f o r  each o f  

the f o u r  OCD generator systems described i n  Sect ion 5.4. From the  design data, 

i t  was a lso poss ib le  t o  est imate cos ts  f o r  OCD generator system power 

management equipment. 

6.4.1 GENERAL SYSTEM DESCRIPTION 

The s p e c i f i c  d i sk  generator cond i t i ons  f o r  which the reference d i sk  power 

management system was designed i s  described i n  Table 6.4.1. (Th is  i s  the 

reference generator o f  Sect i o n  5.3.4, as noted p rev ious l y ) .  A t  the  generator 

design po in t ,  w i t h  the constant r a d i a l  H a l l  f i e l d  design cons t ra in t ,  a l l  seg- 

ment cur ren ts  are equal. As a r e s u l t ,  no cu r ren t  i s  ex t rac ted  from the  d i sk  

generator through the  th ree  in termediate e lect rodes i n  t h i s  cond i t ion .  

Minimum al lowable segment cu r ren ts  ( i .e. ,  maximum al lowable segment vo l tages)  

have not  heen determined. These are se t  both by the w a l l  breakdown vol tage and 

the channel gas dynamic response under load. A g rea ter  understanding o f  the 

c h a r a c t e r i s t i c s  o f  m u l t i p l e - l o a d  supersonic d i sk  generators opera t ing  under 

o f f -des ign  cond i t i ons  must be achieved i n  order  t o  f a c i l i t a t e  the d e l i n e a t i o n  

o f  the  d e f i n i t i v e  d i sk  power conversion system design. The design d e t a i l s  f o r  

both the reference d i sk  generator and power management equipment have been 



TABLE 6 -4.1 
Reference Open Cycle Disk MHD Generator Design P o i n t  

E l e c t r i c a l  Data f o r  MHD Power Management System 

Generator Type: H a l l  connected, supersonic near-impulse mode 

Generator I n l e t  Radius: 1.226 m 

o Generator Ou t le t  Radius: 4.106 m 

o Design To ta l  Power: 527.3 MW (dc)  

o Design Voltage Di f ference:  34.56 kV (-12 kV/m r a d i a l  H a l l  f i e l d  cons t ra in t )  

Segment Segment 
Electrode Radius, m Segment Segment Impedance, Short C i r c u i t  

Segment Upstream Downstream Voltage, V Current, A Ohms Current, A 

1 1.226 2.2 16 11,880 15,258 9.7 - + 0.1 16,500 

(Anode) 
3 .- 2.2 16 3.116 10,800 15,258 14.0 - + 0.3 16,210 

3 3.116 3.626 6,120 15,258 5.3 - + 0.6 16,480 

4 3.626 4.106 5,760 15,258 7.5 - + 2.5 16,050 
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s u f f i c i e n t l y  developed i n  t h i s  study f o r  cos t  eva lua t ions  and comparisons w i t h  3. b 
% .' 

l i n e a r  MHD generator power management equipment. f i 

Figures 6-4-1 and 6-4-2 are elemental dc and ac s ide  schematics o f  t he  

reference d i sk  power management system, respect ive ly .  The conver te r  colnpo- 

nent l i s t  i s  g iven i n  Table 6.4.2. Each o f  the  f o u r  separate dc vol tage l e v e l s  

which r e s u l t  from the  annular segmentation o f  t he  d i sk  generator i s  served by 

e i g h t  para l le l -connected 6-pulse br idge current-sourced l ine-connected t h y r i s -  

t o r  converters. The conver ters are operated i n  p a i r s  feeding delta-wye con- 

nected transformers so t h a t  a 12-pulse system i s  synthesized both a t  the  ac 

s ide  and i n  t he  combined dc r i p p l e .  

DC disconnects ( S l )  are fu rn ished t o  permi t  i s o l a t i o n  f o r  maintenance o f  

i n d i v i d u a l  br idges. The dc input  capac i to rs  (C l )  serve two purposes. One o f  

t h e i r  f unc t i ons  i s  t o  reduce conver ter  r i p p l e  i n j e c t i o n  t o  the  generator t o  

less than 3 percent (peak). This i s  a most important feature, as the  o f f -  

design performance i n v e s t i g a t i o n  o f  the supersonic OCD generator has displayed. 

Impos i t ion  o f  even very s l i g h t  current v a r i a t i o n s  about the  design p o i n t  c u r -  

ren t  r e s u l t s  i n  s i g n i f i c a n t  e f f e c t s  on channel pressure drop. I t i s  l i k e l y  

t h a t  even greater  suppression o f  r i p p l e  i n j e c t i o n  w i l l  be requ i red  i n  order  t o  

permi t  d isk  generator operat ion  \ v i  t h  the  e f f e c t i v e  impedances f o r  each annular 

segment as seen i n  the reference generator.  I n  the event o f  a ca tas t roph ic  

s ing le  br idge open c i r c u i t  f a i l u r e ,  the dc input  capac i to rs  a l so  serve t o  l i m i t  

the t r a n s i e n t  vo l tage increase t o  approximately 110 percent o f  i n i t i a l  vol tage. 

The cu r ren t  sourcing reac tors  (L1) f o r  the  conver ters p rov ide  a proper dc 

i n te r face ,  a1 lowing 20 percent peak r i p p l e  cu r ren t  and 1 i m i  t i ng  peak t r a n s i e n t  

f a u l t  cur ren ts .  

The freewheel diodes (Q1) prevent the reversa l  o f  i npu t  capacitance and 

generator vol tages when the  bbpass o r  f a u l t  switches are closed, The bypass 

switches (42)  p rov ide  a means f o r  c l e a r i n g  conver ter  commutation f a u l t s .  The 

f a u l t  switches (S2) w i  11 c lose  t o  main ta in  an i n d e f i n i t e  generator shor t  

c i r c u i t  i f  a conver ter  f a u l t  f a i l s  t o  c l e a r  and the  ac system must be d isccn-  

nected. 

-en*- ' -  ' '" . -i n_"L_. _- --..-- .... . .. - . . .x?. .- a n .  .. 



NOTE: 8BRlDGES USED FOR EACH GENERATOR SEGMENT (32 IN ALL) 

Figure 6-4-1. 500 MW Disk Power System Elemental Converter Conditioning Schematic 
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TABLE 6.4.2 
I ( COMPONENT I. IST FOR 500 MW DISK CONVERTER ! 
I 

S1: - Two-pole 15 kV/2000 A load break switch, motor-operated 

C1: - 375 uF 15 kV dc f o r  11880 V ~ n d  10800 V segments 

750 uF 7.5 kV dc f o r  6120 V and 5760 V segniunts 

L1: - 8.25 mH f o r  11880 V segment 
I 7.5 mH f o r  10800 V segment 
I 

I 4.25 mH f o r  6120 V segment 

4.0 mH f o r  5760 V segment 
I 

I g: l o  x 3 kV/2000 A devices f o r  11880 V and 1USOO V segmetlts 

I 8 x 3 kV/2000 A devices f o r  6120 V and 5760 V segments 

@: L4 2200 V/2000 A t h y r i s t o r s  f o r  11880 V and 10800 V segments 
I 
I 12 x 2200 V/2000 A t h y r i s t o r s  f o r  6120 V and 5760 V segments 

43-48: 16 x 3600 V/1500 A devices f o r  11880 V and 10800 V segments 

13 x 3600 V/1500 A devices f o r  6120 V and 5760 V segr~lents 

I 

S2: - Sing le  po le  15 kV/2000 A load break switch, motor-operated 

T l  : - Primary 34.5 kV, wye 

Secondaries: 

11880 V segment: 12500 V rms wye and d e l t a  

10800 V segment: 11400 V rms wye and d e l t a  

6120 V segment: 6450 V rms wye and d e l t a  

5760 V segment: 6070 V rms wye and d e l t a  

Ratings: 70 MVA f o r  11880 V and 10800 V segmmts 

40 MVA f o r  6120 V and 5760 V segments 

S3: - Outdoor o i l  breaker 34.5 kV/1200 A/40 kA f a u l t  



i. 

The converter transformers ( T I )  operate t o  an intermediate ac voltage leve l  s f  u 

34.5 kV a t  which l eve l  f i l t e r i n g  (and passive VAR or rec t ion  i f  required) i s  w 
\ 

applied. Ind iv idua l  ac breakers (53)  are prov ~ d e ~  f o r  each con\!rrter t rans- 3 

former, serving both t o  pro tect  the transformer i n  the event o f  sustained 3 
I 

system fau l ts ,  and t o  i so la te  pa i r s  of converter bridges and the transformer ri 

f o r  maintenance. 4 

B 
t" 
Z 

high-Q tuned traps are used t o  f i l t e r  the 11th and 13th harmonics t o  less than ;3 4 
J 

one percent voltage a t  the 34.5 kV bus; a damped broadband branch i s  provided i 
# 

t o  f i l t e r  the 23rd and higher order harmonics t o  the same degree. The leading 
!j 

VAR supply o f  these f i l t e r s  i s  approximately 210 MVA. E 
1 

t 
For the remaining VAR correct ion, i t  i s  expected tha t  i t  w i l l  be supplied by 

the on-si te ac generator; the ac machine r a t i n g  can be increased from roughly 
j 

500 MW t o  600 MW (MVA) t o  supply the difference. If the ac generator supplies 

the (con t ro l lab le )  VAR correct ion, the main transformer (12) between the MHD i 
8 

generator 34.5 kV bus and the 500 kV g r i d  bus w i l l  be a 600 MVA un i t ,  w i th  a ii 

500 kV  S f 6  breaker (54) furnishing protect ion and iso la t ion.  i i! 

Passive VAR Compensation 

I f  the VAR cor rect ion i s  not ac generator-supplied, an add i t iona l  290 MVA of 

capac i ta t ive  VAR together w i th  500 MVA of thy r i s to r -con t ro l led  reactors i s  

needed. The passive correct  ion components would consist  o f  18 reactors ( L V A R )  , 
each 27.8 MVA, arranged i n  three 3-phase groups, two i n  each phase being con- 

t r ~ l l e d  by t h y r i s t o r  switches (QVAR) comprised of 96 t h y r i s t o r s  (3600V. 1100A) 

i n  each phase of each group; 48 i n  each d i r ec t i on  of the inverse p a r a l l e l  

connected s t r ings  being provided. 

The layout o f  a1 1 system components i s  i l l u s t r a t e d  i n  Figures 6-4-3 ( ove ra l l  

yard layout) and 6-4-4 (valve h a l l  and cont ro l  bu i ld ing  layout),  w i t h  componect 

dimensions chosen f o r  the spec i f i c  design case t reated (527 MW dc reference 

generator). 







Appendix E conta ins est imated dimensions and weights o f  the  reference power 

cond i t i on ing  system equipment, 

6.4.2 SYSTEM OPERATIO14 

Normal operat ion  o f  t he  system i s  s t ra iyht forward,  The converters are run  a t  
approximately 0.7 power fac tor ,  r e q u i r i n g  a1 1 the co r rec t  i on  suppl ied by t h e  

f i l t e r  c i r c u i t s  and the  generator ( o r  passive V A R ) .  The major t rans ien ts  o f  

s tar tup,  shutdown, and f a u l t  p r o t e c t i o n  are discussed b r i e f l y  below. 

System Star tup 

The converters are ac energized p r i o r  t o  MHD generator s tar tup.  They are then 

run up from invers ion  end stop t o  s l i g h t l y  less than 90 degree delay ( j u s t  i n t o  

the  r e c t i f i c a t i o n  quadrant) t o  c i r c u l a t e  200 - 300 A dc v i a  the  freewheel 

diodes a t  e s s e n t i a l l y  zero appl ied voltage d i f ference.  The dc disconnects are 

then closed and the MHD g e n e r a t ~ r  can be star ted.  As soon as the  generator 

shor t  c i r c u i t  c a p a b i l i t y  exceeds the  establ ished freswheel cur rent  level ,  i t  

w i l l  overhaul the diodes and begin t o  r a i s e  the  input  capac i to r  voltage a t  a 

r a t e  not  exceeding 5.5 v/us. The i n v e r t e r s  then move i n t o  the  invers ion  

region, p i ck ing  up generator power as i t  becomes avai lable.  The i d l i n g  

(freewheel ) mode can be sustained i n d e f i n i t e l y  i f  needed. 

System Shutdown 

I t  i s  assumed t h a t  system shutdown w i l l  be i n i t i a t e d  by a shutdown of the  MHD 

generator i t s e l f .  As the generator segment V and I col lapse, the  i n v e r t e r s  

w i l l  f o l l o w  and f i n a l l y  reassume the freewheel mode. The converter  system may 

then be shutdown ma;iually o r  au tomat ica l ly  by running the  converters back i n t o  

the invers'on condi t ion,  thus quenching the  freewheel current ,  and then opening 

i n  sequence the ac breakers and the  dc disconnects. 

System Fau l t  Clear ing 

An i n v e r t e r  commutation f a u l t ,  from any cause, w i l l  be sensed by observing 

i n v e r t e r  r i p p l e  cu r ren t  slope and commutator overlap time. Upon sensing a 

f a u l t ,  the  p ro tec t i on  system w i l l  t r i g g e r  a l l  the fau l ted  conver ter 's  group 

bypass valves t o  shor t  c i r c u i t  the  a f fec ted generator e l e c t r i c a l  segment and 

c l e a r  the  converter current .  



I f  the  conver ter  cu r ren t  does c lear ,  as i t  w i l l  i f  the  f a u l t  i s  no t  catas-  

t rophic,  then the  conver ters a re  t r a n s i e n t l y  advanced i n t o  the  r e c t i f i c a t i o n  

reg ion  t o  ext:nguish the  bypass valves and thus resume inve rs ion  f o r  t he  

d f f e c t e d  generator segment. 

Shc u l d  the conver ter  cu r ren t  no t  c l e a r  f o l l o w i n g  bypass valve t r i gge r ing ,  a 

ca tas t roph ic  f a u l t  has occurred. The f a u l t  switches are then c losed t o  main- 

t a i n  short  c i r c u i t  on t h e  MHD generator segment and the  ac breaker of the  

a f f e c t e d  conver ter  i s  opened. The generator must then be shut down before the  

f a u l t  switches can be reopened and serv ice  restored, f o l l o w i n g  repa i r .  

The response o f  the supersonic GCD generator t o  f a u l t  c l e a r i n g  ac t ions  o f  t h i s  

na ture  must be inves t iga ted  f f ~ r t h e r .  The generator opefates c lose  t o  the  sho r t  

c i r c u i t  cond i t i on  on each segment a t  t he  design po in t .  I t  i s  l i k e l y  t h a t  a 

coordinated combustor runback must be prov ided as an adjunct  ac t i on  t o  each 

p r o t e c t i v e  act ion, i n  order  t o  prevent choking o f  t h e  f l o w  w i t h i n  the  channel. 

The operat ion o f  the channel under t ranson ic  cond i t i ons  may a l so  be permissable 

f o r  shor t  t imes and t h i s  would perhaps obv ia te  the  necess i ty  f o r  a p a r a l l e l  

combustor runback on a commutation f a u l t  which can be c leared immediately. 

6.4.; ADDITIONAL SYSTFM DESIGN CONqIDERATIONS 

Wi th  the power management equipment design d e t a i l e d  above, i t  i s  necessary t o  

p r w i d e  a coo l i ng  system :!sing h i g h - p u r i t y  water t o  remove h05? generated i n  

t h e  conversion br idges. For b r i dge  cu r ren ts  i i m i t e d  t o  2000 A, no c h i l l i n g  o f  

t he  c o o l i r g  w8ter i s  necessary,and the reference power conversion system design 

assumes t.hat the  use o f  313 K (105OF) water i s  s u f f i c i e n t .  The coo l i ng  water 

f l o w  requi red a t  t h i s  temperature i s  approximately 160 kg/s, f o r  a t o t a l  heat 

load of 4 MUt. Since the  coo l i ng  water cond i t i ons  seiected f o r  the  power 

management system are a lso appropr iate f o r  the  coo l i ng  o f  t he  d i sk  electrodes, 

i t  i s  poss ib le  t o  env i s ion  some cost  savings and increased e f f i c i e n c y  t o  be 

der ived from using a s i n g l e  system f o r  bo th  services. Ne i ther  system w i l l  

rlecover heat f o r  use i n  the steam bottoming p lan t .  



System E f f  i c i e n c y  

For  the OCD parametr ic analyses and f o r  the  f i n a l  performance evaluat ions, a dc 

t o  g r i d  e f f i c i e n c y  o f  97.5 percent  was assumed f o r  the MHD power management 

system. The reference system design described i n  t h i s  sec t  i o n  has been evalu-  

ated w i t h  regard t o  expected performance, b o l f o r  the case o f  generator-sup- 

p l i e d  WAR compensateion and f o r  t he  passive VAR c~mpensat ion  case. The r e s u l t s  

of loss  c a l c u l a t i o n s  f o r  both cases are g iven i n  Table 6.4.3. The component 

losses, g iven i n  kW a t  f u l l  r a ted  load, r e s u l t  i n  ca l cu la ted  e f f i c i e n c i e s  i n  

t h e  97.1 - 97.2 percent range. This i s  i n  good agreement w i t h  the  assumed 

value o f  97.5 percent. 

A Faraday l i ~ i e a r  channel o f  approximately the same dc power output,  w i t h  1000 

e lec t rode pa i rs ,  requ i res  the i n c l u s i o n  o f  conso l i da t i on  c i r c u i t r y ;  t h i s  c i r -  

c u i t r y  i s  est imated t o  r e s u l t  i n  an a d d i t i o n a l  1/2 percentage p o i n t  loss  i n  

conversion systern e f f i c i e n c y .  

6.4.4 SYSTEM COST 

For the reference 527.3 MW generator power management systern, the  est imated 

ma te r ia l s  and f a b r i c a t i o n  cos ts  are g iven i n  Table 6.4.4. Again, these are  

prov ided f o r  both the  generator VAR compensation and the  passive VAR compen- 

sa t i on  cases. The s p e c i f i c  cos ts  ( $  per  kW) are not f i x e d  values over  any dc 

power ranqe, but  depend upon the  d e t a i l s  of generat ion sca l i ng  such as v o l t -  

age and cu r ren t  re la t i onsh ips ,  number o f  annular segments, etc .  The passive 

VAR compensation cos ts  can be used t o  est imate the  cost  o f  CCD power management 

systeins constra ined t o  operate a t  the match po in t ,  as were the CCD systems 

inves t iga ted  i n  t h i s  study and described i n  Sect ion 8.0. 

For  the 1000 e lec t rode p a i r  Faraday l i n e a r  channel o f  500 MW dc output, t he  

necessary equipment i s  est imated t o  cos t  approximately t h e  same as t h a t  f o r  the 

d i sk  generator. However, the  conso l i da t i on  c i r c u i t r y  f o r  such a generator can 

be expected t o  add an a d d i t i o n a l  $30 m i l l i o n  t o  the quoted cos ts  f o r  the d i s k  



TABLE 6 .4 .3  x L2c 

OCD MHD GENERATOR SYSTEM 

LOSSES FOd 527.3 MW POWER MANAGEMENT EQUIPMENT 

INPUT OC POWER: 5 2 7 , 4 1 6 . 5  kW 

i COMPONENT 

Plain Trdnsformer 
I VAR Capacitors 
I 

i Harmonic Filter Capacitors 

Harmonic Filter Inductors 
I 

1 
Broadband Filter Resistors 

Converter Transformers 
I Converter Bridges 

L UC Sourcing Inductors 

I 
Cooling Water Pumps 

1 Totals 

I 

Output Power, kW 

I Efficiency 

LOSSES kW AT FULL LOAD 

GENERATOR VAR PASSIVE VAR 

2596.8 (600 MVA) 



COST ESTIMATES FOR 527.3 MW DISK MHD 

GENERATOR POWER MANAGEMENT EQUIPMENT 

A l l  Costs are FOB f o r  S i t e  Del ivery, Mid-1980 D o l l a r s  

With Generator VAR With Passive 

Compensation VAR Compensation 

Main Breaker 

Main Transformer 

Generator AVAR 

VAH Capacitors 

VAR Reactors 

VAR Contro l  

F i l t e r  Capacitors 

F i l t e r  Inductors 

F i l t e r  Damping Res is to rs  

Sub-tota l  f o r  dc In te r face  

34.5 kV Breakers 

Converter Transformers 

Converters and Bypass Values 

Cool ing System 

DC Reactors 

DC Capacitors 

UC S w i  tchgear 

Freewheel diodes 

Contro ls  

Tota l  Cost 

Del ivered Power Base 

(see e f f i c i e n c y )  



The fou r  OCD "opt imized" generators described i n  Sect ion 5.4 have segmentation I 
\ 

s im i l a r ,  bu t  no t  i d e n t i c a l ,  t o  the  reference d i sk  generator segmentation. The 

major d i f f e r e n c e  i s  found i n  the segment vo l tage f o r  t he  f i r s t  (entrance) seg- 

ment; t h i s  i s  approximately tw i ce  the  vol tage f o r  t he  reference d i s k  f i r s t  seg- 

ment. The t o t a l  vo l tage f o r  each d i sk  i s  approxiamtely 50 kV, r a t h e r  than the  

35 kV o f  t he  reference d isk .  Table 6.4.5 conta ins the  re levant  system 

i n t e r f a c e  in fo rmat ion  f o r  each o f  the  OCD cases represent ing "opt imized" d i sk  

power systems. As noted i n  the  d iscussion o f  e lec t rode system design (Sect ion  

6. I ) ,  the choice o f  segmentation r a d i i  i s  somewhat a r b i t r a r y ;  i t  does r e f l e c t  

t he  r e s u l t s  o f  the  o f f -des ign  j o i n t  d i sk  performance review contained i n  

Sect ion 5.3.4, which i nd i ca ted  t h a t  a monotonical ly  decreasing segmentation 

d is tance would prov ide  reasonably equ iva len t  segment impedances throughout the 

generator. 

The costs o f  the power management systems f o r  the  f o u r  OCD cases described i n  

Table 5-4-12 can be ca l cu la ted  f rom the  cos t  breakdown o f  Table 6.4.4. The 

sca l ing  f o r  var ious c o n t r i b u t i o n s  t o  the t o t a l  cost  i s  assumed t o  be as 

fo l lows:  

Converters: sca le  l i n e a r l y  w i t h  s p e c i f i c  cos t  values o f  
Table 5.4.4. 

0 Switch ear :  scale l i n e a r l y  w i t h  s p e c i f i c  cos t  values o f  
m i d T 4 .  

e Magnetics ( f i l t e r s ,  transformers, inductors, generator MVA): 
scale as (~1)0*87, w i t h  reference values being the s p e c i f i c  
cos ts  i n  Table 6.4.4. 

e Other: scale l i n e a r l y  w i t h  s p e c i f i c  cost  der ived 
from Table 6.4.4. 

The number o f  br idges f o r  each segment i n  each o f  t he  f o u r  OCD cases was se t  by 

the  2000 A per  b r i dge  l i m i t  p rev ious l y  disusssed. I t  i s  apparent t h a t  f o r  a 

r e a l  d i sk  system design, the segmentation selected w i l l  most probably no t  be 

i d e n t i c a l  t o  t he  segmentation selected here; the  t r a d e o f f  between d i sk  gas 

dynamic performance c h a r a c t e r i s t i c s  and e l e c t r i c a l  system design must be 

inves t iga ted  i n  much g rea te r  d e t a i l  than has been done f o r  t h i s  study. For  



TABLE 6.4.5 

DISK POWER MANAGEMENT SYSTEM DESIGN DATA 

D ISK/CONVERTEH INTERFACE 

Number of Br idge  

Case 1A Voltage, V Current, A Converters Power 

Segment 1 23878 12577.5 8 37.5 MU 

Segment 2 11750 12577.5 8 18.5 MW 

Segment 3 5875 12577.5 8 9.2 MW 

Seqntent 4 5875 12577.5 8 9.2 Mk 

V = 47378 IL = 12577.5 To ta l  Power = 595.9 hW 

Case 1B Voltage, V Current, A Converters Power 

Segment 1 24070 11245.5 6 45.1 MW 

Seg!nent 2 1 1800 11245.5 6 22.1 MW 

Segment 3 5875 11245.5 6 11.0 MW 

Segment 4 4700 11245.5 6 8.8 MW 

V = 46445 lL = 11245.5 To ta l  Power = 522.3 MW 

Number of Br idge 

Case 2 Voltage, V Current, A Converters Power 

Segment 1 2 3284 8804.3 6 34.2 MW 

Segment 2 1 1400 8804.3 6 16.7 MW 

Segn~ent 3 7250 8804.3 6 10.6 MW 

Segment 4 4350 8804.3 6 6.4 MW 

V = 46284 IL = 8804.3 To ta l  Power = 407.5 MW 

Number o f  Br idge 
i 

Case 3 Voltage, V Current, A Converters Power 

Segment 1 26279 8457.4 6 37.0 Mk 

Segment 2 12600 8457.4 6 17.8 MW 

Segment 3 8400 8457.4 6 11 .8 l4W 

I Seqrnent 4 6000 8457.4 6 8.5 MW 

V = 53279 IL = 8457.4 To ta l  Power = 450.6 MW 



example, the a d d i t i o n a l  savings inherent  i n  se lec t i ng  segmentation such t h a t  a 
\ 

la rge  number o f  i d e n t i c a l  conver te r  br idges could be used ( V I ' s  about t he  same 

f o r  two o r  more segments) would be t raded o f f  against t he  performance 

improvements poss ib le  by having non-ident i c a l  segment lengths. 

6.5 RADIANT FURNACE DESIGN 

The s lag  furnace ( rad ian t  furnace) design f o r  t he  OCD generator i s  a c r i t i c a l  

t r a n s i t i o n a l  element i n  conver t ing  the  e s s e n t i a l l y  r a d i a l  and p lanar  combus- 

t i o n  gas f l o w  from the d i f f u s e r  e x i t  i n t o  a compact l i n e a r  f l o w  s u i t a b l e  f o r  

i n t r o d u c t i o n  i n t o  HTAH hot  gas supply headers o r  t o  t he  seed recovery furnace. 

The s e l e c t i o n  o f  an optimum con f i gu ra t i on  must be based on eva lua t ion  o f  mul- 

t i p l e  e f f e c t s  such as p l a n t  in ter ferences,  minimum d i f f u s e r  e x i t  per tu rba-  

t ions ,  heat loss  p o t e n t i a l ,  layout  considerat ions, and NOx reduct ion  po- 

t e n t i a l .  These items must be combined i n t o  a design which a l so  permi ts  the  

recovery o f  combust i o n  gas heat a t  the  r a t e s  requ i red  by the  p l a n t  performance 

design c a l c u l a t i o n s  wh i l e  p rov id ing  a removal p o i n t  f o r  the  m a j o r i t y  o f  the  

s lag  c a r r i e d  over from the  combustor. 

6.5.1 TOP-LEVEL DESIGN REQUIREMENTS 

The s a l i e n t  t op - leve l  design requirements f o r  the OCD rad ian t  s lag furnace can 

be summarized as fo l l ows :  

The furnace must p rov ide  f o r  the r e q u i s i t e  heat recovery from the  
combustion gas i n  the bottoming p l a n t  working f l u i d  

e The furnace must permi t  removal o f  a major f r a c t i o n  o f  the  s lag  
c a r r i e d  over f rom the  combustor by condensing and c o l l e c t i n g  i t  
dur ing  the f i r s t  phase of gas coo l i ng  a f t e r  t he  MHD power 
e x t r a c t  i on  

e The furnace must permi t  near-complete separat ion o f  seed and s lag 
by operat ing under cond i t i ons  which r e s u l t  i n  s lag  condensation 
but  no s i g n i f i c a n t  seed condensation 

a The furnace must accept the  axisyrnmetric r a d i a l  f l o w  from the  OCD 
annular d i f f u s e r ,  and conver t  i t  t o  an e s s e n t i a l l y  l i n e a r  f l o w  
stream o f  compact p ropo r t i ons  s u i t a b l e  f o r  i n t r o d u c t i o n  i n t o  more 
convent ional ly-designed downstream equipment such as seed 
recovery furnaces o r  HTAH gas i n l e t  ducts. 



The design requirements f o r  t he  rad ian t  s lag  furnace o f  an OCD MHD/steam power 

p l a n t  thus d i f f e r  f rom those o f  t he  s lag  furnace f o r  any 0 t h ~  open cyc le  MHD 

p l a n t  on l y  i n  the a d d i t i o n  o f  t h e  f i n a l  i tem l i s t e d  above. As p rev ious l y  

noted, emphasis i n  the  present OCD systems conceptu;: design was p laced upon 

t h e  maxin~um u t i l i z a t i o n  o f  convent ional  equipment f o r  the  bu l k  o f  t h e  power 

system. Thus, the  seed recovery furnace and downstream equipment normal ly  

associated w i t h  the s lag  furnace and c l o s e l y  i n teg ra ted  w i t h  i t  ( a t  l eas t  i n  

sepa ra te l y - f i r ed  open cyc le  MHD/steam systems, and those w i t h  o n l y  m e t a l l i c  

preheaters) have been ccnsidered t o  be o f  t y p i c a l  design, accept ing a compact 

l i n e a r  f l o w  o f  combust con gas. I t  would l i k e l y  be poss ib le  t o  p rov ide  an 

i n teg ra ted  slag/seed rad:ant furnace and convect ive sec t ion  design f o r  an OCD 

separate ly  f i r e d  system; however, f o r  t he  purposes o f  a t t f i r s t - c u t "  conceptual 

power system design, i t  i s  assumed t h a t  the rad ian t  furnace f o r  a l l  the OCD 

systems i s  the s lag furnace only .  This mainta ins a cons is ten t  bas is  from 

which t o  compare the  var ious OCD systems repor ted upon here in.  

NO" CONTROL CONSIDERATIONS 
n 

I n  a d d i t i o n  t o  the e x p l i c i t  f unc t i ons  described prev iously ,  the  s lag  furnace 

o f  most open cyc le  MHDIsteam power p l a n t s  i s  a lso  assigned the  subs id ia ry  

miss ion o f  e f f e c t i n g  NO, reduct ion  i n  t he  combustion gas by p rov id ing  

coo l i ng  ra tes  and residence t imes compatible w i t h  the  k i n e t i c s  o f  NOx 

removal reac t ions  i n  the  2200 K t o  1800 K temperature range. Fo l lowing the  

NOx decomposition i n  the rad ian t  furnace, secondary combust i o n  i s  requ i red  

t o  burn the  MHD exhaust gases t o  an ox idan t - r i ch  conlbustion product.  This 

ox idan t - r i ch  product i s  then s u i t a b l e  f o r  use i n  the  reheat ing o f  HTAH 

matr ices o r  i n  downstream bottoming p l a n t  heat recovery equipment. 

Acceptable performance from a supersonic open c y c l e  d i sk  generator w i t h  s w i r l  

can on ly  be obtained w i t h  a r e l a t i v e l y  h igh  ox idant  preheat temperature, us ing  

a i r  alone as the oxidant.  The increased heat losses i n  the sw i r l - t ype  com- 

bustor  and the  subsequent requirement t o  accelerate the plasma f rom combustor 

s tagnat ion cond i t ions  t o  supersonic v e l o c i t y  both c o n t r i b u t e  t n  a depression 

o f  i n l e t  plasma c o n d u c t i v i t y  f o r  the d i sk  generator, i n  comparison t o  subsonic 



l i n e a r  generators w i t h  equ iva len t  combustor s tagnat ion  cond i t i ons  and seed 

f r a c t i o n s .  The upper l i m i t  on combustor s tagnat ion temperature i s  se t  by a 

combinat i o n  o f  combustor design features, oxldant, and ox idant  preheat leve l .  

1920 K has been selected as the  maximum supportable ox idant  preheat temyer- 

a tu re  r e s u l t i n g  from the  use o f  regenerat ive ceramic ma t r i x  heat exchangers 

reheated w i t h  coa l  o r  coal -der ived f u e l s  burned i n  a i r .  This temperature 

l i m i t  app l ies  bo th  i n  t he  d i r e c t l y - f i r e d  and i n  the separa te l y - f i r ed  a i r  

preheater cases. 

I n  the case o f  the  d i r e c t l y - f  I r e d  d i sk  generator system, the  upper approach 

temperature d i f f e rence  necessary t o  assure a r e l i a b l e  a i r  preheat temperature 

o f  1920 K requ i res  t h a t  t h e  rad ian t  furnace o u t l e t  gas temperature be i n  the  

range 2100 K - 2150 K.  Use o f  t he  rad ian t  ( s lag )  furnace t o  e l i m i n a t e  the  

bulk  of the NOx formed i n  the  combustor i s  thus not  poss ib le  i n  t h i s  case, 

s ince the  secondary combustion process must be accomplished p r i o r  t o  t he  

i n t r o d u c t i o n  o f  rad ian t  furnace exhaust gasses i n t o  the HTAH reheat system. 

Use o f  a lower preheat temperature (say 1650 K )  permi ts  the  u t i l i z a t i o n  o f  the  

s lag  furnace f o r  NOx removal, but  a t  the expense o f  reduced topping c y c l e  

performance. Both types o f  systems, i .e., h igh  (1920 K )  preheat and lower 

(1650 K) preheat w i t h  d i r e c t  f i r i n g  o f  HTAH by the  rad ian t  ( s lag )  furnace 

exhaust gases are considered i n  t h i s  study. 

For the  separa te l y - f i r ed  d i sk  system, and f o r  the oxygen-enriched system 

wi thout  HTAH, NOx c o n t r o l  can presumably be accomplished by use o f  t he  

combined e f f e c t s  o f  the  c o o l i n g  and residence t ime i n  the  s lag  furnace, and/or 

i n  the separate seed furnace and downstream convect ive equipment. Since the 

system conceptual design task d i d  not  encompass a d e l i n e a t i o n  o f  the seed 

furnace and bottoming p l a n t  convect ive equipment d e t a i l  design parameters, nor  

the  m e t a l l i c  a i r  heater parameters, i t  i s  not  poss ib le  t o  de l i nea te  the  

expected NOx performances f o r  these cases. The rad ian t  ( s lag )  furnace was 

the re fo re  s ized on l y  on t h e  bas is  o f  heat du ty  and layout  cons idera t ions  'or 

the 1920 K preheat l e v e l  d i r e c t l y - f i r e d  case, the  separa te ly - f i red ,  and 

oxygen-augmented cases. For  the  1920 K preheat l e v e l  d i r e c t l y - f i r e d  d i s k  



generator system, an NHJ scrubber ( s i m i l a r  t o  the Exxon DeNO, process) 

w i l l  be required; the 1650 K s lag furnace can be sized t o  permit i t s  use as 

the primary NO, removal po in t  i n  the combustion gas t ra in .  

6.5.2 PRELIMINARY FURNACE CONFIGURATION SELECTION 

Various conf Sgurat ions f o r  the OCD radiant  furnace design were considered. 

These included conf igurat ions w i t h  the d isk  generator arranged so tha t  i t s  

axis o f  symmetry was both v e r t i c a l  and hor izontal .  The more promising o f  the 

two arrangements was considered t o  be t ha t  w i th  a v e r t i c a l  axis o f  symmetry 

since t h i s  type o f  arrangement permit ted simple magnet support and the use o f  

a v e r t i c a l l y - f i r i n g  coal combustor without the necessity f o r  an o u t l e t  adapter 

t o  tu rn  the flow. 

For the r a d i a l  out f low disk configurat ion, the use o f  an annular d i f f u s e r  

surrounding the disk i s  required. To couple such a d i f f u s e r  t o  a s ing le  

radiant furnace, several layout options were considered. These included: 

o Disk generator d i f fuser ,  magnet, and combustor located d i r e c t l y  
beneath and coax ia l l y  w i th  a s ing le  c y l i n d r i c a l  radiant  furnace; 

o Disk generator and d i f f u s e r  exhausting i n t o  a large s c r o l l  
co l l ec to r  which was ducted d i r e c t l y  t o  a s ing le  radiant  furnace; 

o Disk generator and d i f f u s e r  exhausting i n t o  an annular radiant  
furnace surrounding the d i f fuser ,  w i th  tapered dimensions t o  
permit access and equipment changeout w i t h  minimum l i f t  require-  
ments f o r  the p lan t  crane. 

Two of these proposed layouts are shown i n  Figures 6-5-1 and 6-5-2. Following 

considerat ion o f  t h e i r  merits, none o f  the three options mentioned above was 

chosen as the baseline layout. For the first-mentioned, access t o  the power 

t r a i n  components would be s t r i c t l y  l imi ted,  requ i r ing a near teardown o f  the 

radiant  furnace f o r  magnet, disk, o r  d i f f use r  maintenance o r  replacement. 

Routing o f  service connections, instrument l ines,  etc., t o  the power t r a i n  

components would be d i f f i c u l t .  The avai lable f low area i r ~  the d i f fuser  i s  

reduced considerably by the requirement f o r  passing a1 1 such service l i n e s  

through the d i f fuser ,  as we l l  as major support members f o r  the furnace i t s e l f .  
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The large s ing le  radiant  furnace supplied by a s c r o l l  co l l ec to r  on the 

d i f f u s e r  out l e t  i s  probably the most immediately obvious arrangement f o r  

coupl ing a rad ia l  out f low disk t o  standard bottoming p lant  components. How- 

ever, such a scheme e n t a i l s  the add i t ion of extensive surface area t o  the 

combustion gas system and thus exacerbates the problem o f  heat loss t o  

ambient. With the s c r o l i  designed t o  form pa r t  o f  the radiant  furnace heat 

exchange system, such an increased surf ace area could possib ly be acceptable, 

but the varying f law lengths inherent i n  t h i s  geometry may impose unacceptable 

var ia t ions i n  cool ing rates, residence times, and d i f f use r  exhaust back- 

pressure f o r  the variotis streamlines. An addi t iona l  complicat ion would be 

found i n  the design of the slag co l l ec t i on  and handling system f o r  such a 

b o i l e r  arrangement. The design o f  the supe rc r i t i ca l  f l u i d  p ip ing  systems 

would also be more d i f f i c u l t  w i th  such an arrangement. Access ib i l i t y  o f  the 

power t r a i n  components i s  r e l a t i v e l y  good i n  t h i s  conf igurat ion.  

The c lose ly  integrated disk. generatorhadiant  furnace arrangement of  Figure 

6-5-2 was developed i n  an 2ttempt t o  minimize heat losses whi le s t i l l  pro-  

v id ing a s ing le  radiant  furance s t ruc ture  and reasonable access t o  power t r a i n  

components. Careful engineering of the furnaceldif fuser interfaces w i l l  be 

required t o  accommodate the seal ing requirements and thermal expansion 

motions, whi le provid ing support f o r  the b o i l e r  deadweight loads. The outer 

r i n g  g i rder  o f  the lower d i f f use r  s t ruc ture  would be u t i l i z e d  i n  such an 

arrangement t o  t ransfer  the deadweight loads from the inner furnace wa l l  t o  

ground. The s p l i t t e r s  i n  the d i f f u s e r  would require sui table reinforcement o r  

must otherwise be modif ied t o  permit the t ransfer  of these loads across the 

combustion gas stream. The radiant  furnace inner and outer wal ls  would 

consist  of  water wal ls supported i n  pendular fashion from a cool  external  

s tee l  st ructure.  Analyses of  f low and temperature pat terns w i t h i n  such an 

annular furnace s t ruc ture  :eveale* the p o s s i b i l i t y  of large var ia t ions i n  

pressure and heat t ransfer  rates f o r  various flowpaths w i th in  the furnace. 

While i t  seems possible t o  envision the development of a design such as t h i s  

which could provide equivalent cool ing ra tes and constant backpressl~re on the 

d i f fuser  f o r  f low at  any c i rcumferent ia l  locat ion i n  the d i f f use r  exhaust, the 

designs studied were not considered t o  be acceptable and were therefore 

discarded as a basis f o r  the OCD conceptual layout. 



The f i n a l  power t r a i n  arrangement t o  be considered was t h a t  shown i n  F igure  

6-5-3, having m u l t i p l e  c y l i n d r i c a l  rad ian t  furnaces arrayed symmetr ica l ly  

about the  per iphery  of the annular d i f f u s e r .  Each furnace i s  f ree-s tand ing  

w i thout  a requirement f o r  passing any o f  i t s  deadweight load through the  

d i f f u s e r  t o  ground. Each furnace i s  coupled t o  the  d i f f u s e r  exhaust by means 

o f  a r e l a t i v e l y  conipact t r a n s i t i o n  duct, thus producing more un i fo rm d i f f u s e r  

backpressure and gas residence t ime f o r  t he  s p l i t  f low streams from the  

d i f fuser .  The design does, however, complicate t o  some extent  the  exhaust 

t runk  arrangement from the  furnaces t o  the h igh  temperature a i r  heaters o r  the  

seed recovery furnace/convect ive equipment downstream. This type of arrange- 

ment i s  analogous t o  the t y p i c a l  layout  o f  the  major steam-raising equipment 

f o r  a l a rge  c e n t r a l  s t a t i o n  pressur ized water reac tor  p lan t ,  which i s  arranged 

about the c e n t r a l l y  located reac to r  heat source. This f i n a l  arrangement, 

which holds promise o f  p rov id ing  reasonable a c c e s s i b i l i t y  t o  the  power t r a i n  

components whi l e  min imiz ing design compl i c a t  ions, was selected as the  bas is  

f o r  the conceptual design o f  t he  OCD rad ian t  furnacp. 

6.5.3 DESIGN B A S I S  FOR OCD CYLINDRICAL RADIANT FURNACES 

Fo l lowing the  se lec t i on  o f  t he  m u l t i p l e  c y l i n d r i c a l  rad ian t  furance c o n f i g -  

u r a t i o n  as the most appropr iate f o r  the  OCD generator systems, i t  was poss ib le  

t o  f u r t h e r  r e f i n e  the  layout  and proceed w i t h  the  conceptual design o f  t he  

furnaces. 

6.5.3.1 idumber o f  Furnaces 

The basic  se lec t i on  c r i t e r i a  leading t o  the  choice o f  an appropr iate number of 

c y l i n d r i c a l  rad ian t  furnaces were: 

o Re la t i ve  ambient heat l oss  p o t e n t i a l ;  

o Coupling losses between annular d i f f u s e r  and furnaces; 

o A c c e s s i b i l i t y  o f  d isk,  d i f f u s e r ,  and magnet; 

a Coupl'ng losses f o r  furnace exhaust t o  downstream components; 

a Steam/feedwater p i p i n g  i n teg ra t i on .  





For purposes o f  se lect ion,  the  ~ c c e s s i b i l i t y  o f  components i n t e r i o r  t o  the 

r i n g  o f  rad ian t  furnaces surro!rndiny the  d i sk  generator was considered as the 

pr imary requirement. ' i n i s  prov ides a p l a n t  design which permi ts  f u l l  u t i l i z a -  

t i o n  o f  the  s i m p l i c i t y  o f  design o f  the d i sk  generator w i t h  respect t o  ease o f  

access and repa i r ,  w i t h  concomitant p o s i t i v e  e f f e c t  upon p l a n t  avai l a b i  1 i ty .  

L imi ted  access would be prov ided by arrangements haviny v i r t u a l l y  any number 

o f  furnaces. However, i t  was considered important t o  main ta in  the capabi 1 i t y  

f o r  a removal o f  each d i sk  generator sec t ion  (upper arid lower), w i thout  the 

necessi ty  f o r  making an excessive l i f t  over the top o f  the rad ian t  furnaces. 

Thus, the c o n f i g u r a t i o n  selected niust p rov ide  s u f f i c i e n t  clearance between the 

ou ter  w a l l s  o f  adjacent furnaces t o  pass a component w i t h  a rnaximurii diameter 

equivalent  t o  t h a t  o f  the d i sk  generdtor upper and lower sect ions. This 

clearance can be provided even f o r  a r e l a t i v e l y  l a rge  number o f  furnaces, i f  

these were pos i t ioned a t  a s i g n i f i c a n t  r a d i a l  d is tance from tt ie d i sk  ax is .  

tiowever, the cl ioice o f  ahout a i O  ni lr~axiniutn rad ius  f o r  the annular d i f f u s e r  

e x i t  (based upon aerodyr~aiiiic considerat ions)  and tt ie approx ill late 5 Ili rad itrs of 

t t ~ c  d isks  being considered, l i l i i i t e d  the se lec t i on  t o  arr~ngel i ients w i t h  5 o r  

less i d e n t i c a l  symmetrical ly-disposed furnaces. 

The niajor cons idera t ion  p o i n t i n g  t o  the se lec t i on  o f  a l a rge r  r a t h e r  than 

sliial l e r  number o f  furnaces was the expected rninirnuln e f f e c t  upon d i f f u s e r  

exllatrst gas f l ow  symnetry, w i t h  more furnaces, thus p rov id ing  increased 

p o t e n t i a l  f o r  pressure r t .?very .  However, a l a rge r  number o f  furnaces a lso  

iaip 1 i es  g reater  anibient heat losses and d r a f t  losses. Conibinirig the exhaust 

gds f l ow  fro111 as niany as f i v e  separate furnaces a lso  poses a d i s t i n c t  pi.oblom, 

r e q u i r i n g  a r i n g  header w i t h  increasing diameter i f  i t  i s  requ i red  t h a t  no gas 

ducts pass over tt ie d i s k / d i f f u s e r  reg ion  and thereby limit access t o  the 

i n t e r i o r  o f  the rad ian t  furnace array. 

A s i m i l a r  argunient regarding the combination o f  furnace exhaust f lows a l so  

appl ies t o  the 4-furnace array, al though i t  prov ides increased clearance fat- 

component removal arid l i l r i i t s  arribient heat losses and d r a f t  losses even f u r t h e r  

below those of the 5-furnace array. The d i f f bse r - to - fu rnace  f l ow  coup1 i n g  i s  
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I expected t o  be r e l a t i v e l y  easy t o  accomplish i n  the  case of 4 furnaces, as no i. 

s i g n i f i c a n t  t u rn ing  o f  the  h o r i z o n t a l  f l o w  pa t te rns  i s  requi red.  1 
3 
1 

For the 3-furnace array, i t  i s  poss ib le  t o  e x t r a c t  the furnace exhaust gases 

frorn each furnace s i n g l y  by use of nea r l y  s t r a i g h t  ductwork running t o  a  l a rge  

header which combines a l l  f l o w  f a r  use i n  the  downstream oxidant  preheat ing o r  

stearn r a i s i n g  equipment. This s i m p l i c i t y  of layout  i s  enhanced by the  fac t  

tha t  three furnaces can be located r e l a t i v e l y  c lose  t o  the d i f f u s e r  e x i t  wh i l e  

s t i l l  p e r m i t t i n g  s u f f i c i e n t  clearance f o r  removal o f  d i sk  generator h a l f  

sect ions. D r a f t  losses and heat losses t o  ambient are a lso  expected t o  

decrease w i t h  the smal ler  number of furnaces. The furnace exhaust duc t ing  can 

be pos i t ioned so tha t  i t  i s  ex t rac ted  from the power t r a i n  area i n  a  d i r e c t i o n  

opposite t o  tha t  i n  which the gant ry  r a i l s  leave the  same area. The HTAH o r  

convect ive heat exchange equipment f o r  the bottoming p l a n t  it, thus located 

together, away from the requ i red  d i sk  laydown, i n s t a l l a t i o n ,  o r  r e p a i r  area t o  

which the gantry  crane runs. The 3-furnace ar ray  was selected as the 

reference rad ian t  furnace concept f o r  OCD system design and layout .  

For a  3-furnace array, the f l ow  pat te rns  from the anriular d i f f u s e r  t o  the 

furnaces are not as simple as those f o r  a  l a rge r  riu~nber of furnaces, and the 

f low must be d i rec ted  by means of shaped s p l i t t e r  vanes and tu rn ing  wa l l s  i n  

the fu rnace- to -d i f fuser  t r a n s i t i o n  ducts. The p o t e n t i a l  f o r  reduced d i f f u s e r  

ef  f  i c  iency i s  increased w i t h  a  decreased numbers o f  furnaces, because o f  these 

rnore cor~ipl i ca ted  f l ow  patter-ns. It i s  expected t h a t  reasonable d i f f u s e r  

e f f i c i e n c i e s  can bc prov ided f o r  w i t h  an in tegra ted  d i f f use r / f u rnace  i n l e t  

duct design, f o r  arrays w i t h  a  rninimuln o f  three o r  more i d e n t i c a l  rad ian t  

furnaces. The de ta i l ed  design of these in tegra ted  d i f f u s e r s / i n l e t  ducts w i l l  

be a c r i t i c a l  p a r t  o f  the OC11 systems design e f f o r t  f o r  p l a n t s  us ing the  b 

separate c y l i r i d r i c a l  furnace con f i gu ra t i on .  

6.5.3.2 Slag Furnace Heat Transfer Mode? 

The heat t rans fe r  rnodel used t o  est iniate the s i z e  o f  the rad ian t  furnaces f o r  
l 

each o f  the f o u r  OCD system cases was s i m i l a r  t o  t h a t  described i n  a recent 

Argonne Natior ial  Laboratory repo r t  [I]. Uniform ve r t  i c z l  cornbust i on  gas f low 
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was assumed w i t h i n  the  c y l i n d r i c a l  sec t ion  o f  the furnace. Only convect ive 

and rad ian t  heat t r a n s f e r  terms were considered. Gas/part i c  l e  emissi  v i  t i e s  

and absorpt i v i  t i e s  were est imated f o r  10 percent s l a g  car ryover  and a mean 

r a d i a t i n g  length  o f  2/3 D f rom Figures 2 and 3 o f  t h e  referenced Argonne 

repor t .  The furnace i n s i d e  sur faces were assumed t o  be covered by a uniform, 

t h i n  l aye r  o f  l i q u i d  s lag  w i t h  an e m i s s i v i t y  o f  0.9 a t  i t s  mean temperature o f  

1600 K. The furnace w a l l s  and f l o o r  were assumcd t o  be o f  t h e  waterwal l  type, 

w i t h  s u p e r c r i t i c a l  bottoming p l a n t  working f l u i d  contained w i t h i n  tubes 

forming the waterwal l ,  The rad ian t  furnace i n l e t  ducts were considered t o  be 

p a r t  o f  the  t o t a l  heat t r a n s f e r  u n i t  associated w i t h  the r a d i a n t  furnaces, as 

were the  d i f f u s e r  s p l i t t e r  vanes. Both o f  these l a t t e r  sur faces were taken t o  

operate a t  2000 K w a l l  temperature, i n  a non-slagging mode. 

The heat t r a n s f e r  requirements f o r  the  rad ian t  furnace system i n  each case 

were determined from the  f i n a l  opt imized system perfor~nance ca l cu la t i ons ,  

us ing the Westinghouse SPA code. These heat t r a n s f e r  requirements and the  

est imated c o n t r i b u t i o n s  o f  each o f  the th ree  heat t r a n s f e r  elements comprising 

the o v e r a l l  rad ian t  tarnace system are g iven i n  Table 6.5.1. I n  Case 10, the  

requ i red  1850 K furnace o u t l e t  temperature was achieved by absorbing the  heat 

t r a n s f e r  requirement o f  the "superheater" (as determined by the  SPA code) i n t o  

the rad ian t  furnace heat t r a n s f e r  sect ion. Normal l y ,  the 'tsuperheater" 

sec t ion  i s  assumed t o  be a p a r t l y  o r  f u l l y  convect ive heat t r a n s f e r  sec t i on  

f o l l o w i n g  the  seed furnace i n  t he  gas f l o w  path. (The quo ta t i on  marks are 

used t o  emphasize the f a c t  t ha t  the term "superheater" r e f e r s  t o  an a c t i v e  

t r ~ n s f e r  sec t ion  f o r  gas t o  bottoming p l a n t  heat t rans fer ,  b u t  which f o r  the  

s u p e r c r i t i c a l  steam p l a n t  assumed provides no ac tua l  superheat funct ion.  

Since the re  i s  no d i s t i n c t  phase d i f f e r e n t i a t i o n  i n  a s u p e r c r i t i c a l  f l u i d ,  

there  i s  no superheating i n  the prec ise  sense o f  the  word. The "superheater" 

nomenclature i s  re ta ined  o n l y  f o r  edse o f  reference t o  the r e s u l t s  o f  t he  SPA 

code which i d e n t i f i e s  a d i s c r e t e  heat t r a n s f e r  u n i t  by t h i s  name.) 



TABLE 6.5.1 

OPEN CYCLE DISK GENERATOR SYSTEMS 

dADIANT FURNACE SUBSYSTEM HEAT TRANSFER DATA 

OCD DF OCD SF OCD t O2 

1920 K 1650 K 

CASE 1A CASE 1B CASE 2 CASE 3 

Tota l  Heat Transfer  

Required. (MWt) 508 851 ' 354 402 

Heat Transfer i n  

Radiant Furnace 

Propar (MUt) 

Heat Transfer i n  

Furnace I n l e t  

Duct (MUt) 4 0 3 8 3 7 2 1 

Heat Transfer i n  

D i f f use r  S p l i t t e r s  

(MWt 20 14 16 10 

Design Heat Transfer  

per C y l i n d r i c a l  Furnace, 

(MWt) ( 3  Furnaces) 150 272 100 118 

(1 )  "Superheater" heat t r ans fe r  requirement absorbed i n t o  s lag  furnace 

t o  permi t  gas temperature reduc t i on  t o  1850 K a t  o u t l e t .  



6.5.3.3 S iz ing o f  Radiant Furnaces 

Furnace s i z i ng  was accomplished by assuming a furnace diameter compatible w i t h  

the OCD systems design basis and known constraints, and ca lcu la t ing  the height 

required t o  provide the stated heat t rans fe r  a t  design conditions. 

For an MHD/steam plant ,  the furnace diameter i s  chosen normally t o  permit 

adequate residence time for  the gas i n  the NO,-removal-critical temperature 

range o f  2200 K - 1850 K, whi le the gas i s  ye t  i n  a f u e l - r i c h  condit ion. As 

described before, t h i s  const ra in t  cannot be met i n  the 1920 K preheat d i r e c t l y -  

f i r e d  disk generator system. Thus, the furnace diameter f o r  Case 1A was 

spec i f ied only upon layout and heat t ransfer  considerations, t o  provide a 

compact set of  three s lag furnaces which o f fered reasonable access t o  the 

d i s k l d i f  f ~ s e r  area f o r  repair,  maintenance, o r  replacement purposes. 10 meters 

was chosen as a base diameter f o r  the slag furnaces i n  t h i s  case. 

I n  order t o  compare the r e l a t i v e  cost and estimated performance o f  a d isk 

generator system which was capable of  provid ing NO, removal by means o f  

con t ro l led  radiant  s lag furnace residence t i m i ?  alone t o  the 1920 K preheat 

case, a lower preheat temperature case w i t h  d i r e c t  f i r i n g  o f  high temperature 

a i r  heaters was investigated. This case assumed 1650 K a i r  preheat temper- 

ature, which permitted the u t i l i z a t i o n  o f  combustion gas cool ing w i t h i n  the 

three radiant  furnaces as the p r i nc i pa l  NO, removal mechanism. The furnace 

diameter was selected using a co r re la t ion  given i n  a recent technical  

paper(*) as shown below: 

w i th  Dl i n  meters; * 
C,  "frozen' NO, concentration i n  ppm; 

9 combustion stoichiometry; 

0 slag carryover i n  percent. 

On applying t h i s  r e l a t i o n  f o r  a stoichiornetry of  0.95, t o  obtain a required !YOx 

l eve l  o f  350 ppms, the requirea r a d i a ~ t  b o i l e r s  geometry was found t o  be 

unacceptable. 



Therefore, f o r  the purposes o f  designing the radiant  bo i le r ,  the stoichiometry . 
was assumed t o  be 0.92. The r e s u l t i n g  diameter f o r  the bo i l e r s  i s  16.5 m. The 

e f f e c t  o f  t h i s  change i n  stoichiometry on the remainder o f  the system i s  f e l t  

t o  be minimal. I t  should be noted tha t  the required diameter computed from the 

above equation i s  independent o f  f low r a t e  and thus the number o f  furnaces. 

Using t h i s  diameter, the furnace length was computing using the same heat 

t ransfer  model ussd i n  Reference (2 )  and found t o  be 11 meters. 

With the diameter of  16.5 meters selected f o r  the s lag furnace i n  Case lB, the 

r e l a t i v e  cost o f  the radiant  furnace assembly was expected t o  be greater f o r  

the lower preheat case; t h i s  i s  i n  add i t ion t o  the decreased performance 

expected as a r e s u l t  o f  lowering the preheat temperature from 1920 K t o  1650 K, 

and the more r e s t r i c t e d  layout o f  the power t r a i n  components. The required 

o u t l e t  temperature of  %I850 K r esu l t s  i n  the requirement that  tha t  the t o t a l  

heat t rans fe r  duty f o r  the slag furnaces o f  Case 1B be s i g n i f i c a n t l y  greater 

than f o r  Case l A ,  as indicated i n  Table 6.5.1. 

For Cases 2 and 3, i t  i s  possible t o  s ize the slag furnace t o  provide NO, 

reduct ion t o  below the required concentrat ions. However, i t  i s  conceptual ly 

j u s t  as feas ib le  t o  provide such reduction i n  the seed recovery furnace 

downstream of the combined slag furnace o u t l e t  ducts (since no nigh temperature 

a i r  heaters are interposed between these furnaces). For t h i s  studj,  the use o f  

the seed furnace for  NO, cont ro l  was assumed; the diameter of  the 3 slag 

furnaces f o r  each case was thus taken t o  be 10 meters, i den t i ca l  t o  the Case 1A 

diameter. One advantage o f  l i m i t i n g  the gas temperature decrease i n  the s lag 

furnace i s  the po ten t ia l  f o r  a be t t e r  p a r t i t i o n  of seed and slag between the 

furnaces; since the bulk o f  the seed does not begin t o  condense from the gas 

u n t i l  the average temperature drops below about 2000 K, whi le a large f r a c t i o n  

of  the slag can be removed from the gas a t  the wal ls  o f  the slag furnace. 



6.5.4 RADIANT FURNACE DESIGN DETAILS 

6.5.4.1 Cy l ind r i ca l  Section 

The rad iant  furnace design selected f o r  the OCD cases was a t yp i ca l  modern 

slag-tap type w i th  a f u l l - s t u d  tube wal l  and inner casing. Waterwalls are 

formed from ve r t i ca l  runs o f  s ta in less s tee l  p ip ing  set i n  rammed magnesia 

r e f r ac to r y  walls. The p ip ing  i s  studded t o  promote the presence o f  an 

insu la t ing  slag layer on a l l  i n t e r i o r  surfaces o f  the furnace. 2-inch Schedule 
160 p i p i ng  set on a 0.75 m ( 3  inch) c i rcumferent ia l  p i t c h  was chosen i n  order 

t o  l i m i t  the stresses t o  valves below the l i m i t i n g  stress f o r  t h i s  mater ia l  a t  

the design condit ions o f  the supe rc r i t i ca l  system. The tube wal ls  are welded 

t o  c i rcumferent ia l  support p la tes  fastened t o  the inner casing o f  carbon 

s tee l .  This inner casing provides the gas pressure boundary f o r  the furnace. 

I t  can be fabr icated from carbon s tee l  since the remanent f i e l d  o f  the disk 

magnet i s  very small a t  the radius o f  the inner wal l  o f  the furnace nearest the 

power t r a i n  axis. The she l l  i s  approximately 3 m (1/8") th ick,  and i s  

supported w i th  the waterwalls i n  pendant fashion from carbon s tee l  s t r uc tu ra l  

members. A 0.1 meter thickness o f  medium temperature insu la t ing  block 

separates the pressure casing (which operates a t  maximum cool ing water 

temperature) from the ex te r i o r  casing o f  1.5 mm th i ck  carbon s tee l  lagging. 

6.5.4.2 Furnace I n l e t  Ducts 

The furnace i n l e t  duct pressure wal ls  are formed from carbon s tee l  p l a te  13 mm 

( 1 / 2 " )  th i ck .  These wal ls  are supported by external  beams s im i la r  t o  those 

used i n  the d i f f use r  structure. Waterwalls o f  2-inch Schedule 160 studded 

s ta in less s tee l  p ip ing set i n  a r e f r ac to r y  layer of MgO surround the gas duct 

from the d i f f use r  e x i t  t o  the c y l i n d r i c a l  furnace i n l e t .  Water from the 
combustor cool ing system passes through the d i f f use r  s p l i t t e r  vanes and the 

i n l e t  duct cool ing l i nes  on i t s  way t o  the lower r i n g  header f o r  the rad iant  

furnace proper. The average MgO thickness f o r  the i n l e t  duct i s  approximately 

60 mrr. A 50 mn layer o f  mineral wool i nsu la t ion  i s  appl ied t o  a l l  a i r  surfaces 

of the i n l e t  duct casing and s t ruc ture  t o  1 i m i t  heat losses t o  ambient. The 
inner wal ls  c f  the duct are designed t o  operate a t  2000 K t o  prevent a l i q u i d  

slag bui ldup w i th in  the duct. 



The maximum entrance v e l o c i t y  o f  the  combustion gas i n t o  the  c y l i n d r i c a l  

furnace sec t i on  i s  l ess  than 80 m/s, se t  by the  he igh t  o f  t he  duct a t  t he  

furnace wa l l .  Gas f lows vertically upward through the c y l i n d r i c a l  furnace a t  

about 12 m/s (Caqes l A ,  2 and 3 )  o r  l ess  than 8 m/s (Case IS )  t o  t h e  

c e n t r a l l y - l o c a t e d  exhaust opening i n  the  furnace roo f .  The cooled combustion 

gas i s  c o l l e c t e d  and d i r e c t e d  through i n d i v i d u a l  exhaust ducts t o  the  combined 

exhaust gas header. Flow v e l o c i t i e s  are l i m i t e d  t o  about 65 m/s i n  t h i s  

sec t i on  o f  the  combustion gas system, 

6.5.4.3 Slag C o l l e c t i o n  and Handling 

L i q u i d  s lag  c o l l e c t s  on the  cooled wa l l s  o f  the  c y l i n d r i c a l  rad ian t  furnaces 

and f lows down these w a l l s  t o  the  f l o o r  o f  each furnace, where i t  i s  removed 

through a c e n t r a l  opening i n  the  water-cooled f l o o r  o f  the furnace. Since the 

s lag  c o l l e c t i o n  and handl ing system f o r  t h i s  type o f  furnace i s  no d i f f e r e n t  

from the  furnace f o r  a l i n e a r  MHD p lan t ,  no d e t a i l s  o f  t h i s  system were 

developed as p a r t  o f  the  study. I t  i s  expected t h a t  the necess i ty  o f  p rov id ing  

3 s lag c o l l e c t i o n  po in t s  f o r  the d isk  instead o f  a s i n g l e  p o i n t  as f o r  the  

1 inear  rad ian t  furnace w i  11 increase the  cos t  o f  such a system f o r  the  OCD 

power p lants,  even though the capac i t i es  o f  the d i s t r i b u t e d  and s i n g l e  systems 

are i d e n t i c a l .  F igure  6-5-4 i l l u s t r a t e s  the  general layout  o f  a s i n g l e  

c y l i n d r i c a l  sec t ion  and i n l e t  duct. The d e t a i l s  o f  the gas sea l i ng  between the 

d i f f u s e r  and i n l e t  duct have not  been def ined i n  t h i s  study. These most 

probably w i l l  present a d i f f i c u l t  problem, s ince the  d i f f u s e r  and i n l e t  duct 

designs t ~ u s t  p rov ide  some a c c e s s i b i l i t y  f o r  inspect ion  and r e p a i r  o f  t he  

r e f r a c t o r y  surfaces a t  i n t e r v a l s  over the design l i f e  o f  the p lan t .  I n  

Table 6.5.2 the  ou ts ide  dimensions and est imated weights f o r  the  rad ian t  

furnace o f  each OCD Case considered are provided. 

6.5.5 ADDITIONAL COMMENTS 

For the  furnace con f i gu ra t i on  discussed herein, the  i n l e t  duct  i s  an i n t e g r a l  

p a r t  o f  the d i f f u s e r  f o r  t he  d i sk  generator.  The duct must t he re fo re  be 

designed t o  p rov ide  the maximum aerodynamic performance when coupled w i t h  the  

annular d i f f u s e r  and the c y l i n d r i c a l  r a d i a n t  furnace. A more d e t a i l e d  

eva lua t ion  o f  the mul t ip le - fu rnace ar ray  surrounding the  r a d i a l  ou t f l ow  
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Figure 6-5-4. Open Cycle Disk Generator System Radiant Furnace Arranqement 



combustion gas disk generator must be carr ied out i n  order t o  precisely 

characterize the performance potent ia l  of the OCD systems u t i l i z i n g  th is  

configuration. The overa l l  pressure recovery coeff i c  lent  o f  0.6 assumed f o r  
t h i s  study i s  probably very near the theoret ica l ly  a t ta inable  upper l i m i t  fo r  

the selected design. 



TABLE 6 . 5 . 2  
OCD RADIANT FURNACE DIMENSIONS 

AND WE IGHTS 

OCD DF OCD SF OCU + O2 

1920 K 1650 K 

CASE 1A CASE 1t3 CASE 2 CASE 3 

Number o f  Furnaces 

Furnace Outside 

Diameter, Meters 

C y l i n d r i c a l  Casing 

Height,  Meters 

L Exhaust Trunk 
I 

I Height, Meters 

I n l e t  Duct Height,  

Meters 

Estimated Combined 

Weight o f  Furnace 

and I n l e t  Duct 

(one s e t )  ( includes 

s t r u c t u r a l  s t e e l  

framework) 



6.6 A I R  HEATER SYSTEMS 

The design o f  ox idant  preheater systems f o r  OCD MHD pawer p l a n t s  i s  no 

d i f f e r e n t  i n  p r f n c i p l e  from the design o f  preheaters f o r  l i n e a r  MHD power 

p lan ts .  However, the necessi ty  f o r  supersonic opera t ion  o f  the d i sk  generator 

i n  order  t o  acnieve acceptable performance l e v e l s  imp l ies  t h a t  the OCD systems 

nus t  be designed f o r  the h ighest  poss ib le  combustor s tagnat ion ten~perature. 

For a i r -b lown coal  combustors, t h i s  n a t u r a l l y  requ i res  the use of maximum 

obta inab le  preheat levels .  As p a r t  o f  the d i sk  generator study, therefore,  

one subtask was assigned which l e d  t o  a review and s p e c i f i c a t i o n  o f  l i k e l y  

design features and performance parameters f o r  a i r  preheaters s u i t a b l e  f o r  use 

a t  the maximum c red ib le  temperature leve ls .  This task encompassed a 

d e l i n e a t i o n  of features f o r  bo th  a d i r e c t l y - f i r e d  preheater system 

(represent ing the expected mature development o f  a i r  heater technology f o r  MHD 

appl i c a t  ions) and an i n d i r e c t l y  f i r e d  system ( f o r  in termediate d i sk  MhD 

sys terr~s ) . 

6.6.1 SELLCTION OF MAXIMUM PREHEAT TEMPERATURE 

The maxiniunl supportable preheat temperature was taken t o  be 1920 K (2996°F) i n  

the case o f  d i r e c t l y - f i r e d  and i n d i r e c t l y - f i r e d  a i r  preheaters. The l o g i c  

behind t h i s  se lec t i on  i s  discussed i n  the f o l l o w i n g  paragraphs. 

Current a i r  heater technology (based on the design o f  b l a s t  furnace stoves) 

requ i res  c lean f u e l  and can prov ide a i r  preheat l eve l s  on the order  o f  180U K. 

Some experience w i t h  advanced c lean- fue l - f i red  a i r  prf iheaters i n  the  USSR has 

been obtained a t  preheat l e v e l s  up t o  2270 K, and a t  2000 K f o r  reasonable 

per iods of operat ion. For the  d isk  generator systems study, the clear, f u e l  

f o r  i n d i r e c t l y - f i r e d  preheaters i s  assumed t o  5e provided by an advanced 

pressursized g a s i f i e r  supplying the HTHH reheat burners w i t h  a low 6TU f u e l  

gas. I n i t i a l l y ,  i t  was thought t h a t  w i t h  such a system the attainment o f  

preheat l e v e l s  up t o  2270 K was possib le;  however, f o r  the s p e c i f i c  

cons t ra in t s  and fuel/oxidant type considered, i t  was determined t h a t  such 

preheat l e v e l s  could not  be reached. Therefore, the upper l i m i t  f o r  

c lean- fuel -burn ing preheaters was set  a t  1920 K, since t h i s  l e v e l  gave promise 

o f  the  p o s s i b i l i t y  of designing a i r  heater mat r ices  w i t h  A120j ma te r i a l s  



instead of  r e q u i r i n g  the use of t he  much more c o s t l y  z i r c o n i a  i n  t he  h o t t e r  

regions of  the  bed. This value of 1920 K was chosen as the  base case preheat 
l e v e l  f o r  the i n d i r e c t l y - f i r e d  OCD parametr ic  study. 

C lear ly ,  t he  bas is  f o r  use of the 1920 K preheat l e v e l  i n  OCD i n d i r e c t l y - f  i r e d  

u n i t s  does not  c a r r y  over 'n to  the s e l e c t i o n  o f  an i d e n t i c a l  preheat l e v c l  f o r  

t he  OCD d i r e c t l y - f i r e d  system. The presence o f  r e l a t i v e l y  la rge  amounts of 

s l ag  and seed i n  the reheat gas co~np l ica tes  the  design o f  such a preheater  

system. However, given the  correctness o f  the assumption t h a t  t he  d i r e c t l y -  

f i r e d  d i sk  systems would o n l y  be the  r e s u l t  o f  a matured MHD developm2nt 

program, I t  seemed reasonable t o  assume t h a t  the 1920 K !);sheat l e v e l  cou ld  be 

obtained, a l b e i t  w i t h  a h igher  r i s k .  The 1920 K preheat was the re fo re  chosen 

as the base preheat l e v e l  f o r  the OCD d i r e c t l y - f  i r e d  d i sk  systems as we l l .  

This  se lec t  ion  a lso  perrni t s  a more reasonable compar isori t o  be drawn DetvJeen 

the f i n a l  "opt imized" system performances o f  the OCD d i r e c t l y - f i r e d  and 

i n d i r e c t l y - f i r e d  cases. 

6 . 6 . 2  A I R  PREHEATEH SYSTEM CHARACTERISTICS 

The cha,-acteri s t  i c s  o f  a i r  preheater systems designed f o r  lnaxilnum preheat are 

considered i n  the f o l l o w i n g  subsections. Two reference case; were analyzed 

i n  d e t a i l ,  one each f o r  a 1000 MUe (nominal) d i r e c t l y - f i r e d  u n i t  and f o r  a 

1000 MWe (nominal) i n d i r e c t l y - f  i r e d  u n i t .  

I n  each case, the de l i ve red  a i r  temperature i s  1920 K ( 2 9 9 6 O F ) .  Th is  temper- 

ature l e v e l  and the d i r e c t l y - f i r e d  cond i t i ons  requ i re  an extension o f  the 

s ta te -o f - t he -a r t  as compared w i t h  present commercial p r a c t i c e  as described 

above. A conservat ive approach was the re fo re  taken i n  s i z i n g  the heaters, 

valves, and duct ing. Cost est imates were made f o r  each o f  the systems 

considered; the cos t  est imate w i l l  tend t o  represent e a r l y  ra the r  than mature 

technology s ince i t  i s  based upon l i m i t e d  knowledge o f  development 

requirements t o  ob ta in  such preheater performance. 

The e f f e c t  o f  the c ~ n s e r v a t ~ i v e  approach i s  most s i g n i f i c a n t  i n  the 

d i r e c t l y - f i r e d  case. I n  t h i s  case, one o f  the major remaining development 



I needs i s  t he  method o f  support ing the heater  beds. A h i g h  :emprrature support r 4 . B 

I i s  needed t o  a1 low drainage o f  the  seed and s lag ( t h e  temper-ature rnust reach j 

I about 1366 K on each operdt ing cyc le ) .  I t  was decided t o  u i e  smal l  bed ' diameters, cons i s ten t  w i t h  p r e s e ~ t  commerical p r a c t i c e  f o r  comparable h igh  
temperature supports (e.g., as i n  secondary ammonia reformers).  This 1 i m i  t ed  

b 5 
the bed diameter t o  about 4.3 m (14 fee t ) ,  and t o  accommodate the f l o w  f o r  a 

1000 MW, OCO system requ i red  a t o t a l  o f  28 heaters. Fu r ths r  developments i n  

support technologies could be expected t o  reduce t h i s  numSer. 

ti.2.2.I D i rect ly .sFi red A i r  Heaters f o r  Open Cycle MHD Systems 

Seneral Considerat ions -- - - 
The design o f  the d i r e c t l y - f i r e d  HTAH i s  dominated by the presence of seed and 

s lag  i n  the reheat gnses. The presence of seed and s lag  presents two 

problenis. F i r s t ,  they are cor ros ive  t o  many r e f r a c t o r y  n a t e r i a l s .  Second, 

they  pass through the heater system (heater  beds, valves, ducts)  i n  a 

temperature range wnere they condense and s o l i d i f y .  The i a t t e r  introduces the 

p o s s i b i l i t y  of f o u l i n g  oT the heater beds and valves. 

Development i n  these areas i s  being supported by DOE and c a r r i e d  out  as p a r t  o f  

the DOE MHD program. Considerable progress has been made and the cu r ren t  

s ta tus  i s  descrioed below. The r e s u l t s  o f  t h i s  work has been app l ied  t o  the 

design described here. 

Desc r ip t i on  o f  Heater System 

A conceptual layout of a t y p i c a l  heater system was i n i t i a l l y  prepared w i thout  

reference t o  any p a r t i c u l a r  p l a n t  arrangement. I t s  so le  purpose was t o  p rov ide  

a pas is  f o r  the cost  est imate and t o  g ive  an i n d i c a t i o n  of o v e r a l l  s ize.  No 

study o f  p re fe r red  arrangements o r  more cornpact arrangements were made. The 

f i n a l  layout of the a i r  heater system f o r  the OCD d i r e c t l y - f i r e d  system 

(Case 1A) i n  Sect ion 6.7 was chosen w i t h  regard t o  a1 1 system const ra in ts .  

D e t a i l s  o f  the spstem are presented iii Table 6.6.1. The number o f  heaters (28) 

r e s u l t e d  from the  dec i s ion  t o  use a r e l a t i v e l y  small bed diameter, as discussed 



TAHLE 6.6.1 
S l Z E  AND OPERATlNG C O W 1  T IONS 

FOR 1OOU NWp OPEN CYCLE DIRECTLY-FIRED CASE 

Gas and A i r  Corta i t ions - 
Gas I n l e t  Temperature, K (F) 
Gas O u t l e t  Temperature, K (F) 
A i r  I n l e t  Temperature, K ( F )  
A i r  O u t l e t  Temperature, K (F)  
Gas l n l e t  Pressure, kPa ( p s i )  
A i r  l n l e t  Pressure, kPa ( p s i )  
Gas Flcw Rate, kg/sec, (lbnl/sec) 
A i r  Flow Rate, kg/sec, (lbnl/sec) 
Gas Pressure Drop, kPa, ( p s i )  
A i r  Pressure Drop, kPa, ( p s i )  

Number o f  Heaters 
011 A i r  
On Gas 
Press, /Depress. 
Total  

Cycle T i r <  z 
A i r ,  sec 
Gas, sec 
Press./Depress., sec 
F t r l l ,  see 

Ui~llensions 
Cored B r i c k  Hole Diameter, mm ( i n )  
Cored B r i ck  Web Thickness, mm ( i n )  
bed W i g h t ,  m ( f t )  
ljed U>rarneter, m ( f t )  

Valve F low D i a ~ i ~ e t e r  
Gas I n l e t ,  nl ( f t )  
Gas Out le t ,  m ( f t )  
A i r  I n l e t ,  m ( f t )  
A i r  Out le t ,  m ( f t )  

R ipp le  i n  De l iverzd  A i r  Temperature, K ( F )  - + 36 (64)  

Tota l  Heat Loss, MW (B tu /hr )  35 (120 x 106) 

A i r  Loss from Valve Leakage and 
Press .  /Depress., kg/sec ( I b/sec) 



prev ious ly .  As noted there, t he  diameter o f  4.3 m i s  bzsed upon present 

conln~erical p r a c t i c e  w i t h  h igh  temperature bed suppol:ts. The compl i c a t  ions o f  

cyclCng temperature and the  need t o  accommodate seed and s l a s  removal both 

represent extensions o f  the  s ta te -o f - t he -a r t  and therefore,  i t  was decided not  

t o  add the f u r t h e r  extension o f  an increase 'iameter. The study d i d  no t  

inc l l lde examination o f  HTAH cos ts  w i t h  var ious numbers o f  heaters, bu t  i t  i s  

very l i k e l y  t h a t  a  smal ler  number would have a  lower cost .  

The ducts and mani fo lds were s ized t o  g i v e  a  gas /a i r  v e l o c i t y  o f  LOO f t / s ,  

based on est imated eros ion  and pressure drop l i m i t a t i o n s .  

Another f a c t o r  i n  the s e l e c t i o n  of r e l a t i v i l y  small beds i s  t h a t  t he  

corresponding valve s izes  are a l so  reduced. The valve s izes  and temperature 

l e v e l s  are w i t h i n  cu r ren t  b l a s t  furnace stove p rac t i ce .  The s n ~ a l l  s i z e  should 

iniprove 'nd ik idua l  va lve r e l i a b i l i t y ,  a  f a c t o r  t h a t  needs t o  be examined 

r e l a t i v t l  t o  the number o t  valves. The major d i f fe rence between the HTAH valve 

requiren,ent and cu r ren t  p r a c t i c e  i s  the presence o f  seed and slag. 

Refractory n ~ a t e r i a l s  f o r  var ious pa r t s  o f  the system are i d e n t i f i e d  i n  Table 

6.6.2. The major l i m i t a t i o n  i n  these se lec t i ons  i s  t h a t  the h igh  temperature 

l e v e l  i s  above t h a t  f o r  which s u i t a b l e  ma te r i a l s  have been found a ~ d  tes ted  as 

p a r t  of the DOE MHD program. Fur ther  d iscuss ion  o f  t h i s  f a c t o ~  i s  g i d ~ n  

below. 

An est imate o f  cornponent weights and cos ts  i s  g iven i n  Table 6.6.3. I t should 

be noted t h a t  t h i s  est imate cannot be compared d i r e c t l y  w i t h  t h a t  f o r  the 

i n d i r e c t l y - f i r e d  heater;  wh i l e  the  d i r e c t l y  f i r e d  heater i s  a  complete 

cornponent, the i n d i r e c t l y - f i r e d  heater requ i res  an extensive set  o f  a n c i l l i a r y  

equipment whose costs have not  been est imated as p a r t  o f  t h i s  study. 

Development Status o f  D i r e c t l y - F i r e d  A i r  Heaters 

The major developnletit requirements i nvo l ve  h igh  temperature ma te r ia l s  r e s i s t a n t  

t o  seed and s lag  and having s a t i s f a c t o r y  l i f e  and cos t :  heater opera t ing  

cond i t i ons  t h a t  w i l l  prevent f o u l i n g  of t he  f low passages w i t h  seed and slag, a  



TABLE 6.6.2 
REFRACTORY MATERIALS 

FOR 1000 MWe OPEN CYCLE DIRECTLY-FIRED CASE 

Heater Beas: Fused Cast MagnesiaIAlumina Spinel 
Heater Bed L iner :  Fused Gra in  Spinel Br icks  

I n s u l a t i o n :  Hot L ine r  Mid Layer Outer Layer 
Hot Gas I n l e t  Cast Spinel 3300 F Castable 2800 F Castable 
Hot Gas Ou t le t  Cast Spinel 2000 F Castable 2000 F Castable 
A i r  I n l e t  Heavy Castable 2000 F Castable 2000 F Castable 
A i r  Ou t le t  Cast Spinel 3300 F Castable 2800 F Castable 



TABLE 6.6.3 
ESTIMATED HEA'I'ER SYSTEM COST* 

OPEN CYCLE DIRECTLY-FIRED CASE 

Weight ,  
C o s t ,  10% 

Heaters  
Bed 
I n s u l a t i o n  
Vessel 

m. tons M a t e r i a l s  Labor  
5 2 9 0  17 .5  3.2 
4 3 4 0  11.1 4 .O 

8 5 0  0 . 6  2.0 

Ducts and Man i fo lds  
I n s u l a t i o n  4 0  
S t e e l  8.30 
F l anges 1 6 4 0  
Expansion J o i n t s  

Valves 

Bed Support - - 
S t r u c t u r a l  S t e e l  - 3 6 0 0  2.8 7 . 5  

SUBTUTALS 2 7 6 0 0  74.4  22 .O 

TOTAL SYSTEM COST, 1068 96 .4  

* D i r e c t  costs  a r e  shown, i . e .  c o n t r a c t o r s  overhead and p r o f i t  a r e  n o t  
included.  I n s t a l l a t i o n  i s  inc luded i n  l abor  component. A l l  costs  a r e  i n  
mia-1979 d o l l a r s .  



bed support t h a t  meets the requirements of t he  heater  opera t ing  condi t ions,  and 

valves w i t h  s a t i s f a c t o r y  r e l i a b i l i t y  and cost .  Development i n  each area i s  

proceeding a t  FluiDyne Engineering Corporat ion under con t rac t  w i t h  DOE, The 

cu r ren t  s ta tus  i s  described i n  the fo l low ing.  

Ma te r i a l s  

Heater bed, hot  gas i n l e t  duct and upper dome l i n i n g ,  and heater  bed l in ino ,  

must be constructed o f  seed/slag r e s i s t a n t  mater i  a t .  The present d e v e l ~ p m e n ~  

program has concentrated on eva lua t ion  of co~nmerical ma te r i a l s  which cou ld  be 

produced i n  la rge  quan t i t i es .  Test ing of over  one hundred ma te r ia l s  has shown 

tha t  magnesia alumina sp ine l  and some chromia-containing ma te r ia l s  have good 

co r ros ion  res is tance.  One ma te r ia l  i n  p a r t i c u l a r  has performed we l l ,  a 

f usion-cast substance co~nposed o f  rnagnesi a g ra ins  embedded i n  a sp ine l  mat r ix .  

Current es t  irr~ates are t h a t  these ma te r ia l s  w i  11 have sat i s f a c t o r y  1 i f e  and cos t  

f o r  de l i ve red  a i r  temperatures t o  1520 K (2700°F). A temperature o f  1920 K 

(2996°F) w i l l  r equ i re  search f o r  ma te r i a l s  t ha t  are not now i n  coin~nerical 

product icn.  

Seed/slag present i n  the reheat gas must no t  accur~~ulate i n  the a i r  heaters o r  

t h e i r  associated i n l e t  and o u t l e t  ducts. Tests w i t h  a cumulat ive du ra t i on  o f  

1100 hours have been completed w j t h  a 5.2 m (17 f t )  h igh  bed under simulated 

d i r e c t l y  f i r e d  operat ion w i t h  seed and slag. These r e s u l t s  have been 

encouraging and i n d i c ~ t e  t h a t  the seed and s lag  does nut  accumulate i f  the  

bottom o f  the bed i s  heated above the  seed f reez ing  p o i n t  (abr::rt 1350 K )  dur ing  

each operat ing cyc le.  These t e s t s  were made w i t h  an o x i d i z i n g  reheat gas and 

w i t h  Montana Rosebud ash. A s i ng le  t e s t  o f  long du ra t i on  i s  needed t o  conf i rm 

these r e s u l t s  and t e s t s  under o ther  operat ing cond i t ions  are a lso necded. 

The i n l e t  a i r  temperature t o  the heater was 922 K f o r  these tes ts .  This 

represents a reasonable maximuin l e v e l  f o r  the  o u t l e t  temperature of m e t a l l i c  

HTAH1s  which are p a r t  o f  the  o v e r a l l  MHD systems design. Add i t i ona l  t e s t s  

could determine i f  a lower i n l e t  z i r  temperature can be accommodated. 



i Ued Support  

The f o rego ing  d i scuss ion  p o i n t s  up t h e  need f o r  a  bed suppor t  which w i l l  e r~du re  

temperatures a t  l e a s t  a t  h i g h  as 1370 K (2000°F). F lu iDyne has s t u d i e d  

p o s s i b l e  methods and has i d e n t i f i e d  a  ceramic dome s t r u c t u r e  as a  p romis ing  

approach. P a r t  of t h e  b a s i s  f o r  th i .  cho i ce  i s  exper ience w i t h  secondary NH3 

re fo rmers  where a p e r f o r a t e d  ceramic dome i s  used as a  c a t a l y s t  bed support .  

Heforlners opera te  a t  bot tom-of- the-bed temperatures o f  1280 1( (1850°F) t o  131d < 
( 19c)0°F) and combined s t a t i c  and dynamic load  o f  200 kPa ( 3 0  p s i ) ,  c o n d i t i o n s  

wtl ich compare f a v o r a b l y  w i t h  those which would o b t a i n  i n  MHD HTAH serv ice .  

However, r egene rd t i ve  hea te rs  c y c l e  i n  temperature w h i l e  Nti3 re fo rmers  

opera te  a t  s teady cond i t i ons .  Tes t i ng  o f  a  f u l l - s c a l e  o r  near f u l l - s c a l e  dome 

i s  needed t o  v e r i f y  s a t i s f a c t o r y  ope;-ation i n  response t o  thermal cyc l es .  

Va 1 ves 

S i x  vd lves a re  r e q u i r e d  f o r  ope ra t i on  o f  each hea te r  i n  the  HTAH system; these 

are:  gas i n l e t  and o u t l e t ,  a i r  i n l e t  and o u t l e t ,  p r e s s u r i z a t i o n ,  a t ~ d  

dep ressu r i za t i on .  Wi th  the excep t ion  o f  a i r  i n l e t  and p r e s s u r i z a t i o n  valves,  

the o the rs  r e q u i r e  some developrnent o r  a t  l e a s t  v e r i f i c a t i o n  t e s t i n g .  

The yas i n l e t  va lve  w i l l  be exposed t o  the  most severe c o n d i t i o n s ,  A t e s t  o f  a  

smal l  p r o t o t y p e  va lve  has been r u n  w i t h  encouraging r e s u l t s .  P r ~ i s  t e s t  va l ve  

i s  d yd te  va lve  i r i  w t~ i c t i  the ga te  and a f o l l o w e r  r i n g  forrn at] i n t e g r a l  

s t r u c t u r e  which s l i d e s  back and f o r t h  i n  t he  body of t he  valve.  The f o l l o w e r  

r i r i g  p r o t e c t s  tne body seat  from f o u l i n g  by seed/s lag i n  the ho t  gas. Both t h e  

g a t e / f o l l o w e r  r i l l 9  and the  va l ve  body a re  water -coo led and p r o t e c t e d  w i t h  a  

rSe f rdc to r y  1 i n i n g .  

Each o f  the d f ~ ~ e i l l e n t i ~ n e d  issues i s  be ing  addressed i n  the  MHO heater- 

development prograin arid i n  none o f  these areas i s  t h e r e  evidence o f  a  b a r r i e r  

t o  development f o r  a i r  temperature l e v e l s  t o  1760 K (2700" f ) .  However, more 

work i s  needed i n  o rde r  t o  dernonstrate f e a s i b i l i t y  and p rov i de  t h e  da ta  needed 

t o  suppor t  des ign.  The a v d i l a b i l i t y  o f  m a t e r i a l s  f o r  t he  h ig t ie r  preneat 

temperatures i s  uncer ta i r l .  



6.6.2.2 I n d i r e c t l y - F i r e d  A i r  Heaters f o r  Open Cycle MHD P l a n t s  

General Considerat ions 

The p r ima ry  f e a t u r e  o f  t h i s  des ign  case i s  t he  use of p ressu r i zed  combustion 

gases f o r  reheat o f  the  a i r  heaters .  Fue l  i s  fu rn ished  by a c o a l  g a s i f i e r ,  

The gas i s  c leaned o f  p a r t i c u l a t e s  and condensib les and supp l i ed  t o  t h e  burners  

which opera te  a t  1720 kPa (250 p s i )  i n  t h e  des ign discussed here. F o r  t he  OCG 

paramet r i c  analyses, a matched a i r / g a s  pressure was assumed. 

The use o f  a c l ean  reheat gas b r i n g s  t h e  a i r  hea te r  requ i re l~ ien ts  c l o s e  t o  t he  

s t a t e - o f - t h e - a r t  than f o r  t h e  d i r e c t l y - f i r e d  case. However, t he re  s t i l l  a re 

s i g n i f i c a n t  d i f f e r e n c e s  frorn the  r ~ ~ o s t  advanced b l a s t  fu rnace  s tove p r a c t i c e .  

These are d e l i v e r e d  a i r  te~ i iperature,  1920 K versus about 1650 K; a i r  f l o w  ra te ,  

575 kg/sec versus about 185 kg/sec; pressure l eve l ,  1670 kPa versus about 

670 kPa, and p ressur ized  versus atmospheric co~nbust ion. 

The complete a i r  hea te r  system would c o n s i s t  of  the  a i r  heaters,  p ressu r i zed  

combustors, coa l  s torage arid hand l ing  equipment, and power recovery expanders. 

The cos t  est i rnate covers o n l y  the  a i r  heaters  and t h e r e f o r e  cannot be compared 

wit,h the d i r e c t l y - f  i r e d  case. 

Power recovery expanders i n  use i n  pet ro leum r e f i n e r i e s  cou ld  be used f o r  

recover ing  energy f rom the r - hea t  gas l eav ing  t h e  tiTAH. These dev ices are used 

on the vent from c a t a l y t i c  c racker  regenerators  i n  which c a t a l y s t  i s  

regenerated by burn ing  o f f  carbon. The vent stream must be cleaned o f  

p a r t i c u l a t e s  and h i g h  e f f i c i e n c y  cyc lones have been developed by t he  S h e l l  O i l  

Cotlipany for- c l ean ing  these streams. When these c y c l m e s  are used w i t h  power 

recovet-y expanders manuf dctured by e i t h e r  E l  1 i o t t  Company o r  Ingerso l l -Rand 

Compdny, perforrnance guaran t ies  a re  prov ided.  Whether enough dust  would be 

c a r r i e d  ou t  o f  the HTAH w i t h  the  reheat  gas t o  r e q o i r e  use o f  the 

h i g h - e f f i c i e n c y  cyc lones i s  no t  knowq. Some dus t i ng  w i l l  occur  b u t  i t  nlay no t  

be enough t o  r e q u i r e  use o f  these separators.  



Desc r ip t i on  o f  Heater System 

The use o f  reheat gases t h a t  are a.1 h igher  pressure than the a i r  i s  t he  reverse 

of the  s i t u a t i o n  f o r  the d i r e c t l y - f i r e d  case. Because o f  pressure drop 

l i m i t a t i o n s ,  t he  gas a t  the lowest pressure requ i res  a l a rge r  number o f  heaters 

( a t  any g iven t ime) and consequently a shor te r  cyc le  time. I n  the present  

case, therefore,  tire number o f  heaters on gas i s  less  than the  number on a i r .  

D e t a i l s  o f  the cpera t ing  cond i t i ons  and cumponent s izes are givev i n  Table 

6.6.4. The cored b r i c k  ho le  s i z e  was made o n l y  13 mm (1/2 i n )  because the  

c lean gases e l im ina te  problems of f ou l i ng .  The system cons is ts  of ten heaters, 

each having a bed o f  4.88 m (16 f t )  diameter and 10.36 m (34 f t )  he igh t .  

The r e f r a c t o r y  ma te r i a l s  chosen are l i s t e d  i n  Table 6.6.5, A h igh  dens i ty -h igh  

p u r i t y  alumina i s  spec i f i ed  f o r  the  h ighest  temperature regions. The most 

c r i t i c a l  design l i m i t a t i o n  w i l l  be creep a t  the h igh  temperature. The 

spec i f i ed  temperature o f  1920 K i s  t e c h n i c a l l y  f e a s i b l e  but  very o i f f i c u l t  i n  a 

la rge  system. 

An estirnate o f  component weights and cos ts  i s  given irl Table 6.6.6. As 

described e a r l i e r ,  t h i s  est imate does not  inc lude the a n c i l l a r y  equipment and 

therefore,  cannot be compared w i t h  the  est imated cos t  o f  the d i r e c t l y - f i r e d  

heater.  

Development Statuc o f  I n d i r e c t l y - F i r e d  A i r  Heaters 

The greates t  unce r ta in t y  i n  the design i s  caused by the h igh temperature 

l eve l s :  gas i n l e t  a t  2075 K (3275OF) and a i r  o u t l e t  a t  1920 K (2996'F). 

Maximum r e f r a c t o r y  temperatures w i  11 approach 2033 K (3200°F). This 

temperature l e v e l  requ i res  the se lec t i on  o f  h igh  p u r i t y  alumina f o r  those 

regions. However, the p o t e n t i a l  f o r  creep ex i s t s .  Data a t  these h igh  

temperatures i s  no t  ava i l ab le  and ex t rapo la t i on  from lower temperature data i s  

f raught  w i t h  r i s k .  High temperature creep data i s  needed f o r  these mater ia ls ,  

and, perhaps, a t e s t  of a t  l eas t  a p o r t i o n  o f  a heater s t ruc tu re  t o  assure t h a t  

creep would not cause ser ious problems. 



TABLE 6 . 6 . 4  
S I Z E  AND OPERATING CON01 T I O N S  

FOR iOOO MW, OPEN CYCLE I N D I R E C T L Y - F I R E D  CASE 

Gas ana A i r  Cond i t ions  - 
Gas I n l e t  Temperature, K ( F )  
Gas O u t l e t  Te~nperature, K ( F j  
A i r  I n l e t  Temperature, K ( F )  
A i r  O u t l e t  Temperature, I( ( F )  
Gas I n l e t  Pressure, kPa ( p s i )  
A i r  I n l e t  Pressure, kPa ( p s i )  
Gas Flow Rate, kg lsec ,  ( I b n ~ l s e c )  
A i r  Flow Hate, kg lsec,  ( lbmlsec)  
Gas Pressure Drop, kPa ( p s i )  
A i r  Pressure Drop, kPa ( p s i )  

hunlber of  Heaters - 
Un A i r  
On Gas 
Press./Depress. 
TOTAL 

Cyc l$  T i n 1 5  
A i r ,  sec. 
t i i ls ,  sec. 
Press./Uepress., sez. 
F u l l ,  sec. 

U inier~s i oris 
Cored B r i c k  Hole Diameter, mm ( i n )  
Cored B ~ i c k  Web Thickness, mm ( i n )  
bed Height,  nl ( f t )  
bed D' ia l~~eter ,  m ( f t j  

Va lve Flow Diameter 
Gas I n l e t ,  m ( f t )  
Gas Ou t l e t ,  m ( f t )  
A i r  I n l e t ,  m ( f t )  
A i r  Uu t l e t ,  m ( f t )  

R i p p l e  i n  De l i ve red  
A i r  Tenlperatures, K ( F )  

T o t a l  Heat Loss, MW ( B t u l n r )  

A i r  Loss from Valve Leakage 
and Press./Depress. kg/  sec ( l b / s e c )  



TABLE 6.6.5 

REFRACTORY HATERIALS FOR 1000 MWe 

OPEN CYCLE INDIRECTLY-FIRED CASE 

Hk a t e r  Beas: 

Heater Bed L iner :  

I n s u l a t i o n :  

Gas I n l e t  

O u t l e t  

Air I n l e t  

A i r  Out le t  

Upper 4 0 ~  High densi ty  alumina 

Mid 2 5 ~  Vega 

Lower 3 5 ~  Bison 

Castable 

Heat L i ner Mid Layer Outer Layer 

3300F castable 2800F castable 2600F castable Gas 

A l l  2000F castable 

A l l  2000F castable 

3300F castable 2800F castable 2600F castable 



Heaters 

Bed 
I n s u l a t i o n  
Vessel 

TABLE 6.6.6 
E STIMATED HEATER COST WITHOUT ANCILLIARIES* 

OPEN CYCLE INDIRECTLY-FIRED CASE 

Weight, Cost o f  Mat. Labor Cost 
m. tons 1068 - 1066 - 
3250 4.1 1.9 
4 00 0.3 0.4 
1300 0.9 3.1 

Ducts and Mani fo lds 
I n s u l a t i o n  720 0.7 0.4 
Steel 520 0.3 1.2 
F 1 anges 280 0.6 
Expansion J o i n t s  0.3 

Valves 210 5.1 

S t r u c t u r a l  Stee? 101 0 0.8 

bea Support 7 0 0.3 

TOTAL SYSTEM COST 1066 22.9 

*Uoes n o t  inc lude cos t  o f  coa l  handl ing and g a s i f i c a t i o n ,  h o t  gas cleanup, 
pressur ized combustor and pressure energy recovery equipment. 

O i rec t  costs are shown, i.e. cont rac tors  overhead and p r o f i t  are n o t  
i rx luded.  I n s t a l l a t i o n  i s  inc luded i n  the labor component. A l l  cos ts  i n  mid 
1979 do1 l a rs .  



There are th ree  add i t i ona l  areas when the design requ l res  an extension o f  t he  

s ta te -o f - t he -a r t  w i t h  b l a s t  furnace stoves. 

r The temperature o f  t h e  gas leav ing  the  bottom of the  bed i s  nea r l y  

1033 K (1400°F), which w i l l  r e q u i r e  a bed support s t r u c t u r e  of h igher  

temperature c a p a b i l i t y  than those f o r  b l a s t  furnace stoves (about 811 

K ) .  

r The maximum pressure l e v e l  i s  1670 kPa (250 p s i )  versus about 670 kPa 

(100 p s i )  as noted prev ious ly .  The p r i n c i p a l  e f f o r t  of t h i s  d i f f e rence  

would be a change i n  t h e  valve construct ion.  

a Pressurized combustors have not  been used w i t h  b l a s t  furnace stoves. 

Each of these th ree  items represent extensions of the technology bu t  they can 

a l l  he accorrunodated w i t h  ca re fu l  design and some development and v e r i f i c a t i o n  

tes t i ng .  

6.7 OCO SYSTEMS PONER T R A I N  LAYOUT REPRESENTATIONS AND FURNACE DUCT DESIGN 

The OCD system designer must have i n  mind a general c o n f i g u r a t i o n  f o r  the  d i s k  

power t r a i n  layout p r i o r  t o  beginning the  conceptual design phase f o r  t he  major 

components o f  the d i s k  generator power t r a i n .  I n  t h i s  sense, the i n t e g r a t i o n  

of these components i n t o  a workable power t r a i n  i s  a less  demanding tdsk than 

f o r  a l i n e a r  MUD system. However, the non convent ional  f l o w  pa t te rns  necessary 

w i t h  the gas-carry ing components o f  the  d j sk  power t r a i n  a lso  chal lenge the 

system and component designers by r e q u i r i n g  a much h igher  l e v e l  o f  

interdependence and matching of components t o  synthesize a workable system. 

The c e n t r a l  prcblem i n  the OCD power system layout  i s  the  d i sk  power t r a i n  

layout  i t s e l f ,  t ha t  i s ,  the layout o f  combustor, nozzle, d isk,  d i f f u s e r ,  and 

rad ian t  furnace. Since the magnet i s  a v i t a l  component of any MHD system, and 

impacts the design o f  features r e l a t i n g  t o  channel serv ic ing ,  i t  must a l so  be 

considered t o  be a v i t a l  element i n  the  d i sk  power t r a i n  layout .  



For the  present study, i t  has been assumed t h a t  a11 components of the  OCO power 

systems downstrean o f  t h e  rad ian t  furnace(s1ag furnace), where the  p lana r  f l o w  

p a t t e r n  o f  the  out f  :w 4 i s k  exhaust i s  reconf igured i n t o  the  more convent ional  

compact l i n e a r  f l o w  stream, are of t y p i c a l  design. Emphasis i n  t h e  layout  o f  

the OCD power t r a j n  has the re fo re  been p laced on the major d i sk - re la ted  

components, as def ined by NASA. The general layout  of the  o v e r a l l  OCD p l a n t  

was not  attempted, s i w e  the s i z i n g  o f  components downstream o f  the rad ian t  

furnace was not  undertahen, From the study of h igh  temperature a i r  heater  

systems f o r  d i sk  genersatc,r systems, made as p a r t  of the o v e r a l l  d i sk  eva lua t i on  

e f f o r t ,  t y p i c a l  desiens f o r  HTAH systems were taken, al though these are i n  

general not "d isk-speci f  i c "  bu t  apply t o  any MHD p l a n t  w i t h  h igh  preheat 

;evels. The coupl ing of the  HTAH w i t h  the  d i sk  power t r a i n  has been shown i n  

the layouts which fo l low.  

1 
I 6.7.1 SCOPE OF LAYOUT REPRESENTATIONS !g 

' 1  
I 
I Three drawings were prepared which represent poss ib le  arrangements o f  the 
b 
I 

equipment which i s  unique t o  a d i sk  MHD power p lan t .  As notee prev ious ly ,  t h i s  

1 
I 

equipment includes the combustor, nozzle, d i sk  generator, annular d i f f u s e r ,  

rad ian t  furnace, and furnace t r a n s i t  i on  duct  ing  t o  the HTAH ( f o r  d i r e c t  l y - f  i r e d  

I p l a n t s )  o r  downstream heat recovery equipment ( f o r  separate ly- f  i r e d  o r  

oxygen-augmented OCD p l a n t s )  . The drawings were based upon the opt imized 

design Case l A ,  i n  order  t o  i l l u s t r a t e  the  i n t e g r a t i o n  o f  the  1920 K HTAH w i t h  
I the d i sk  power t r a i n .  The MHD power cond i t i on ing  system i s  not  a c r i t i c a l  

element w i t h  respect t o  d i sk  power t r a i n  layout, although i t s  design i s  c l e d r l y  

af fected by the d i sk  versus l i n e a r  generator choice. The layout  of a t y p i c a l  

power cond i t i on ing  system of an OCD p l a n t  i s  shown i n  F igures 6-4-3 and 6-4-4 

o f  t h i s  repo r t .  

F igure  6-7-1 (Burns and Roe Drawing SM0050) i s  a general arrangement drawing 

f o r  Case 1A showing an o v e r a l l  p lan  view and e leva t i on  w i t h  sec t i ona l  views o f  

the cornbustor p i t  beneath the d i s k  magnet, and t y p i c a l  HTAH vessels and 

duct ing.  A p a r t i a l  p lan  view o f  the  combustor and hiat1 temperature 

a i r  duc t ing  t o  the combustor i s  a l so  shown. F igure  6-7-2 (Burns and Roe 

Drawing SM0051) i s  an isomet r ic  drawing o f  the Case 1A combustor, d i s k  



generdtor, di f f rrscr,  rad ian t  furnace, furnace exiiaust duct  ing, and HTAH system 

hot qas main and ho t  a i r  duct ing. The equipment arrangement i s  i d e n t i c a l  t o  

t ha t  shown i n  F igure  6-7-1. 

F igure 6-7-3 (Burns and Roe Drawing SM0052) i s  s imi  l a r  i n  content  t o  F igure 

6-7-1, bu t  shows an a l t e r n a t e  arrangement of the  equipment. 

6.7.2 DISCUSS ION OF LAYOUT CONCEPT/DRAW INGS SM0050 AND SM0051 

One o f  the  pr imary ~ b j e c t i v e s  of prepar ing layout  drawings i s  t o  permi t  t he  

i d e n t i f i c a t i o n  of conlponent i n te fac ing  problems, and access problems, and t o  

i d e n t i f y  poss ib le  means f o r  s o l u t i o n  o f  such problems. With respect t o  the  

pt~esent study, problems h igh1 igh ted  by the  prepara t ion  o f  layout  drawings f o r  

the  OCD power t r a i n  are: 

In tc rconnect ion  d i f f i c u l t i e s  f o r  ho t  gas f low between the 
rad ian t  furnaces and the  HTAH array; 

o In te rconnect ion  d i f f i c u l t i e s  f o r  hot  a i r  f l o w  between tne  
HTAH and the  combustor; 

0 Access t o  d i sk  generator f o r  maintenance and f o r  
removLl /rep 1 acement ; 

o Acrnss t o  combustor f o r  maintenance and f o r  removal/ 
replacement. 

As i l l u s t r a t e d  on Figures 6-7-1 and 6-7-2, t he  rad ian t  furance ar ray  has been 

arranged so t h a t  one of the th ree  exhaust ducts i s  routed d i r e c t l y  over t he  

v e r t i c a l  extension of the d i sk  power t r a i n  a x i s  of symmetry (generator ax i s ) .  

This  p a r t i c u l a r  arrangement can be expected t o  r e s t r i c t  p o t e n t i a l  methods f o r  

d i s k  generator removal, Orte method which has been proposed i s  the  use o f  an 

overhead t r a v e l l i n g  crane which can l i f t  the  upper and lower sect ions o f  the  

generator (one l i f t  f o r  each mono l i t h i c  sec t ion)  and t r a n s f e r  each t o  a 

l o c a t i o n  beneath the  HTAH hot  gas main, where they may be placed on a veh ic le  

f o r  t ranspor t  t o  a remote l o c a t i o n  (storagel laydown area o r  on -s i t e  

refurbishment shop). The v e r t i c a l  beams of t he  crane r a i l  support s t r u c t u r e  

must c l e a r  the rad ian t  furnace i n l e t  ducts and d i f f u s e r  ou ter  periphery. The 

furnace exhaust ducts dnd the  HTAH ho t  gas mains are a t  a s u f f i c i e n t  e l e v a t i o n  
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t o  p rov ide  room f o r  movement of the  generator sect ions beneath them. There i s  

a lso s u f f i c i e n t  w id th  between adjacent ho t  gas main s t r u c t u r a l  supports f o r  

access by veh ic le  t o  e f f e c t  l a t e r a l  t r ans fe r  o f  t he  i n d i v i d u a l  d i sk  halves. 

Combustor access i s  achieved by means of tunnels connect ing t o  the combustor 

p i t  beneath the  magnet and d isk  generator. The con~bustor can be removed w i t h  

the magnet i n  p lace  by l i f t i n g  the  combustor w i t h  the  overhead crane t o  perrnit 

rernova: o f  the support cone; the combustor may be t i l t e d  w i t h  i t s  a x i s  placed 

h o r i z o n t a l l y  on a f l a t b e d  veh ic le  on which i t  can be moved through the  access 

tunnel  ( r a i  1s not  shown) t o  an open area beneath the  HTAH ho t  gas main. The 

cornbustor can then be l i f t e d  from the p i t  i n  t h i s  area i f  i t  i s  l i f t e d  s t i l l  i n  

the h o r i z o n t a l  pos i t i on .  

Preheated combustion a i r  i s  i n j e c t e d  t a n g e n t i a l l y  i n t o  the con~bustor through 

the f i r s t  and second stage a i r  i n l e t  ducts. Two separate ho t  a i r  l i n e s  are 

taken from the HTAH hot  a i r  main and can be run t o  the combustor through the 

corninon access p i t .  A s i n g l e  la rge  hot a i r  duct cou ld  a lso be prov ided which 

wou'ld s p l i t  i n  the v i c i n i t y  o f  the combustor f o r  i n j e c t i o n  t o  the f i r s t  and 

second s t  ages. 

6.7.3 ALTERNATE ARRANGEMENT (DRAWING SM0052) 

I n  t he  arv*itngement shown i n  F igure  6-7-3, the rad ian t  furnace c r i e n t a t i o n  has 

been selected t o  e l im ina te  the necessi ty  f o r  r o u t i n g  a furnace exhaust duct 

over t he  ax is  o f  the power t r a i n .  This arrangement i s  p re fer red ,  as noted 

p rev ious l y  i n  Sect ion 6.5. 

This increases the number o f  ava i l ab le  opt ions by which the  d i sk  generator can 

be removed and replaced. Access t o  di f fu:er sect ions f o r  removal/replaceinent 

i s  a lso  enhanced. The a l t e r n a t e  arr.angerc,ent i l l u s t r a t e s  the  same type o f  

overhead crane as i n  the  f i rs t -ment ioned arrangement. However, the rad ian t  

furnace rearrangement permi ts  the t rans fer rence o f  the d i sk  sect ions by crane 

t o  a laydown area d i r e c t l y  away from the HTAH array, ra the r  than towards the 

array. The access p i t  f o r  con~t~us tor  se rv i c ing  i s  a lso  lucated on the s ide  o f  

the generator away from the HTAH array. The hot a i r  supply ducts running t o  





the combustor r e q u i r e  i n d i v i d u a l  tunnels which are w ide ly  separated i n  order  t o  

avoid f o u l i n g  the  s lag removal equipment and foundations o f  t he  in terposed 

rad ian t  furnace vessel. 

6.7.4 RADIANT FURNACE EXHAUST DUCTING 

The rad ian t  furnace exhaust duc t ing  which c a r r i e s  the  ho t  combustion gases away 

from the  i n d i v i d u a l  furnaces can be considered t o  be a d i s k - r e l a t e d  component, 

s ince the  d i sk  generator c o n f i g u r a t i o n  requ i res  the  p r o v i s i o n  o f  m u l t i p l e  f u r -  

naces r a t h e r  than a s i n g l e  furnace a t  the d i f f u s e r  o u t l e t .  For  t h i s  reason, i t  

i s  appropr iate t o  add the  cos ts  o f  t h i s  duc t ing  i n t o  the basis  f o r  the  overa l :  

d i sk  power t r a i n  cost ing.  The s p e c i f i c  arrangement o f  the duc t i ng  cannot be 

selected u n t i l  the general layout o f  the power t r a i n  has been def ined. 

For OCD Cases 1A and l B ,  ( d i r e c t  f i r e d )  the ducts c a r r y  rad ian t  furnace exhaust 

gas t o  the h igh  temperature a i r  heater system. For OCD Cases 2 and 3, 

(separacely-f  i r e d  and 02) the ducts c a r r y  gas t o  the heat recovety-seed 

recovery (HRSR) components downstream of  t he  furnaces. For cos t i ng  purposes, 

the conceptual design f o r  the  duct ing  associated w i t h  OCD Case 1A (keyed t o  

Figures 6-7-1, 6-7-2, and 6-7-3) was used. 

For the i n i t c a l  Case 1A layout  (F igures 6-7-1 and 6-7-2) there atme 2 ducts 

approximately 12 m i n  length, and one duct o f  37 m length. The a l t e r n d t e  

arrangement shown i n  F igure  6-7-3 requ i res  two 37 rn ducts and a s i n g l e  13 rn 

duct. The t o t a l  duc t ing  length requ i red  i s  e i t h e r  61 m o r  86 m, depending upon 

the case chosen. Since the p l a n t  arrangements have not  been def ined i n  a l l  

Cases, the costs w i l l  be est imated on the basis  o f  75 m (250 f e e t )  of duc t i ng  

f o r  the basic  case. Adjustments i n  cost  est imates f o r  s p e c i f i c  layouts can be 

appl ied i f  required, f o l l o w i n g  d e t a i l e d  layout  d e f i n i t i o n  f o r  each Case. 

6.7.4.1 Duct Design Condit ions 

The i n t e r n a l  diameters o f  the th ree  rad ian t  furnace exhaust ducts are 

determined on the basis  o f  1 i r n i t  i ng  average f l o w  v e l o c i t y  t o  approximately 60 

m/sec (200 f t / s e c ) .  The f lowra te ,  pressure, and gas temperature f o r  each OCD 

design case, and the s e ~ s c t e d  duct i n t e r n a l  diameter, are g iven i n  Table 6.7.1. 



CASE - 

TABLE 6 . 7 . 1  

RADIANT FURNACE EXHAUST DJCT DESIGN CONDITIONS 

* 
GAS FLOW GAS DUCT I NTERNRL 
RATE, k q / s  TEMPERATURE, K DIAMETER, !4E lERS  - 

1 A  7 3 6  2 1 5 0  

( D i r e c t  F i r e d ,  1920 K )  

1 8  81 (3 1850 

( D i r e c t  F i r e d ,  1650 K )  

2 

(Indirect F i r e d )  

* Total 98s flow a t  1 atniosphere pressure, Molecular Weight = 30. 



6.7.4.2 Duct i ng  Mechanical and Thermal Design 

The duc t ing  i s  assumed t o  be f a b r i c a t e d  of carbon s t e e l  w i t h  i n t e r n a l  

r e f r a c t o r y  i nsu la t i on ,  The i n s u l a t i o n  reduces heat losses t o  ambient and pro-  

t e c t s  the  inner  s tee l  surface from the  co r ros i ve  h igh - t~mpera tu re  gas. The 

i n s u l a t i o n  i s  app l ied  as three separate layers  o f  r e f r a c t o r y  b r ick ,  w i t h  the  

a d d i t i o n  o f  a f i n a l  plasma-jet-sprayed coat ing  o f  magnesium oxide t o  enhance 

i t s  res is tance t o  the h i g h l y  reducing seed-laden gas. Ref rac tory  m a t e r i a l s  

se lected f o r  the  three b r i c k  layers  were ex t ra -h igh  alumina b r i c k  f o r  the  

innermost layer,  and 2 separate grades o f  i n s u l a t i n g  f i r e b r i c k  f o r  t he  i n t e r -  

mediate and outermost layers.  Table 6.7.2 g ives the r e f r a c t o r y  m a t e r i a l s  data 

f o r  the design and cost  evaluat ions.  

Tlie thicknesses o f  i n d i v i d u a l  b r i c k  layers  f o r  each o f  the two temperature 

levels  (2150 K f o r  Cases l A ,  2, and 3; 1850K f o r  Case 1B) are d e t a i l e d  i n  Table 

6.7.3. The thicknesses are based upon duct  ing  designs f o r  prev ious open-cyc l e  

MHD p l a n t  studfes. Se lec t ion  o f  in termediate thicknesses o f  b r i c k  t o  " f i n e -  

tune" the design i s  impract ica l ,  as b r i c k s  having the standard di~nensions are 

ava i l ab le  a t  subs tan t i a l  savings over specially-made b r i c k ,  

The carbon s tee l  ductwor!, must he designed t o  wi thstand any pressure 

d i f f e r e n t i a l s  e x i s t i n g  across i t s  boundary; the deadweight loads iiiiposed by the 

br ickwork and i t s e l f  across the span between the furnace o u t l e t  ana the  

downstream hot gas main may be supported e i t h e r  by the ductwork i t s e l f  o r  by 

add i t i ona l  s t r u c t u r a l  s tee l .  I f  the s t e e l  th ickness i s  s u f f i c i e n t l y  great,  

and/or i f  s t i f f e n i n g  members are prov ided on the duct ing, no s t r u c t u r a l  s t e e l  

w i l l  be requi red.  For t h i s  study, the  th ickness o f  s tee l  requ i red  has been 

determined on the  basis  o f  conservat ive est imates of stresses generated 

i n t e r n a l l y ,  and i t  has beeti assumed t h a t  the r e s u l t i n g  th ickness i s  s u f f i c i e n t  

t o  p rov ide  adequate s t i f f n e s s  f o r  s t r u c t u r a l  support. Table 6.7.4 l i s t s  the 

parameters upon which de te rn ina t i on  of s t e e l  th ickness i s  based. The l a rges t  

component o f  i n t e r n a l  s t ress  i s  t h a t  due t o  thermal expansion o f  the r e f r a c t o r y  

l i n i n g .  The requi red thickness, est imated on the bas is  c f  a  common outs ide  

diameter i s  app:*.oximately 3.8 x m (1.5 inches). This th ickness i s  

assunled common t o  a l l  f o u r  Cases. 



TABLE 6.7.2 

REFRACTORY MATE RIALS DATA FOR OCD RADIANT FURNACE 
EXHAUST DUCT INSULATION 

i M a t e r i a l  Density (lbmlft3) Cost ($/lbm) 
Extra-High Alumina Br ick  190.5 0 .70  

(99AD) 

I n s u l a t i n g  F i r e b r i c k  
I ( A .  P .  Green 6-33) 
I 

I I n s u l a t i n g  F i r e b r i c k  
( A .  P .  Green 6-26) 

I 

I 
MgU Spray Coat ing 

I 

* Inc ludes a l l  i n d i r e c t  charges 
L 



TABLE 6.7.3 

THICKNESSES OF INSULATION LAYERS FOR 

OCD RADIANT FURNACE EXHAUST DUCTS 

CASES l A ,  2 ,  3 CASE 1 8  

Design Gas Ten~perature,  K 

Layer 1 (99 AD) 

Thickness, m 

Layer 2 (6-33)  

T h  ick.ness, m 

Layer 3 (6-26) 

1 ti i ckness ,  In 

ke ighted  Average 

Dens i ty  ( l b m / f t 3 )  

Weighted Avsrage U n i t  

C o s t  ( d l  lbm) 



TABLE 6.7.4 

PARAMETERS FOR DETERMINING OCD 

FURNACE DUCT STEEL WALL THICKNESS 

Design Gas Pressure  200 kPa 

Design R e f r a c t o r y  Expansion Pressure  1 .22  MPa 

P i p e  Outs ide Diameter 5.79 m 

Design Temperature 533 K 

Maxin~um A1 lowable Stress ,122 MPa 

Corrosion Allowance 3.175 mm 

(15 p s i g )  

(175 p s i )  

(19 f e e t )  

( 5 0 0  F )  

(17,500 p s i )  

(0.125 inches) 



7.0 COSTING OF MAJOR OPEN CYCLE COMPONENTS 

One o f  the p r i n c i p a l  ob jec t i ves  o f  the present  study was the es t imat ion  o f  

costs f o r  the d i  sk - re la ted  co~nponants o f  openlcyc le d i sk  MHD/Steam Systems. 

The conceptual designs prepared f o r  the major cornponents o f  the f o u r  opt imized 

OCD systems described i n  Suct ion 6.0 o f  t h i s  r e p o r t  were u t i l i ~ e d  as the bas is  

f o r  the requ i red  cos t  es t  ilnates. 

7 . 1  COST BASIS 

7.1.1 COSTING GROUNDRULES 

The cos t  est imate forinat, gu ide l ines  and modi f ied  FPC Code o f  Accounts which 

were used prev ious l y  i n  the MHD Eogineer i ng  Test Fac i 1 i t y  (MHD-ETF) conceptual 

design s tud ies  have been app l ied  t o  the cos t i ng  e f f o r t s  i n  the present study, 

as requ i red  by NASA i n  the o r i g i n a l  con t rac t  documents. The f i n a l  costs f o r  

the tnajor cclrr~ponents are repor ted i n  Mid-1978 d o l l a r s .  A l l  costs f o r  the d isk  

coriiponents quoted i n  t h i s  s e c t i o ~ ~  o f  the repo r t  were i n i t i a l l y  ca l cu la ted  i n  

terms of Mid-1980 do l l a rs ,  and de-escalated t o  Mid-1978 do1 l a r s  by assu~a i~ ig  a  

f i x e d  cos t  increase r a t e  o f  10 percent. per  year, r e s u l t i n g  i n  a  de-escalat ion 

~ n u l t i p l i e r  o f  0.83 f o r  the 2-year pe r iod  o f  d i f f e rence .  

7.1.2 ELEMENTS OF COMPONENT COSTS 

The e i m e n t s  o f  colnponent costs used i n  repor t i ! \g  the f i n a l  overa l  1  cost  o f  

each major cornponent included: 

0 Mate r ia l s  and Faor i ca t i on  Costs 

0 Transpor ta t ion  Costs 

@ I n s t a l  l a t i o f )  Costs ( D i r e c t  L ~ D O ~ )  

a i n d i r e c t  Costs 

The cos t  breakdown f o r  the f o l l o w i n g  components was rnade i n  terms o f  these 

elements: d isk  getierator, d i f f u s e r ,  combustor, rad ian t  furnace. For the d isk  

n~agnet, the costs o f  desiqn, engineering, f a b r i c a t i o n ,  t ranspor ta t ion ,  

i n s t a l l a t i c n ,  and c h x k o u t  f o r  a  reference magnet design were provided by tne 

Franc is  B i t t e r  Nat iona l  Magnet Laboratory. Together w i t h  the app l icab le  

sca l i ng  r e l a t i o n s h i p s  found i n  Sect ion 6.3, t h i s  reference cos t  was used t o  

determine tbs  equ3n:dlent t o t a l  cost  f o r  each o f  the o ther  OCD design cases. 



Section 6.4 conta ins the cos t  breakdown f o r  the reference d isk  power 

management system. I n s t a l l e d  cos ts  were est imated t o  be 125 percent o f  major 

ma te r i a l s  and f a b r i c a t i o n  costs. The cos ts  f o r  i r ~ d i v i d u a l  cases were de ter -  

mined by use o f  these reference cos ts  and the s c a l i n g  f a c t o r s  g iven i n  Sect ion 

6.4.4 o f  t h i s  repo r t .  For the  remainder of the canponents, the f o l l o w i n g  

reviews the key assumptions used i n  a r r i v i n g  a t  the i n d i v i d u a l  cos t  element 

values. 

Ma te r i a l s  and Fabr i ca t i on  Costs 

I n  t h i s  category costs were ca l cu la ted  from m a t e r i a l s  and operat ions l i s t s  

prepared f o r  each major component dur ing  the component conceptual design 

phase. Where cos ts  were not  i n d i v i d u a l l y  ca l ca la ted  f o r  each case, sca l i ng  

r e l a t i o n s h i p s  were der ived f o r  es t imat ing  cos ts  and these are g iven under the 

appropr iate component heading i n  Sect ion 7.2. 

Transportat ion Costs 

Transportat ion cost  est imates were preparnd f o r  each component based upon the 

weight o f  the component determined dur ing  the conceptual design phase. Each 

component has been assumed t o  have been t ransported over a d is tance o f  1000 

n ~ i l e s ,  a t  a cost  o f  100 d o l l a r s  per  ton (Mid-1980 valuat, ion).  

O i rec t  Labor Cost Est i~r lates 

The d i r e c t  labor  cos t  f o r  i n s t a l  l a t i o n  o f  each compcnent i s  based upon 

component weight. 60 man-hours of labor  i s  assumed t o  be requ i red  f o r  each 

ton of equipment. A weighted averaye labor  r a t e  of $15.65 per manhour i s  

der ived frorn the f o l l o w i n g  data based upon cu r ren t  labor ra tes  i n  S t .  Louis, 

Missour i  : 

Foreman (15%) a t  $18.38 per hour 

Pipe F i t t e r  (40%) a t  $16.71 per hour 

M i ' '  , r i g h t  (35%) a t  $13.68 per  hour 

Operat ing Engineer (10%) a t  $14.45 per hour 



I n d i r e c t  Cost Estimates - 
Estimated i n d i r e c t  costs are based upon the d i r e c t  labor costs. The r d t i o  of 

i n d i r e c t  costs t o  d i r e c t  labor  cos ts  i s  taken t o  be 1.2764 t o  1 on the  bas is  

o f  the f o l l o w i o p  breakdown: 

D i r e c t  1,abor Cost 

C r a f t  Support Labor - - 
Insurance on Labor - - 
Non C r a f t  Support Labor - 
Small Tools and Consumables = 

Equ ipmat  Rentals - - 
O~erhead and P r o f i t  - 

i o n  t i r~qency - - 
To ta l  I n d i r e c t  Cost - - 

0.2 (A) 

0.18 ( A  + t3) 

0. r 7 ( A )  

0.075 ( A  + D) 

0. I ( A  + D + E) 
0.15 (A + i3 + C + D  + E + F)  

0.1 ( A + B + C + O + E + F + G )  

B + C + D + E + F + G + H  

1'lle cloniponents t o  be costed f o r  the study, g iven i n  01-der o f  t h e i r  appearance 

i n  the Mod i f ied  FPC Code o f  Accounts breakdown f o r  MHD p lan ts ,  arc as fo l lows:  

Account 

Nunioer Component - 

tladiant Furnace 

Coal Combustor 

MHD Generator Subsystem 

Magnet Subsystem 

I n v e r t e r s  (Power Management System) 

The cos t  repo r t i ng  i s  done i n  terms o f  the f o u r  design cases ( lU, l U ,  2, 3 )  

def ined f o r  opt imiz2d desigr~s o f  open cyc le  MHD/Steam systems, as described i n  

Sect ion 5.4. A n  example cos t  est imate form f a r  a s i ng le  case i s  shown i n  

F igure  7-1-1. 



ACCOUNT ACCOUNT 

NUMBER DESCR IPTION 

312.3 Radiant Section 

1:iST. !NL'- ' 7 , :  TOTAL 

UNIT QUANTITY - MATERIALCOST* COST COST - COST 

312.3.1 Slag Furnace and Ducts Each 3 

317.1 Combustion Equipment 

317.1.1 Coal combustion Each 1 

317.2 MHG Generator Subsystem 

317.2.1 Disk Generator and Each 1 
Nozzle 

317.2,2 D i f f vse r  Each 1 

317.3 Magnet Subsystem Ecch 1 

317.4 Power Management Each 1 

Subsystem 

* Includes Transportat ion and Fabr icat ion 

Figure 7-1-1 Sample Disk Generator Study Cost Estimate 



7.2 MAJOR COMPONENT COSTS 

Major component cos ts  repor ted  i n  t h i s  sec t i on  are  g iven i n  terrns o f  Mid-1978 

do l l a rs .  The bas i s  and sca l i ng  f a c t o r s  f o r  each cornponent a re  t rea ted  i n  the 

i n d i v i d u a l  component subsect ions. 

7.2.1 DISd GCNE&ATOR A90 NOZZLE 

Mate r ia l s  and f a b r i c a t i o n  cos ts  and weights were ca l cu la ted  separate ly  f o r  the 

d i s k  generators of Cases 1A and 2  ( 1920 K preheat d i r e c t l y - f  i r e d  disk, and 

1320 preheat separate ly- f  i r e d  d i s k ) .  The cos ts  f o r  Cases 1B and 3 ( 1650 K 

preheat d i r e c t  l y - f  i r e d  d isk,  and oxygen-augmented d i s k )  were est imated f iaom 

the  fo l l ow ing  d e r ~ v e d  sca l i ng  r e l a t i o n s h i p s :  

2 
( 1 )  Weight o f  d i sk  assembly s 5000 Ro ( kg )  where 

Ro = d i sk  outer  radius, meters 

( 2 )  Mate r ia l s  and f a b r i c a t i o n s  cos ts  = $1 1.90/kg. 

'The d isk  generator l la lves may be completely shop-fabricated, w i t h  f i n a l  raating 

alignnient c a r r i e d  ou t  a t  the p l a n t  s i t e .  A l l  t ranspor ta t ion ,  i n s t a l l a -  

t i on ,  and ind i r -ec t  costs were ca l cu la ted  from the i n d i v i d u a l  weights o f  each 

d i sk  generatoro assembly, us ing the  methods g iven i n  Sect ion 7.1.2. 

7.2. L COAL COMBUSTOR 

Mdte r ia l s  and f d b r i c a t i o n  costs and weights f o r  each coal combustor were 

separate ly  ca lculated.  The combustor can be c,ompletely shop-assembled, w i t h  

on l y  mating t o  serv ice l i n e s  and the  d isk  generdtor i n l e t  requ i red  upon 

i n s t a l l a t i o n .  Costs o f  seed and coa l  feeding equipment are n o t  inc luded i n  

the o v e r a l l  conibustor costs, nor were the cos ts  f o r  the s lag  handl ing 

equi p~nent . 

Transportat ion costs, i n s t a l l a t i o n  costs, and i n d i r e c t  costs were ca l cu la ted  

f rolii the cornponent weights. 



7.2.3 ANNULAR DIFFUSER 

Cer ta in  annular d i f f u s e r  subassemblies (such as the s p l i t t e r  vane cool ing,  

systems and !nternal  framework) may be shop fabr icated.  The bu l k  o f  the 

d i f f u s e r  assembly must be c a r r i e d  out  upon i n s t a l l a t i o n  i n t o  the  power t r a i n .  

Ma te r i a l s  and f a b r i c a t i o n  cos ts  inc lude the basic  f a b r i c a t i o n  necessary t o  

complete the d i f f u s e r  assembly, such as coo l i ng  header bending and welding, 

w a l l  sector  welding, and I-beam welding. The i n s t a l  l a t i o n  cos ts  r e f l e c t  

charges f o r  r igg ing ,  handling, f i n a l  hookup, etc., as f c -  a l l  o the r  major 

components. Again, t r a n s p a t 2 i t i o n B  i n s t a l l a t i o n ,  and i n d i r e c t  cos ts  are based 

upon the i n d i v i d u a l  assembly weights, which were separate ly  ca l cu la ted  f o r  

each case, along w i t h  the ma te r ia l s  and f a b r i c a t i o n  costs. 

7.2.4 RADIANT FURNACES AND INLETIEXHAUST DUCTS 

A l l  major f a b r i c a t i o n  operat ions f o r  the rad ian t  furnaces and t h e i r  i n l e t  and 

exhaust ducts must be c a r r i e d  ou t  on-s i te .  The quoted ma te r ia l s  and f a b r i -  

c a t i o n  costs inc lude the basic  f a b r i c a t i o n  steps such as pressure w a l l  weld- 

ing, tubeheader  welding, i n s u l a t i n g  block and r e f a c t o r y  i n s t a l l a t i o n ,  and 

i n s t a l l a t i o n  o f  lagging. The i n s t a l l a t i o n  ( d i r e c t  labor  charge) covers the 

r igg ing ,  hand1 ing, etc .  accompanying the e r e c t i o n  o f  the furnaces and t h e i r  

i n l e t  arid exhtiust ducts. The s lag  c o l l e c t i o n  system f o r  each furnace has not  

beer1 cos ted. 

Transportat ion, labor,  and i n d i r e c t  charges are based on the i n d i v i d ~ a l l y -  

ca lcu la ted  weights o f  each se t  o f  furnaces and ducts. 

7.2.5 DISK MAGNEr 

The t o t a l  i n s t a l l e d  costs f o r  the  d isk  nagnet o f  OCD Case 1A ( t h e  7.65 meter 

magnet) are g i* lcn i n  Table 7.2.1. These cos ts  were prepared by the  Nat iona l  

Magnet Labori i tory. Since each magnet f o r  the  remaining OCD design cases has a 

7 T design magnetic induct ion, and a 1-meter thickness, the cost  sca l i ng  

f a c t o r  



1 TEM - 

TABLE 7.2.1. COST ESTIMATE - DlSK MAMET CASE 1A 
('r10-1980 BASIS) 

WEIGHT m UNIT COST 
TOTAL 
COST rn 

bb3Sn-Cu Conductor Wire 
(2.24 X 109 Am) 455 $64/kg 29,120 

Conductor Sheath 9 5 $lO/kg 950 
( inc ludes  i n s t a l l a t i o n )  

I n s u l a t i o i ~  5 920/kg 100 

St ruc ture  (S ta in less  S tee l )  640 $18/kg 1 1,520 

Radiat ion Shie ld 25 $14/kg 350 

Vacuurri Jacket 130 $14/kg 1,820 

Cold Mass Support 
Subtotal  

Packing and Shipping f o r  1352 X 103 kg $1.7/kg 2,30U 

Cryogenic Subsystem ( I n s t a l  led)  

Power SupplylDump ( I n s t a l  led) 

Instrunlentat ion  ( I n s t a l  led)  Z 50 

Checkout and Test ing 5UO 

Pro jec t  Managenient 2,800 

Analys is  and Design 

TOTAL COST 



g iven i n  Sect ion 6.3.4.5 can be used t o  determine t h e i r  i n s t a l l e d  cos ts  from 

the  cost  quoted f o r  t h e  7.65 meter magnet. No cos t  breakdown i s  g iven i n  the  

f i n a l  summaries f o r  t he  d i sk  magnets o f  Cases IS, 2, o r  3. 

7.2.6 D ISK POWER MANAGEMENT SYSTEM 

The mate r ia l s  and f a b r i c a t i o n  costs f o r  two types of power management equip- 

ment f o r  t h e  reference d i sk  o f  Sect ion 6.4 are g iven i n  Table 6.4.3. Using 

these and the  sca l i ng  fac tors  f o r  the  major items of the  power management 

system given i n  Sect ion 6.4.4, i t  was poss ih le  t o  est imate cos ts  (F.O.B. f o r  

s i t e  d e l i v e r y )  f o r  each of t he  f o u r  OCD design cases t rea ted  herein. The sys- 
tem s p e c i f i c  costs ($/kW) can be expected t o  change w i t h  the  gross power and 

the number o f  i n v e r t e r s  requ i red  f o r  each d i sk  segment. The reference system 

and Case 1A system have 8 i n v e r t e r s  per  segment, 32 dn a l l ,  wh4le t h e  

remaining OCO Cases have fewer i nve r te rs  required (24 t o t a l  per  system f o r  

Cases IS,  2, and 3). 

The i n s t a l l e d  costs f o r  the power management system, as p rev ious l y  noted, are 

based on a cost  increase of 25% over F.O.B. costs f o r  each system. The 

s p e c i f i c  costs ca lcu la ted f o r  each case are as fo l lows (Mid-1980 basis, 

F.O.B.) : 

Reference Case: $41.34/kW (gross MHD power) 

Case 1A: $40.49/kW 

o Case 1B: $40.29/kW 

o Case 2: $41.16/kW 

Case 3: $41.17/kW 



7.2.7 DISK COMPONENT COST SUMMAR I ES 

Table 7.2.2 through 7.2.5 con ta in  cos t  summaries f o r  the  major equipment o f  

t he  f o u r  nominal 1000 MWe open cyc le  d i s k  MHD Systems. The cos ts  a re  quoted 

i n  Mid-1978 values. The "Major Component Costs" column inc ludes mater ia ls ,  

f ab r i ca t i on ,  and t r a n s p o r t a t i o n  costs. No BOP were ca l cu la ted  f o r  these com- 

ponent s  . 
7.3 COMPARISON OF DISK AND LINEAR MHD COMPONENT COSTS 

For the  s p e c i f i c  components costed i n  Sect ion 7.2, a  comparison was made w i t h  

equ iva len t  l i n e a r  MHD components i n  o rder  t o  determine the  r e l a t i o n s h i p s  be- 

tween costs. The cos t  r e s u l t s  obtained i n  t he  l a t e s t  l i n e a r  MHD systems 

s tud ies  ( t h e  AVCO and General E l e c t r i c  PSPEC s tud ies)  were selected as the  

reference l i n e a r  values. The costs f o r  components i n  both s tud ies  were a l so  

g iven i n  Mid-1378 do l l a rs ,  thus f a c i l i t a t i n g  the  comparison process. 

To prov ide  a  reasonably accurate comparison, i t  i s  requ i red  t h a t  the  d i s k  

system c h a r a c t e r i s t i c s  and c r i t i c a l  design parameters f o r  t h e  d i sk  major 

con~ponents be s i m i l a r  t o  those f o r  the  comparison p l a n t s  and components. 

Since the  PSPEC s tud ies  focussed upon MHD/steam p l a n t s  w i t h  e a r l y  

commercia l izat ion p o t e n t i a l ,  they were based upon separa te l y - f i r ed  MHD u n i t s  

and those w i t h  no HTAH systems but  w i t h  oxygen ab4gmentation o f  the  combustor 

oxidant;  t he  equ iva len t  comparison cases among those inves t iga ted  as p a r t  o f  

t h i s  study are OCD Cases 2 and 3, respect ive ly .  Cases 1A and 1B prov ide  

in fo rmat ion  on more advanced d isk  MHD systems, b u t  there  are no analogous 

parameteric cases i n  the  PSPEC s tud ies  w i t h  which t o  compare these 

d i r e c t l y - f i r e d  systems. 

7.3.1 EXPECTED RELATIONSHIPS 

One reason f o r  pursuing a  systems study f o r  d i sk  MHD/steam power systems i s  

the  expected c a p i t a l  cost  advantage t o  be gained by us ing the  d i sk  design. 

I t  was an t i c i pa ted  e a r l y  i n  the  ,evelopment of t h e  d i sk  generator t h a t  simple 

conf igura t ions  f o r  the  generator power cond i t i on ing  equipment and the  magnet 

coula be used, thus tending t o  minimize the cos ts  associated w i t h  these 

components. Since the  magnet and conversion/consolidation costs are 



TABLE 7.2.2 DISK GENERATOR STUDY COST ESTIMATE 

CASE 1A - 1920K PREHEAT DIRECTLY-FIRED SYSTEM 

MET ELECTRICAL POWER OUTPUT: 963 MWe 

COST I N  $1000's, MID-1978 BASIS 

ACCOUNT ACCOUNT INST. INDIRECT TOTAL 

NUMBER DESCRIPTION - UNIT QUANTITY MATERIAL COST - COST COST COST - 
4 

312.3 Radiant Section 1 

25,089 
3 

312.3.1 Slag Furnace and Ducts Each 3 18,958 2,693 3,438 3 
i 

Combust ion  Equipment 

Coal Combustor Each 1 838 35 44 91 7 

MHD Generator Subsystem 

Disk Generator and Nozzle Each 1 1,626 117 149 1,892 

Diffuser Each 1 2,402 227 290 2,919 

Magnet Subsystem Each 1 

317.4 Power Management Each 1 20,036 - - 25,042 

Subsystem 

I 
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TABLE 7.2.3 DISK GENERATOR STUDY COST ESTIMATE 

CASE :B - 165UK PREHEAT DIRECTLY-FIRtD SYSTEM 

NET ELEiTRICAL POWER OUTPUT: 1012 Miie 

COST I N  $ i 0 0 0 ' ~ ,  MID-1978 BASIS 

ACCOUNT ACCOUNT INST. INDIRECT TOTAL 

NUMBER DESCR I PTION - UN I T QUANTI TY MATERIAL COST - COST - COST COST 

312.3 Radiant Section 

312.3.1 Slag Furnace and Ducts Each 3 24,355 2,848 3,634 30,837 

31 7.1 Combusiton Equipment - 
31 7.1.1 Coal Combustor Each 1 808 

317.2 MHD Generator Subsystem 

v 317.2.1 Disk Generator and Nozzle Each 1 1,606 
I --. - 317.2.2 Di f fuser  Each 1 2,271 

317.3 Magnet Subsystem Each 1 - 

317.4 - Power Management Each 1 17,466 

Subsystem 



TABLE 7.2.4 DISK GENERATOR STUDY COST E S T I M T E  

CA jE  2 - 1920K PREhEAT SEPARATELY-FIRED SYSTEM 

NET ELECTRICAL POWER OUTPUT: 984 MWe 

COSl  I N  $1000's, MID-1978 BASIS 

ACCOUNT A(;COUNT INST. INDIRECT lOTAL 

NUMBER DESCRIPTION UNIT QUANTITY HATERIAL COST - COST COST - - COST 

312.3 Radiant Section - 
312.3.1 Slag Furnace and Ducts Each 3 15,852 1,931 2,465 20,248 

317.1 Combustion Equipment - 
31 7.1.1 Coal Combustor Each 1 738 30 38 806 

I 4 
317.2 MHD Generator Subsystem 

I I 
I 

N 
317.2.1 Disk Generator and Nozzle Each 1 1,479 106 135 1,720 

317.2.2 Di f fuser  Each 1 2,366 226 289 2,881 

317.3 Maqnet Subsystem Each 1 - - - 47,112 

317.4 Power Management Each 1 13,931 - - 17,414 

Subsystem 



TABLE 7.2.5 D ISK  GENERATOR STUDY COST ESTIMATE 

CASE 3 - OXYGEN AUGMENTED DISK SYSTEM 

NET ELECTRICAL POWER OUTPUT: 978 MWe 

COST I N  $lOOO1s, MID-1978 BASIS 

ACCOUNT ACCOUNT 

NUMBER DESCRIPTION UNiT QUAMTI TY MATER IAL COST - 

312.3 Radiant Sect ion 

312.3.1 Slag Furnace and Ducts Each 3 17,241 

317.1 Combust i o n  Equipment 

31 7.1.1 Cost Combustor Each 1 546 

317.2 MHD Generator Subsystem -- 
317.2.1 Disk Generator and Ezt h 1 1,716 

Nozz 1 e 

317.2.2 D i f f u s e r  Each 1 2,080 

317.3 Magnet Subsystem Each 1 - 

317.4 Power Management Each 1 15,399 

INST. I MDIRECT TOTAL 

COST COST - - COST 

Subsys tern 



very la rge po r t i ons  o f  t he  t o t a l  power t r a i n  costs, t he  o v e r a l l  system cost  

could be expected t o  be favorab ly  a f fec ted  by adoption o f  t he  d i sk  generator 

geometry. The H a l l  connected e l e c t r i c a l  system o f  the  d isk  was expeci.ed t o  

prov ide  b e n e f i t s  i n  the  costs, r e s u l t i n g  from a t o t a l  vo id ing  o f  the  reqp i re-  

ment f o r  consol i d a t i o n  c i r c u i t r y  i f  a 2-terminai p e n v a t o r  were t o  be 

rea l ized.  

The costs o f  combustors f o r  d isk  systems would be expect?d t o  he not  s i g n i -  

f i c a n t l y  d i f f e r e n t  from those f o r  l i n e a r  systems w i t h  s i m i l a r  combustion 

cond i t ions, power, and preheat levels.  

For the  generator i t s e l f ,  the  h igh  costs o f  f a b r i c a t i o n  f o r  the nominal l i n e a r  

MHD channel are r e l a t e d  t o  i t s  design features, bu t  savings i n  costs could be 

foreseen w i t h  a d isk  i f  a s i g n i f i c a n t  number o f  e lectrodes were no t  required. 

Previous evaluat ions o f  t he  d isk  con f igu ra t i on  had not  s p e c i f i c a l l y  addressed 

the design o f  the  d i f f u s e r  nor o f  the  rad ian t  furnace. It ,  was rea l i zed  t h a t  

these components would be very much d i f f e r e n t  from t h e i r  1 inear  counterparts 

i f  a r a d i a l  out f low-type dis,, <,ere u t i l i z e d .  These d i f f e rence  tended t o  imply 

l a rge r  costs f o r  d isk  system d i f f ~ s e r s  and rad ian t  furnaces when compared t~ 

l i n e a r  system components, because o f  the unusual f lowpaths requ i red  f o r  com- 

bus ion  gases. 

As prev ious ly  stated, the  conceptual designs f o r  a1 1 the aforementioned major 

components o f  d i sk  generator systems were selected w i t h  the i n t e n t  o f  extend- 

i n g  the conceptual s i m p l i c i t y  o f  the  d isk  MHD generator con f igu ra t i on  i n t o  the  

component design and power t r a i n  i n t e g r a t i o n  areas. As such, the  costs f o r  

these items are l i k e l y  t o  r e f l e c t  t h i s  i n t e n t  i n  t h a t  they represent a lower 

l eve l  i n  the range o f  costs expected f o r  such components. They are there fore  

i n d i c a t i v e  o f  the p o t e n t i a l  costs o f  fu l ly-developed d i sk  system components. 

7.3.2 COMPAR I SON CASES 

The AVCO and General E l e c t r i c  PSPEC cases used as comparison p o i n t s  f o r  d isk  

generator system major component costs were selected on the  bas is  o f  the 



I f o l l o w i n g  considerat ions: 
( 

@ general systems s imi  l a r i t y ;  

0 s i m i l a r  thermal and net  e l e c t r i c a l  power levels;  

0 s i m i l a r  ox idant  enrichment and oxidant  preheat levels;  

0 i den t i ca?  f u e l  type; 

s imi  l a r  combustor operat ing parameters; 

s i m i l a r  magnot system parameters. 

The cases selected are described, i n  terms o f  s a l i e n t  dosign cha rac te r i s t i cs ,  

i n  Tables 7.3.1 and 7.3.2. The d e t a i l e d  features o f  the component designs 

have not been compared; however, t he  b e n e f i t s  of de lv ing  i n t o  such d e t a i l  

comparisons are judged not s i g n i f i c a n t  w i t h  respect t o  the  q u a l i t y  of t he  

o v e r a l l  conclus ion on r e l a t i v e  costs f o r  these conceptual system designs. 

7.3.3 COMPARATIVE COMPONENT CASE 

The elements o f  t he  three cos t i ng  s tud ies  (GE and AVCO PSPEC and t h i s  study) 

which provide the  best comparison bas is  are the  Ma te r ia l s  Costs ( i n c l u d i n g  BOP 

and t ranspor ta t i on  costs) .  These are the  values u t i l i z e d  i n  the  comparison 

chart,  Table 7.3.3. 

The mate r ia l  costs f o r  the GE PSPEC cases (2.11 and 3.2) were taken from 

Tables 4.2-2 and 4.2-3 o f  Reference [I] respect ive ly .  These values are 

reported i n  Mid-1978 do l l a rs .  For the AVCO PSPEC cases (Case 11, Parametric 

Point  1 and Case 111, Parametric Point  1) Tables 5-2 and 5-3 o f  Reference [2] 

were used f o r  Ma te r ia l s  Costs, The d i sk  Case 2 and 3 values are taken from 

the Ma te r ia l s  Costs columns o f  Tables 7.2.4 and 7.2.5, respect ive ly .  

Some o f  the  subaccounts f o r  the d isk  and tne l i n e a r  (PSPEC) components could 

not be compared d i r e c t l y .  For the case o f  the  GE PSPEC Combustor Costs, the 

values reported i n  Tables 4.2-2 and 4.2-3 o f  Reference [I] were cor rec ted t o  

exclude the  costs o f  coal drying, coa l  re jec t i on ,  and s lag  c o l l e c t i o n  equip- 

ment by m u l t i p l y i n g  the t a b l e  values by a f a c t o r  o f  0.145. This i s  the  

approximate r e l a t i o n s h i p  shown f o r  the  combustor costs per  se i n  the AVCO 

PSPEC r e p o r t  t o  the  costs f o r  the e n t i r e  MHD Combustion Equipment category 



TABLE 7.3.1. AVCO PSPEC COMPARISON CASES FOR 

D I  SK/L INEAR ZOMPONENT COSTS 

FOi? Dl SK CASE 2: AVCO CASE I I, PARAMETR I C PO I NT 1 

Nominal Net Power: 900MWe 

Fuel : Montana Rosebud, 5% Moisture 

MHD Combustor: 

Oxidizer: 

MHD Generator: 

Magnet : 

Single-Stage, 80% Slag Reject ion 

A i r ,  3000 F Preheat i n  Separate 
Gas i f i e r - *F i red  Regenerative HTAH 

Diagonal, Subsonic, 
D i f fuser  CPH = 0.b. 
Channel Length: 18.9 m 

Graded Fie ld,  6-5 T 

MHO Component Cooling: t3y Condensate and Feedwater 

FOR DISK CASE 3: AVCO - CASE 111, PARAMETERIC POINT 1 

Nominal Net Power: 930 MWe 

Fuel : Montana Rosebud, 5% 

Moisture MHD Combustor: Single-Stage, 80% Slag Reject ion 

Oxidizer: 

MHD Generator: 

A i r  w i t h  34% O2 by Volume, 
llOO°F Preheat i n  Me ta l l i c  Heater 

Diagonal, Subsonic, 
D i f f use r  CPt? = 0.5. 
Channel Length: 19.7 m 

Magnet : Graded Fie ld,  6-5 T 

MHD Component Coo 1 i ng : B j  Condensate and Feedwater 



TABLE 7.3.2. GE PSPEC COMPARISON FOR 

DISK/LINEAR COMPONENT COSTS 

FOR DISK CASE 2: GE CASE 2.1 1 

Nomi na 1 Power: 

Fuel : 

MHD Combustor: 

Oxid izer :  

MHD Generator: 

Magnet : 

MHD Component Cooling: 

FOK D I S K  CASE -- 3: GE CASE 3.2 .- 

Nominal Power: 

Fuel : 

MHD Combustor: 

Oxidizer: 

MHD Generator: 

Magnet : 

MHD Component Coolrng: 

900 MMe 

Montana Rosebud 

Single-Stage, 80% Slag Re jec t i on  

A i r ,  3000°F Preheat i n  Separate 
Pressurized Cyclone Cornbustor- 
F i r e d  Regetterat i v e  HTAH 

Faraday, Subsonic, 
D i f f use r  CPH = 0.6. 
Channel Length: 20 m 

Graded F ie ld ,  6-5 T 

By Condensate and Feedwater 

Montana Rosebud 

Two-S t age Cyc 1 one, 85% S 1 ag 
Re jec t  i o n  

A i r  + 40% Oxygen, 1300°F Preheat 
i n  M e t a l l i c  Heater 

Faraday, Subsonic, Di f fuser  = CPR 0.6 
Channel Length = 25 m 

Graded F i e l d  6-5 T 

By Condensate and Feedwater 



TABLE 7.3.3. COMPARISON OF COSTS FOR MAX3R COMPONENTS OF 
OPEN CYCLE D I S K  AND LINEAR MHD/STEAM POWER SYSTEMS 

(BASIS: MAJOR EQUIPMENT MATERIAL COSTS I N  $lOOOis, MID-1978) 

ITEM 

SEPARATELY-FIRED SYSTEMS OXYGEN-AUGMENTED SYSTEMS 
OCD CASE AVCO ?SPEC GE PSPEC OCD CASE AVCO PSFEC GE PSPEC 

2 CASE I11  PP-1 CASE 2.11 3 CASE I I1 PP-1 CASE 3.2 

COMBUSTOR 738 832 54 6 832 
- 

MHD GENERATOR 3,845 5,280 18,000 3 796 -2- L 5 300 23,000 
Channel & Nozzle '1,479 4,306 13,300 1,716 4,347 17,301) 
D i f fuser  2,366 9 74 4,700 2,080 953 5.7~30 

MAGNET SYSTEM 39,175 44,480 91,500 43,422 44,030 107,000 

POWER MANAGEMENT 13,931 35,000 31,700 15,399 33,700 38,600 
SYSTEM 

4 
I 
A 

o RADIANT FURNACE 15,852 - 11,300 17,241 - 14,500 



repor ted under account number 31 7.1. The d i s k  generator combustor c o s t i n g  

excluded a1 1  cos ts  except those f o r  t h e  combustor i t s e l f  . 
For consistency i n  comparison o f  rad ian t  furnace costs, o n l y  t he  GE PSPEC 

r e s u l t s  cou ld  he used, s ince these represent t h e  cos ts  of t h e  p a r t  o f  the  HRSR 

systems analogous t o  the  d i sk  r a d i a n t  s lag  furnaces repor ted  upon and costed 

herein. The AVCO rad ian t  furnace cos ts  cou ld  no t  be ex t rac ted  from the cos t  

values repor ted f o r  subaccount 312.4 (Steam Generator) i n  Reference 123, 
Tables 5-2 and 5-3. 

A l l  o ther  accounts cou ld  be d i r e c t l y  compared on a  M a t e r i a l s  Cost basil;, w i t h  

the  add i t i on  o f  a  t r a n s p o r t a t i o n  cos t  adder t o  the  Disk Power Management 

Subsystem Mate r ia l s  subaccount. This  cos t  addor was ca l cu la ted  on the  bas is  

o f  equipment weights f o r  t he  reference 527.3 MW power management system design 

described i n  Sect ion 6.4, us ing the  t r a n s p o r t a t i o n  cos t  es t imat ing  procedures 

i n  Sect ion 7.1.2. The t o t a l  weight o f  a l l  equipment i s  2500 tons; t he  

r e s u l t a n t  t ranspor ta t  i o n  costs are est imated a t  $250,000 (Mid-1980 bas i s )  o r  

$207,500 de-escalated t o  Mid-1978. 

Comparison o f  the  ma te r ia l s  cos ts  ( i .e .  ma te r i a l s  p l u s  f a b r i c a t i o n  p l u s  BOP 

equipment, i nc lud ing  t ranspor ta t  i o n  t o  the  s i t e )  f o r  each component a re  g iven 

i n  the fo l low ing.  

MHD Generator 

Ti i is category inc ludes the  nozzle, duct, and diffuser-. The o v e r a l l  cos t  o f  

t he  d ish  generator i n  both cases i s  l ess  than t h a t  quoted f o r  e i t h e r  PSPEC 

l i n e a r  system, as shown i n  Table 7.3.3. The simple design o f  the d i s k  i s  

ev ident  when i t s  cos ts  are compared w i t h  those f o r  t he  AVCO diagonal channels, 

o r  f o r  the  more complicated Faraday channel used f o r  t he  GE PSPEC study. The 

l a rge  d i f f e rence  i n  cos t  between the  GE and AVCO l i n e a r  channels i s  no t  

expla inable;  however, i t  i s  considered l i k e l y  t h a t  t he  cost  f o r  a  " represent-  

a t i v e "  l i n e a r  generztor w i l l  f a l l  somewhere w i t h i n  the  range between thse two 

values, thus g i v i n g  the  d isk  generator an o v e r a l l  cos t  advantage w i t h  respect 

t o  equivalent  l i n e a r  generators. 
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Coal Combustor 

There i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  cos ts  f o r  combustors o f  e i t h e r  l i n e a r  

system, o r  t he  d i sk  system, i n  t he  separa te ly - f  i r e d  cases. For  t h e  oxygen- 

augmented cases, t he  d isk  generator combustor i s  operated a t  a s tagnat ion  

pressure o f  ( 9.3 atm), w h i l e  t he  AVCO s ingle-stage combustor i s  operated a t  a 

lower pressure ( 8.3 atm). The decreas? i n  cos t  o f  t h e  d i sk  generator 

combustor w i t h  respect  t o  t he  AVCO c i)~.;~l,l; t o r  i s  understandable i n  t n i s  case. 

The breakdown o f  cos ts  on t h e  combus~or. ,n  t he  GE PSPEC was n o t  s u f f  i c l e n t  t o  

a l l ow  comparison. 

Magnet 

The l i n e a r  magnet cos ts  presented f o r  bo th  AVCO and GE cases are  based upon 

the  AVCO ETF c i r c u l a r  saddle c o i l  magnet design concept. The d i f f e r e n c e  i n  

c o s t i n g  f o r  magnets o f  the same f i e l d ,  design, and almost i d e n t i c a l  length  and 

warm bore diameter i s  i n te res t i ng .  The Nat ional  Magnet Laboratory, which 

prepared the d isk  generator magnet design and cost  summary (see Sect ions 6.3 

and 7.2), has est imated the  cos t  of a l i n e a r  MHD generator magnet f o r  a 1000 

MWe nominal MHD/steam p l a n t  t o  be approximately $150 m i l l i o n s ,  i n s t a l l e d ,  on a 

Mid-1980 basis.  Cor rec t ing  t o  a ma te r i a l s  p lus  t ranspor ta t i on  bas is  and 

de-escalat ing t o  Mid-1978 do l l a rs ,  the  r e s u l t a n t  cost  would be approximately 

$103.5 m i  11 ions, i n  good agreement w i t h  the  GE magnet cos t  est imates. 

Overal l ,  the d isk  magnet designs proposed i n  t h i s  study show a cos t  advantage 

over the magnets f o r  l i n e a r  MHD generators o f  equivalent  power. 

Power Management Subsystem 

Compared t o  the  est imated cos ts  o f  both the  AVCO and GE power management 

equipment, the  cos ts  f o r  the  d i sk  generctor power management equipment are 

less  than h a l f  those f o r  the  l i n e a r  MHD/steam systems o f  the  same 

c o n f i g u r a t i o n  and nominal power l eve l .  

Radiant Furnace 

The cos t  comparison between the  GE l i n e a r  systems r a d i a n t  furnace m a t e r i a l s  

costs, and ma te r ia l s  costs f o r  the  comparison d isk  systems, show a d e f i n i t e  

advantage f o r  the  l i n e a r  generator systems. I t  i s  a n t i c i p a t e d  t h a t  t h i s  



di f ference would be more exaggerated had the de ta i led  design o f  the gas 

seal i ng  and expans ion j o i n t s  between d i  f f  user and rad iant  furnace been 

included i n  the disk furnace costs. 

7.3.4 SUMMARY 

The cost comparisons made i n  the preceding subsection tend t o  va l idate  the 

expected cost d i f ferences between 1 inear and MHD major components. The s ig-  

n i f i c a n t  areas o f  d i f ference, i n  favor o f  the disk, were the generator i t s e l f  

(113 the cost o f  an equivalent l i nea r  machine); the magnet (approximately 1/2 

the cost f o r  a 1 inear magnet o f  representat ive design) ; and the power 

management system (again approximately 1/2 the cost f o r  the Faraday o r  

diagonal -connected 1 inear generator power mana!jement equipment). The 1 ine . r 

system shows an advantage i n  the rad iant  furnaze costs, due t o  the more 

compact arrangement o f  the HRSR system which i!; possible. There i s  no s ign i -  

f i can t  dif ference i n  combustor costs, a t  least  fo r  the r a d i a l  out f low disk 

conf igurat ion which can u t i l i z e  a combustor which has design features c lose ly  

approximating those f o r  a 1 inear generator system combustor. 



8.0 CLOSED CYCLE DISK SYSTEMS STUDIES 

This sect ion o f  the repor t  sumnarires the r e s u l t s  o f  the CCD systems s tud ies 

ca r r i ed  ou t  dur ing the Disk MHD Generator Study. The CCD study was no t  as 

extensive as t ha t  f o r  the OCD systems. Inherent d i f f i c u l t i e s  i n  determining 

an acceptable design procedure and i n  the in tegra t ion  o f  d isk  and systems 

models l i m i t e d  the scope t o  the d i r ec t - f  i r e d  case. Performance evaluations 

fo r  base load CCD systems were car r ied  out. The design impl icat ions of 

off-design-point performance were not  invest igated f o r  the CCD generator as 

was done f o r  the OCD generator. The systems model used i n  the CCD performance 

evaluat ion was less sophist icated than t ha t  used f o r  the OCD systems 

evaluat ion i n  t ha t  steam ex t rac t ion  for  feedwater heat ing was no t  included and 

a f i r e d  arrangement o f  system components was assumed. The ove ra l l  systems 

performance ca lcu la t ions covered a range o f  power 1 eve1 s, and assessed the 

s e n s i t i v i t y  o f  the CCD system t o  c r i t i c a l  parameter var iat ions.  

8.1 CLOSED CYCLE D I S K  GENERATOR MODELING 

Performance opt imizat ion i n  the closed cyc le  n o n e q u i l i b r i u ~  d isk  generator i s  
a more complex process than f o r  open cyc le  disk generators because of the 

add i t iona l  factors which con t ro l  the interact ion,  and because o f  the imposed 

systems const ra in t  ( i .e. match po in t  operation), which requires an integrated 

disklsystems code. I n  the OCD, f o r  a given magnetic f i e l d  ,.=nsity, seed 

f rac t ion,  and f i x e d  generator i n l e t  stagnation condi t ions t . e f fec t i ve  
e l e c t r i c a l  propert ies ue and 8, are uniquely determined by the choice of 

i n l e t  Mach number and sw i r l .  The e l e c t r i c a l  loading i s  determined by t he  

add i t iona l  spec i f ica t ion o f  a design constraint,  which sets the current. I n  

the CCD case, the e lec t ron populat ion i s  no t  i n  thermal equ i l i b r ium w i t h  the 

surrounding gas, and e lec t ron temperature becomes an addi t iona l  variable. Two 

addi t iona l  parameters are a lso introduced i n  the CCD case; these are plasma 

turbulence leve l  and impur i ty  leve l  i n  the disk working f l u i d .  The e f f e c t i v e  

e l e c t r i c a l  propert ies % and ee depend s t rong ly  upon the e lec t ron 

temperature and e lec t ron densi ty f o r  the cha rac te r i s t i ca l l y  h igh leve l  o f  
in teract ion.  Electron m o b i l i t y  is ,  i n  most cases, dominated by coulombic 

co l l i s ions .  The determination o f  channel l o f t i n g  i s  extremely sens i t i ve  t o  



changes i n  the e lec t ron density, and seed f r a c t i o n  becomes an important . 
parameter since i t  can therefore be used t o  cont ro l  the leve l  o f  in teract ion.  

For a given Mach number and sw i r l  the short  c i r c u i t  current  density i s  not 

constant i n  the CCD, and depends upon the e lec t ron densi ty and the e lec t ron 

temperature. Therefore, the loading i s  not  1 inear l y  proport ional  t o  the 

rad ia l  current  densi ty as i s  the case i n  OCD (c.f .  discussion -Appendix B) .  

8.1 .1 LOCAL PERFORMANCE CHARACTER ISTICS 

Local performance charac te r i s t i cs  f o r  a t yp i ca l  CCD generator are i l l u s t r a t e d  
i n  Figures 8-1-1 through 8-1-3 for  the spec i f i c  condit ions 

Tc = 1920 K 

Po = 913 kPa ( 9  atmospheres) 

B = 4.5 T ( ax i a l  f i e l d  only) 

x = 0.3 percent 
5 = 0.2 

( = turbulence leve l  parameter). 

Figl lre 8-1-1 depicts the re la t ionsh ip  of the maximum e l e c t r i c a l  e f f i c iency  t o  

the parameters, Mach number and i n l e t  sw i r l .  I n  general, i t  i s  seen t ha t  the 

e f f i c i ency  of the CCD increases w i th  an increase i n  swi r l .  For moderate sw i r l  

values, as exempli f ied by the S = 0.5 curve, the ef f ic iency i s  seen t o  f a l l  

rap id ly  w i th  increasing Mach number. These resu l t s  are a consequence o f  the 

r e l a t i v e l y  h igh leve l  o f  i n te rac t ion  a t ta ined i n  the CCD. As the i n l e t  Mach 

number increases f o r  a given sw i r l ,  the e lec t ron density (and therefore the 

in te rac t ion )  increases, as shown i n  Figure 8-1-2. With high in te rac t ion  

(again f o r  the S = 0.5 case) the Ha l l  parameter i s  coulomb dominated and 

decreases as M and Ne increase (see Figure 8-1-3). For a lower in te rac t ion  

leve l  ( the S = 2.0 case) the Ha l l  parameter i s  p a r t i a l l y  cont ro l led by the 

e lec t ron densi ty and p a r t i a l l y  by the pressure; each e f f ec t  tends t o  o f f s e t  

the other as pressure f a l l s  and Mach number increases. 

The enthalpy ext rac t ion length (Le) i s  a measure o f  the generator s i ze  

required a t  the loca l  operating condi t ion for  a given ex t rac t ion  (~ho /ho ) .  
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f o r  Conditions o f  F iqure 8-1-1 



TOTAL MACH NUMBER 

Figure  8-1-3. E f fec t ive  Hal 1 Parameter Versus Mach Number f o r  CCD Generator o f  
F iqure  8-1-1 



The enthalpy e x t r a c t i o n  length  c h a r a c t e r i s t i c s  o f  the CCD are a i so  shown i n  

Figure 8-1-2. Two aspects o f  the  Informat ion presented tnereon are note- 

worthy. F i r s t l y ,  there  e x i s t s  no minimum value o f  Le ( o r  pu t  another way, 

optimum Mach number) as i s  the  case f o r  t he  OCD generators, where c o n d u c t i v i t y  

decreases d i r e c t  l y  w i t h  decreasing temperature. Secondly, Le increases 

r a p i d l y  as the  s w i r l  increases a t  a constant Mach number, s ince e l e c t r o n  

dens i ty  decreases w i t h  s w i r l  increasing. The opposite type of behavior i s  
c h a r a c t e r i s t i c  o f  t he  OCD, where Le decreases s l  i g h t l y  w i t h  increasing sw11-1 

f o r  operat i on  a t  the  maximum l o c a l  e l e c t r i c a l  e f f i c i e n c y .  

These observat ions suggest t h a t  the  advantages o f  h igh  s w i r l  w i  11 be o f f s e t  t o  

some degree i n  the CCD by the  increase i n  e x t r a c t i o n  length  unless the  i n l e t  

Mach number i s  kept r e l a t i v e l y  h igh  (above about 2.0). For t h i s  example the  

maximum Hal 1 f i e l d  developed was less  than 5 kV/m. 

8.1.2 CCD GENERATOR MODEL FORMULATION 

The "two-temperature" generator model f o r  the closed cyc le  d i sk  which was 

u t i l i z e d  i n  t h i s  study i s  described i n  t h i s  subsection a ~ d  i n  Appendix 8. 

As described p rev ious l y  i n  Sect ion 4.1, the CCD working f l u i d  assumed was 

cesium-seeded argon. Channel f l o w  i s  quasi-one-dimensional and f r i c t i o n  

losses are accounted f o r  i n  a manner s i m i l a r  t o  tha t  used i n  the  OCD generator 

model. F i n i t e - r a t e  e lec t ron  k i n e t i c s  and energet ics have been incorporated 

f o r  analys is  o f  the i o n i z a t i o n  r e l a x a t i o n  processes which occur a t  t he  

generator i n l e t ,  and f o r  cases where the  seed becomes f u l l y  ion ized[ l ] .  The 

e f f e c t i v e  c o n d u c t i v i t y  and H a l l  parameter are determined from reduct ion  

formulae developed by Louis[2]. These formulae are app l icab le  f o r  

near - iso t rop ic  turbulence and express the e f f e c t i v e  p roper t i es  i n  terms o f  

t h e i r  i dea l  values and a plasma turbulence parameter. The e f f e c t s  o f  

molecular impur i t i es  o r  o ther  conta:~i!nants i n  the  channel working f l u i d  are 

modeled by the  i n c l u s i o n  o f  separate c o l l i s i o n a l  loss f a c t o r s  f o r  each species 

o f  i n te res t .  Incorpora t ion  o f  thase fac tors  permi ts  a more accurate evaluaton 

o f  the recombination r a t e  constants and the energy averaged c o l l i s i o n  

frequency. Cross-section data g iven by Spencer and Phelps are used [3]. 



The peneral I zed model formulat ion conslsts o f  s l x  conservation equat Ions ( f o u r  

f o r  heavy gas gar t lc les ,  and two fo r  the electrons). In addlt lon, a deslgn 

const ra in t  equatlon, the  equation of state, and Ohm's Law are required t o  

solvs f o r  the n lne dependent var lables whlch characterize the design. These 

varlables are as fo l lows: 

n - neut ra l  gas number densi ty 

Ne - e lec t ron number densl ty 

ur - r a d i a l  gas ve loc i t y  componer~t 

u - t o t a l  gas ve loc i t y  

Er - r a d i a l  e l e c t r i c  f i e l d  (Ha l l  f i e l d )  

Tgas - gas temperature 

Te - e lec t ron temperature 
P - gas pressure 

z - channel height. 

For the ma jo r i t y  o f  cases examined i n  t h i s  study the re laxat ion length was 

determined t o  be neg l i g i b l y  small r e l a t i v e  t o  the generator in te rac t ion  length. 

Consequently, the k i ne t i c s  were suppressed and the e lec t ron dens i t y  was 

calculated from the Saha equation. 

The system o f  equations and method o f  so lu t ion  i s  ou t l i ned  i n  Appendix 0. 

For the CCD cases invest igated i n  t h i s  study, i t  was assumed tha t  e f f e c t i v e  

Hal l  parameters would be r e s t r i c t e d  t o  values less than 5. Shock tunnel ex- 

periments w i t h  small-scale disk devices have y ie lded somewhat lower l i m i t i n g  

values[4]; f o r  condi t ions w i t h  moderate degrees o f  i on iza t ion  but  the 

re la t ionsh ips governing scal ing o f  these resu l t s  t o  the larger  CCD generators 

considered herein are not  known. For  cases where the seed i s  near f u l l  

i on iza t ion  e f f e c t i v e  Ha l l  coe f f i c ien ts  as high as 8 were me8sured a t  the Tokyo 

I n s t i t u t e  of Technology[5]. For the generator i t s e l f ,  an adiabat ic wal l  has 

been assumed. This assumption pa ra l l e l s  tha t  used i n  a previous GE studyC6) 

and can be rea l  i s t i c a l l y  proposed fo r  closed cycle MHD devices since the 

recovery temperatures are less than 2000 K, which i s  w i t h i n  the realm of  



current  state-of- the a r t  f o r  wal l  mater ia ls technology. The pressure loss f o r  

the d i f f u s e r  i s  calculated using a pressure recovery coe f f l c i en t  Cp = 0.8. 
Since i n  the CCD the interaction length i s  r e l a t l v e l y  short, the boundary 

layer w i l l  be t h i n  w i t h  respect t o  both the core f low and the thicknesses 

expected i n  the longer l i nea r  CC generators. I t  I s  therefore assumed tha t  

such high yerfcmance d i f f use rs  are possib le I n  the CCD cases, guide vanes 

w i th  in te rna l  coo l ing would be required t o  insure tha t  the boundary layer 

remains attached. 

One f u r t he r  assumption concerns the neglect o f  electrode voltage drop. For 

the CCD, the anode and cathode are most l i k e l y  required t o  be located outside 

the region o f  In teract ion.  The cathode may need t o  be d i s t r i bu ted  i n  the core 

f l o r  near the channel e x i t  radius, whi le the anode can be located upstream o f  

the nozzle i n  the v i c i n i t y  of the stagnation region. Such electrode geometry 

has been used i n  small-scale shock tube-driven disk generator experiments a t  

M I T  and elsewhere. With t h i s  type o f  electrode system design, electrode 

voltage drops can be minimized. Of k e j  importance i s  the f a c t  t ha t  the 

Faraday current  i n  a disk i s  electrode-free, 1.e; the current  loop i s  closed 

i r r  the gas. 

8.1.3 GENERATOR DESIGN CONSTRAINT 

Select ion o f  an appropriate generator design const ra in t  was shown t o  be 

c r i t i c a l  t o  the f i n a l  performance cha rac te r i s i t i c s  and design de ta i l s  o f  the 

OCD generator i n  Section 5.3. I n  the closed cycle case, the constant r ad ia l  

Hal l  f i e l d  const ra in t  used f o r  the OCD i s  not apprapriate, since the 

performance o f  the CCD w i l l  be l im i t ed  by the e f f e c t i v e  Ha l l  parameter ra ther  

than the Hal l  f i e l d .  Ion izat ion i n s t a b i l i t i e s  which lead t o  plasma turbulence 

are minimal i n  the OCD case, but these must be catered f o r  i n  the design o t  

the CCD. 

I t  was apparent t ha t  acceptable CCD designs (i.e., compact disks w i t h  

r e l a t i v e l y  high power output) could be achieved through imposi t ion o f  a design 

const ra in t  which requires the generator t o  operate a t  the loca l  maximum 

e l e c t r i c a l  e f f i c i ency  a t  each rad ia l  pos i t i on  w i t h i n  the region o f  



in teract  ion. This overcomes t o  some degree the performance I i m i  t a t  Ions 

imposed by the low e f fec t ive  Hal l  parameters achievable i n  the nonequilibrium 

ci..se. When th i s  maximum e f f  fciency constraints i s  coupled wi th  the overa l l  

system constraint (see below), an ind i rec t  maxiinization o f  enthalpy extract ion 

i s  also achieved. 

8.1.4 OVERALL SYSTEM CONSTRAINT 

Section 4.1 has defined the operating mode selected f o r  the CCD systems: 

"match point"  operation. The designs of the system and the generator become 

interdependent w i th  t h l  s type of operat ion spec l f  led, and the generator design 

code must be integrated wi th  a systems model i n  order t o  determfne the 

generator cutof f  point. A t  each rad ia l  s tat ion i n  the CCD generator 

calculation. the design process assesses the balance between t h r  :bequired 

shaft work and the steam plant power. When these are equivalent, the ''match 

point" has been reached and the generator i s  terminated (i.e., the size o f  the 

generator has been determined). A detai led description f o r  the ntodel used t o  

impose t h i s  systems constraint i s  given i n  the fol lowing section. 

The selection o f  match point  operation as the nominal operating mode f o r  the 

CCP MHD/steam system was predicated upon the need t o  achleve a high 

a v a i l ? b i l i t y  wi th  the power system i n  a commercial application. A t  present, 

the use of mixed steam turbine and e lec t r i c  motor drives f o r  a single MHD 

cycle compressor i s  not feasible, a t  least f o r  the compressor size required i n  

a 1000 MWe plant. An arrangement having paral l e l  steam-turbine-dri ven and 

motor-driven compressors i s  conceivable, but the d i f f i c u l t i e s  inherent i n  

paral l e l  operat ion of such high capacity, high discharge pressure machines are 

s ign i f icant .  Tie use of a single large steam turbine driven compressor, f u l l y  

u t i l i z i n g  the available steam power (a f te r  feed pump turbine and a i r  compres- 

sor turbine work has been provided) has therefore been chosen as the basis for 

t h i s  study. 

8.2 CLOSED CYCLE DISK MHD SYSTEMS t4ODELING 

The overal l  e f f ic iency o f  a closed cycle MHD/steam power plant i s  dependent 

upon a large number "f factors, each 04 which must be carefu l ly  assessed with 



respect t o  the attainment o f  a canf lgurat ion capable o f  prov id ing optimum o r  
near optimum system performance. The proper design of the system requires 

t ha t  :he f u l l e s t  use must be made o f  a l l  energy del Overed t o  the MHD working 

f l u i d ,  Large amounts o f  energy remafnlng i n  the MHD worklng f l u i d  a t  the 

generator out 1 e t  must be extracted dawn t o  temperatures which approach those 

of the p l an t ' s  u l t imate heat slnk. 

A low compressor i n l e t  temperature permits the attainment o f  the required 

pressure increase without the consumption o f  excessive amounts of power. As 

noted i n  the previous section, the se lec t ion o f  parmeters  and operating modes 

f o r  the overa l l  system w i  11 have a d i r e c t  impact upon the design o f  the CCD 

generator i t s e l f ,  through imposit ion o f  the "match po in tw  constraint .  The 

del ineat ion o f  the optimum CCD MHD/steam system conf igurat ion and parameters 

requires the use o f  a h igh ly  sophist icated system code. 

The systems model used i n  the present study i s  s imp l i f i ed  i n  order t o  permit 

the evaluation o f  a large number o f  CCD cases; i t  is ,  however, capable o f  

provid ing su f f i c i en t  information t o  determine the optimum operating range f o r  

CCD s;stems w i th in  the context o f  a f i xed  arrangement f o r  the system 

components and without steam ext ract ion f o r  feedwater heating. The system was 

designed f o r  a 1000 M'de p lant  and appl ied t o  other power leve ls  by sca l ing the 

combustion ges f low ra te  t o  the argon f low rate.  A more re f ined systems code 

i s  needed i n  order t o  achieve a f u l l y  optimized resu l t  (i.e. global 

opt imizat ion) f o r  C2D system performance. 

8.2.1 SYSTEM MODEL CONFIGURATION 

The conf igurat ion used i n  the CCO systems model i s  shown i n  Figure 8-2-1 and 

consists o f  twenty un i ts .  The flowstreams f o r  a i r ,  water, coal, combustion 

gas, and argon are depicted i n  the Figure. The model features were spec i f i c  

f o r  the coal-combustor-fired regenerator syst-em, which has been described i n  

some de ta i l  i n  Section 4.1.2. A l l  model parameters used i n  the CCO systems 

analyses were selected t o  be charac te r i s t i c  o f  t h i s  type o f  system. 





Combustion must be car r ied  out t o  an oxygen-rich f i n a l  condi t ion i n  t h i s  type 

o f  system, i n  order t o  prevent the rap id  dest ruct ion o f  the regenerator matr ix  

mater ia l  i n  a reducing environment. The combustor operates w i t h  only a s l i g h t  

overpressure w i t h  respect t o  atmosphere, I n  order t o  d r i ve  the combustion 

gases through the heater system, recuperators, and other downstream equipment. 

Since the combustion gases are not  mixed w i t h  a seeding mater ia l  t ha t  can 

scavenge SO2, as i n  the OCD cases, removal o f  t h i s  contaminant must be 

car r ied out by use o f  a separate scrubbing system i n  the gas exhaust t ra in ,  

before the p lan t  stack. 

The combustion gases w i  11 also contain a r e l a t i v e l y  h igh concentrat ion o f  

NO,, since the combustion process i s  car r ied out i n  an oxyy!n-rich state.  

For = 1.05, the NO, leve ls  a t  the combustor o u t l e t  can exceed 5000 ppm. 

The combustion gases are rap id l y  cooled upon passage through the regenerators, 

thus e f f e c t i v e l y  f reezing i n  the high concentrations t yp ica l  o f  the combustion 

condit ion. I n  the CCD combustion gas system, there i s  no ava i lab le  component 

e;~alogous t o  the OCD radiant  furnace i n  which NO, deconposition can take 

place i n  the c r i t i c a l  2200 K - 1800 K range. Therefore, some other means of  

removing NO, from the gases p r i o r  t o  t h e i r  release must be provided. 

For ths CCD systems considered herein, i t  was thecefore assumed tha t  NOx 

removal would be accomplished by use o f  an ammonia i n j e c t i o n  system s im i l a r  t o  

that  described i n  Appendix D f o r  the OCD d i r e c t l y - f i r e d  case w i th  h igh preheat 

leve l .  The energy requirements associated w i t h  the inc lus ion o f  the separate 

emission cont ro l  systems f o r  NOx and SO2 i n  the CCD system design have 

been accounted f o r  i n  the p lant  pa ras i t i c  loads, which are considered i n  the 

f i n a l  CCD system e f f i c iency  calculat ions.  

The flame temperature i n  the combustor was estimated t o  be 2415 K w i t h  

atmospheric combustion of  Montana Rosebud coal d r ied  t o  a 5% moisture leve l .  

A combustor heat loss o f  7% o f  the f ue l  HHV i s  assumed. This energy i s  

assumed recovered f o r  reuse i n  the steam bottoming p lant .  



The maximum temperature o f  argon enter ing the d isk  generator i s  t i x e d  a t  1920 K 
and the regenerator i n l e t  temperature f o r  argon i s  f ix>ed a t  922 K. The tem- 

perature of the combustion gas a t  the ou t l e t  o f  the regenerator i s  f ixed a t  

1090 K,, which i s  used i n  t h i s  CCD systems model t o  scale the f low r a t e  o f  

combustion gas and coal i n  the system. The e f f i c i ency  o f  the regenerator i s  

assumed t o  be 0.95. 40% o f  the heat l o s t  from the combustion gas i n  the 

regenerators i s  made ava i lab le  t o  the water stream (o f  the steam p lan t )  

through the regenerator valve coolers. A metal 1 i c  recuperative preheater i s  

used t o  heat the argon from the compressor o u t l e t  temperature t o  922 K. The 

argon compressor i s  dr iven by steam, w i t h  i t s  isent rop ic  e f f i c i ency  assumed 

f ixed a t  0.9. The enthalpy needed f o r  argon preheating determines the o u t l e t  

temperature o f  the combustion gas from the preheater, which l i k e  the r e s t  o f  

the heat exchangers i n  the system i s  assumed t o  operate a t  an e f f i c i ency  of 

99.5%. A minimum temperature approach o f  8 K i s  permitted a t  the low 

temperature terminal o f  the argon preheater. 

The combustion gas from the argon preheater i s  u t i l i z e d  i n  heating the a i r  i n  

two stages and f o r  dry ing the coal before being oischarged through emissions 

cont ro l  equipment t o  the stack. The minimum temperature f o r  coal dry ing i s  

f i xed  at  611 K and a stream of combustion gas i s  branched o f f  t o  the coal 

dryer t o  dry the coal t o  the spec i f ied condit ions o f  the combustor. The a i r  

drawn at  288 K from the atmosphere i s  compressed and enters the f i r s t  low 

temperature a i r  heater a t  approximately 305 K where i t  i s  heated. A minimum 

temperature approach c r i t e r i o n  o f  20 K i s  set f o r  any two streams exchanging 

heat throughout the system (w i t h  the s ingle exception o f  the argon preheater). 

The f i n a l  stack temperature o f  the combustion gas f o r  both streams i s  f i x e d  a t  

408 K, set by acid dew po in t  considerations. 

The f i n a l  preheating o f  a i r  i s  accomplished i n  an intermediate temperature a i r  

heater (ITAH) by energy taken from the argon stream e x i t i n g  from the reheater 

of the steam p lant .  I n  t h i s  CCD model, the e x i t  temperature of  argon from the 

reheater i s  f i xed  a t  1008 K and the temperatures o f  a i r  across the a i r  heater 

being known, the argon temperature a t  the o u t l e t  i s  determined by the 



ef f i c iency  of  the ITAH. This ou t l e t  temperature o f  argon constrains the 

heating o f  water i n  the economizer, as i s  discussed below. 

The steam cycle tha t  i s  assumed f o r  the present p lant  conf igurat ion i s  a 

superc r i t i ca l  p lan t  w i t h  a s ing le  reheat step operating w i th  a h igh turb ine 

pressure o f  24.2 MPa (3500 ps i )  and a temperature of 811 K (lOOO°F), and w i t h  

a condenser pressure o f  6.8 kPa (2" HgA) and temperature o f  312 K (102OF). 

The water from the condenser i s  pumped t o  about 1.0 MPa by the motor-driven 

condensate pump and then enters a low temperature feed water heater, where the 

water i s  heated by recovering energy from the argon stream and a1 lowed t o  

approach saturat ian condit ions. Since the saturat ion temperature o f  water a t  

the LPFH ou t l e t  i s  451 K, and thc argon temperature a t  the i n l e t  o f  the low 

temperature feed water heater i s  f i xed  (20 K higher) a t  471 K. The present 

CCD code has not been corrected t o  handle the steam feedheating i n  a 

deaerating feed tank, nor i n  ex t rac t ion type feed heaters; hence the 

calculated e f f i c iency  of the steam cyc le  used i n  the modeling i s  s l i g h t l y  

lower than optimum. 

The water from the feed water heater a t  451 K i s  pumped t o  high pressure by 

the main feed pump and i s  then heated i n  the economizer; the i n l e t  temperature 

o f  argon t o  the economizer i s  determined by the ITAH a i r  preheat requirement. 

The pressure o f  the bottoming p lant  working f l u i d  at  the ou t l e t  o f  the econo- 

mizer i s  f i xed  at  26.6 MPa. The f l u i d  then f lows through the valve coolers, 

where i t  receives the recoverable heat from the regenerator, and through the 

combustor cool ing system where i t  p icks up heat from the walls. The e f f i c i e n -  

cy of  heat exchange t o  water a t  a l l  po in ts  i n  the system i s  f i x e d  a t  99.5%. 

F l u i d  w i th  a pressure o f  25 MPa i s  fed i n t o  the radiant  furnace section, where 

i t  i s  heated t o  811 K. The working f l u i d  i s  then led i n t o  the high pressure 

steam turbine, where i t  expands t o  exhaust condit ions o f  564 K and 4.5 MPa. 

The low pressure steam i s  then reheated t o  811 K and enters the low pressure 

steam turbine a t  a pressure of 4 MPa. The low pressure steam turb ine f i n a l l y  

expands steam t o  the speci f ied condenser pressure. An isent rop ic  e f f i c i ency  

o f  90% i s  assumed f o r  both the high and low pressure steam turbines. The 



steam turbines are u t i l i z e d  so le ly  t o  d r i ve  the a i r  and argon compressors (and 

the  b o i l e r  feed pumps) and do not  generate e l e c t r i c  power addl t f ona l  t o  t ha t  

del lvered by the MHD generator. 

The heat required by water i n  the rad iant  furnace and the reheater i s  

determined and the required enthalpy i s  assumed t o  be provided from the high 

temperature argon a t  an e f f i c iency  o f  99.5%; the assumed argon pressure losses 

throughout the system are given i n  Table 8.2.1. The procedure enables one t o  

ca lcu la te  the temperature o f  the argon stream a t  the ou t l e t  of the reheater 

and t h i s  temperature i s  compared w i t h  1000 K, which was f i x e d  from the 

considerations o f  the intermediate temperature a i r  heater approach 

requit~emsnt. The f low r a t e  o f  water i s  then modif ied through the steam cycle 

such tnat  a convergence o f  1 K i s  establ ished f o r  the temperature o f  argon a t  

the o u t l e t  o f  the reheater. Once the f low ra te  o f  water i s  determined, the 
f i n a l  i n l e t  temperature o f  argon a t  the precooler i s  computed from the heat 

balance across the low pressure feed water heater, and the heat budget and the 

p lant  e f f i c i ency  are calculated. The argon compressor i n l e t  temperature (and 

therefore the duty cycle o f  the precooler) varies i n  the range 31 1 K t o  330 K 

depending upon the convergence o f  the cycle analysis f o r  each pa r t i cu l a r  set 

of generator operating condit ions. A l l  heat re jected i n  the precooler i s  l o s t  

t o  the u l t imate Reat sink. The use o f  a precooler i s  intended t o  minimize the 
required argon compressor power, and t o  permit operation o f  the compressor a t  

discharge temperatures o f  less than 700 K, i n  recogni t ion o f  mater ia ls l i m i t s  

f o r  such a high-capaci ty, high pressure r a t i o  machine. 



TABLE 8.2.1 : SUMMARY OF SYSTEM PARAMETERS 

FOR CLOSED CYCLE DISK SYSTEM MODEL 

Argon Stream 

Pressure Losses: 

D i f f u s e r  Pressure Ra t io  

(subsonic a f t e r  i n l e t  shock loss)  

Loss between d i f f u s e r  and compressor 

Loss between compressor and nozz 1 e 

E f f i c i e n c i e s :  

Adiabat ic  Nozzle 

Compressors 

Heat Exchangers (except regenerator)  

Argon Regenerator 

Feed Pumps 

Sta tepo in t  Temperatures ( K )  : 

[Argon Loop] 

Compressor I n l e t  

Compressor O u t l e t  

Preheater g u t l e t  

Regenerator O u t l e t  

Disk Generator O u t l e t  

Radiant Furnace O u t l e t  

Reheater Out l e t  

I TAH O u t l e t  

Economizer Ou t le t  

LPFH O u t l e t  

Precooler Ou t le t  

.897 (Cp = .8) 

3.0% o f  t o t a l  pressure 

3.0% o f  t o t a l  pressure 

311 - 325 

Var iab le  

922 

1930 

Var iable 

Var iable 

1000 

Var iable 

472 

Var iab le  

311 - 330 



TABLE 8.2.1 - Continued 
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\ [Steam Loop] 

I Hotwe 11 

Condensate Pump Discharge 

Low Pressure Feed Heater 
I Main Feed Pump Discharge 
1 

I Econorni zer  Out 

Valve Cooler Out 
I 

Cor~ibustor Cool i n g  Out 

Radiant Furnace Out 

HP Turbine Out 
I 

f 
Reheater Out 

LP Turbine Out 1 
$ 8  

Condenser Out P 
i Z 

$ 

i A i r  Systeni] 1 
4 
3 

Compressor I n l e t  1 i 

Compressor Out l e t  
? 
I 
f 

LTAH 2 O u t l e t  I a 

LTAH 1 Ou t le t  i 5 

ITAH O u t l e t  i 
s 
I 
B 

[Co~nuust i o n  Gas System] ? 
1 

C 
Combustor 4 > 

degenerator Out 

Argon Preheater Out 

LTAH 1 Out , 

LTAH 2 Out 

Coal Dryer Out 

8-17 I 

p., 
i 

A*, r 

3 12 

312.6 

451 

457.4 

Var iab le  

Var iab le  

Var iable 

81 1 

564 

81 1 

288 

305 

Var iable 

Var iable 

922 

2415 

1090 

Var iable 

61 1 

408 

408 



8.3  CLOSED CYCLE DISK SYSTEMS PERFORMANCE 

Several hundred CCD system performance cases were inves t iga ted f o r  t h e  study, 

y i e l d i n g  twenty-seven f i n a l  d isk  and system cases which provided near-optimum 

performance a t  t he  match po in t ,  over a wide range o f  ne t  power outputs. These 

twenty-seven cases were c h a r a c t e r i s t i c  of CCC system performance w i t h  low 

impur i t y  l e v e l s  and w i t h  moderate turbulence. An add i t i ona l  f i v e  cases were 

selected t o  del i r teate performance c h a r a c t e r i s t i c s  f o r  CCD systems w i t h  h igher 

turbulence leve ls .  A s i n g l e  case was a l so  developed t o  permi t  t he  eva luat ion  

o f  tRe e f f e c t s  o f  h igher impur i t y  l eve ls  i n  the  MHD working f l u i d ,  

8.3.1 SYSTEM PERFORMANCE OPTIMIZATION 

For a l l  CCD cases invest igated, t h e  magnetic induct ion  was h e l d  f i x e d  a t  6 T, 

and the  i n l e t  s tagnat ion temperature was 1920 K. TWO d i f f e r e n t  plasma 

turbulence l e v e l s  ( 5  = 0.2, = 0.5) were a l so  considered. The turbulence 

parameter (i) i s  def ined as the  mean square dev ia t i on  of t he  f l u c t u a t i o n s  i n  

e l e c t r o n  densi ty .  An impur i t y  l e v e l  of 18 ppm C02 and 82 ppm o f  CO + N p  
was used except f o r  one case where a 200 ppm impur i t y  l e v e l  was invest igated.  

The e f f e c t i v e  H a l l  coe f f i c i en t  (f ie) i s  l i m i t e d  t o  values less  than 5, as 

p rev ious l y  discussed. Th is  i s  cons is ten t  w i t h  the  assumptions made f o r  t h e  

low-turbulence l e v e l  1 inear  closed cyc le  cases inves t iga ted i n  the  GE s tudy 
[XI. 

The stagnat ion pressure and i n l e t  s w i r l  were va r ied  stepwise over the  range 

0.4 t o  1.22 MPa (Po) and 1.0 t o  4.0 (5) .  For each d i s t i n c t  combination o f  

Po and S the  i n l e t  Mach number and seed f r a c t i o n  are selected t o  y i e l d  an e x i t  

Mach number i n  the  1.0 t o  1.1 range, and a generator pressure r a t i o  which i s  

compatible w i t h  system operat ion a t  the  match po in t .  The ca lcu la ted  system 
e f f i c i e n c y  i s  no t  necessar i l y  the  maximum obta inable e f f i c i e n c y  f o r  t h e  quoted 

generator parameters, s ince enthalpy e x t r a c t i o n  and generator i sen t rop ic  

e f f i c i e n c y  can both increase w i t h  increasing generator s i z e  ( rad ius )  beyond 

t h i s  po in t .  Operation beyond the  match p o i n t  introduces c y c l e  complexi t ies,  

as p rev ious l y  described, which are judged unsu i tab le  f o r  a r e l i a b l e  commercial 

power generat ing system. Higher performance may a l so  be obtained i n  c e r t a i n  

cases by designing the  generator w i t h  a s l i g h t l y  h igher e x i t  Mach number. 



For a l l  these ca lcu la t ions ,  t he  channel i n l e t  height  was f i x e d  a t  0.5 meters. 

The OCD c r i t e r i o n  ( i n l e t  he ight  se t  t o  approximately 1/3 i n l e t  rad ius)  was no t  

used i n  the  CCD case, s ince the  i n t e r a c t i o n  lengths are r e l a t i v e l y  short .  The 

i n l e t  radius was selected on the  bas is  of mass f l ow  and densf icy c o ~ ~ s i d e r a -  

t ions,  w i t h  the  minimum al lowable rad ius  being se t  a t  1.5 meters. 

Table 8.3.1 summarizes t h e  computer ca l cu la ted  performance of t h e  t h i r t y - t h r e e  

d i s t i n c t  CCD system cases which have had t h e i r  performances opt imized w i t h  

respect t o  the s ta ted cond i t ions  azd imposed const ra in ts .  I n  each case t h e  
fo l lowing var iables and parameters which charac ter ize  each CCD system are 

tabulated: 

S, i n l e t  s w i r l  

Po' i n l e t  s tagnat ion pressure 

M, i n l e t  Mach number 

x, seed f r a c t i o n  

Be, e f f e c t i v e  Hal 1 parameter ( a t  midchannel) 

E.E., en t t  py e x t r a c t i o n  

nG, generator i sen t rop ic  e f f i c i e n c y  

"G & D , generator and d i f f u s e r  i sen t rop ic  e f f i c i e n c y  
L, i n t e r a c t i o n  length  

P:, generator pressure r a t i o  

P : ~ ~ ~ ,  compressor pressure r a t i o  

Ro, generator i n l e t  rad ius  

P, gross MHD power ( V I )  

" s ' System E f f i c i e n c y  

The o v e r a l l  system e f f i c i e n c y  rl s has been ca lcu la ted by using the  expression: 

0*985 P a r a s i t i c  Load Decrement "=.-Kmr- 

HCOAL i s  the assumed coal  . f i r i n g  r a t e  f o r  t he  system and 0.985 i s  the 

converter e f f i c i e n c y .  Transformer losses and p lan t  p a r a s i t i c  loads were not  

included i n  the ca lcu la ted p lan t  e f f i c i e n c i e s  given i n  Appendix B. Table 

8.3.2 was prepared es t imat ing  these losses and loads t o  be equivalent  t o  1.8 



TABLE 8.3.1 CLOSED CYCLE DISK GENERATOR SYSTEM PERFORMANCE SURVEY 
I (INLET CHANNEL HEIGHT = 0.5 METER) 

r- *- *-- 

100 pprn I m p u r i t i e s ;  Turbulence Leve l  0.2 I - 
Case A t m  'XI 
NO. S M x PO 

B 
e 6 . MI 

1 2.0 4 2.02 . I 35  4.8 43.2 84.1 80.8 46.2 
2 2.0 4 2.00 .405 4.5 43.7 83.5 80.4 46.0 
3 2.0 6 2.22 . I 3 5  4.7 43.0 82.5 79.4 45.7 
4 2.0 8 2.25 .405 4.3 42.5 80.5 77.5 45.1 
5 2.0 10 2.50 . I 00  4.7 42.5 79.9 77.0 44.9 
6 1.5 6 2.00 .035 4 . 6 4 2 . 4 7 9 . 8 7 6 . 9 4 5 . 1  
7 1.5 6 2.08 .015 4.8 42.1 79.8 77.0 45.0 
8 1.5 6 1.95 .045 4.6 41.9 80.3 77.3 45.2 
9 1.5 6 2.01 ,015 4.9 42.9 80.7 77.8 45.4 

10 1.5 8 2.26 ,007 4.9 42.0 77.9 75.1 44.5 
11 1.5 8 2.05 .'I35 4.7 42.4 79.9 77.0 45.1 
12 1.5 8 2.10 .015 4.9 42.7 79.9 77.0 45.1 
13 1.5 10 2.20 ,045 4.5 42.8 77.4 74.7 44.4 
14 1.5 10 2.13 .045 4 . 6 4 2 . 3 7 8 . 6 7 5 . 8 4 4 . 7  
15 1.5 12 2.30 .045 4.4 41.5 76.3 73.6 44.0 
16 1.5 12  2.25 .045 4.5 41.5 77.2 74.4 44.3 
17 1.5 12 2.21 ,045 4.6 41.9 77.5 74.7 44.4 
18 1 .0  8 1.95 .005 4.8 40.9 74.0 71.5 43.5 
19 1 .0  8 1.93 ,005 4.8 41.2 74.5 72.0 43.7 
20 1 .0  8 1.91 .005 4.8 41.3 75.0 72.4 43.8 
2 1 1.0 10 2.05 .005 4.7 40.6 73.0 70.6 43.2 
22 1.0 10 2.00 .005 4.6 40.9 73.5 71.1 43.4 
23 1.0 10 2.00 .005 4.7 40.6 73.7 71.2 43.4 
24 1.0 10 1.98 .005 4.7 40.5 74.0 71.5 43.5 
25 1.0 10 2.00 ,005 4.7 41.0 74.2 71.7 43.6 
26 1 .0  12 2.10 . O M  4.6 40.6 72.0 69.7 42.8 
27 1.0 12 2.02 .005 4.6 40.4 73.4 70.9 43.3 

100 ppm I m p u r i t i e s ;  Turbulence Lev 
T 

4.0 4 2.35 ,300 2.9 42.6 80.8 77.9 45.2 
4.0 4 2.35 .300 2.4 43.! 81.1 78.2 45.3 

30 4 .0  6 2.75 .300 2.3 39.5 76.8 73.9 43.7 
31 4.0 8 2.95 . I 0 0  2.3 40,7 74.7 72.2 43.2 
32 4.0 10 3.02 . I 0 0  2.3 40.3 73.3 70.8 42.8 

200 ppm I m p u r i t i e s  ; Turbul  ence Lev 

33 2.0 8 2.50 .405 4.4 42.0 78.6 75.8 44.5 



TABLE 8 .3 .2  

1000 MWe Closed Cycle Disk Generator System 

ESTIMATED PLANT PARASITIC LOADS FOR SYSTEM 

WITH REGENERATORS FIRED BY COAL COMBUSTOR 

0 E l e c t r i c a l  Losses du r ing  MHD Power Conversion 

I n v e r t e r  E f f i c i e n c y :  0.985 

Transformer E f f i c i e n c y :  0.99 

e E l e c t r i c a l  Loads 

Cesium P u r i f i c a t i o n  and Reclamation 
Argon Purge o f  Regenerator 
Combustion Gas Purge o f  Regenerator 
Argon P u r i f i c a t i o n  
Cool ing Towers 
Condensate Pump 
Magnet Systems 
Coal Hand1 ing and Processing 
Coal Transport Gas Compressor 
E l e c t r o s t a t i c  P r e c i p i t a t o r  
Stack Gas Scrubbers 

( Inc ludes ID Fan Power) 
Miscellaneous 

Tota l  P a r a s i t i c  Load 39.8 MW, 

E f f i c i e n c y  Decrement f o r  2222 MWt 

(45% nominal e f f i c i e n c y )  : 1.8% 



percentage points of p lant  ef f ic iency fo r  a 1000 HWe p lant .  The actual 

percentage value o f  pa ras t t i c  loads w i l l  very w i t h  p lan t  size, but i t  i s  

assumed tha t  the variance i s  not substant ia l  over the range o f  CCD system 

powers given i n  Table 8.3.1. 

The actual statepoints f o r  a l l  generator cases described i n  Table 8.3.1 can be 

found i n  Appendix 8 t o  t h i s  report.  

General observations regarding the resu l t s  o f  the CCO system performance 

analyses may be made, as fol lows. 

(1) Levels of optimum s y s t w  e f f i c iency  are comparable t o  those 
predicted fo r  OCD generators i n  t h i s  report, and for  those 
calculated f o r  1 inear closed cyc le  channels which may requ i re  
an in te rac t ion  length of 10 meters o r  more. The r e l a t i v e l y  
short i n te rac t ion  lengths a t t ~ i n a b l e  w i t h  the d isk  generator 
conf igurat ion operating i n  the supersonic regime resu l t  i n  
less f r i c t i o n  effects and permit more e f f i c i e n t  d i f fusers  t o  
be used. 

( 2 )  Excel lent performance can be obtained from the CCO a t  
r e l a t i v e l y  low power levels.  The advantage o f  scale i s  
r e l a t i v e l y  small f o r  CCD systems. 

( 3 )  the required i n l e t  Mach number fo r  "optimum" performance i s  
high, consistent w i th  the loca l  performance character is t ics  
discussed i n  Section 0.1. The Mach number increases as 
turbulence and impur i ty  leve ls  are increased. 

( 4 )  To constrain the e f fec t i ve  Ha l l  parameter t o  values less than 
5, the seed f r ac t i on  was increased.with sw i r l  r a t i o ,  For 
i n l e t  s w i r l  r a t i os  greater than 2 w i t h  low turbulence, more 
than a 1% seed f rac t ion  w i l l  be required. For the low sw i r l  
cases (1.0 and below) w i th  low turbulence, the seed f r ac t i on  
i s  very low and i s  approaching a range w i th in  which adequate 
c o n t r o l l a b i l i t y  o f  t h i s  parameter may be d i f f i c u l t  f o r  
large-scale CCD p lants.  For h igh degrees of i on iza t ion  ( S  = 
1.0 r esu l t s )  lower turbulence levels ( i .e. S less than 0.2) 
should be more r e a l i s t i c  i f  the ion iza t ion  i n s t a 6 i l i t y  i s  the 
sole source of  the turbulence. These lower turbulence leve ls  
w i l l  r e s u l t  i n  improved generator performance and be t te r  
cont ro l  o f  the generator loading ( p a r t i c u l a r l y  when f u l l  
i on iza t ion  o f  the seed i s  reached). 



( 5 )  For tib5? higher turbulence leve l  cases, where the e f f e c t i v e  
H a l l  parameter i s  now r e s t r i c t e d  t o  Be < 2.3, higher 
values o f  s w i r l  and i n l e t  Mach number mrst be used t o  obta in  
e f f i c i enc ies  comparable t o  those o f  the low turbulence systems. 

(6)  The actual  equ i l ib r ium values o f  Impur i ty  l eve l  i n  the MHD 
working f l u i d  a t ta inab le  i n  p rac t i ce  are not  known. However, 
the e f f e c t  o f  increasing impur i ty  leve l  from 100 t o  200 ppm 
f o r  t h i s  study i s  t o  reduce the maximum obtainable power a t  
the match point .  The e f f  ic ienc ies  obtainable remain 
comparable t o  those o f  the low impur i ty  leve l  cases. 

( 7 )  For the optimized cases presented, the in te rac t ion  length  
increases and the e f f ic iency decreases w i th  increas ing 
stagnation pressure. 

8.3.2 EXAMPLE CCD GENERATOR DESIGNS 

Two examples o f  the channel design and pyoperty p r o f i l e s  are given i n  Figures 

8-3-1 through 8-3-6. I n  Figures 8-3-1 through 8-3-3, case U 22 from Table 

8.3.1 ( $  = 0.2) i s  shown. The operating condit ions and resu l t i ng  channel 

geometry are given i n  Figure 8-3-1. The generator i s  d r a w  t o  scalz; other 

components (dashed l i nes )  are shown schematically. As a r e s u l t  o f  the h igh 

interact ion,  the generator i s  r e l a t i v e l y  short (L/D - < 2.0); two-dimensional 

e l e c t r i c a l  e f f ec t s  are important and would most l i k e l y  requ i re  a cathode (c.g., 

tungsten rods) d i s t r i bu ted  across the e x i t  plane o f  the channel. To insure a 

more uniform magnetic f i e l d ,  the sp l  i t -pa i r  (Helmholtz pa i r )  magnet 

conf igurat ion would be preferred, w i th  the cathode located i n  the v i c i n i t y  o f  

zero f i e l d .  This magnet would be much more compact than an equivalent design 

f o r  a 1000 MWe OCD, however. The anode can also be divided, as indicated i n  

the f igure,  or the opt ion o f  a cent ra l  rod could be used. The l a t t e r  a f fords 

the p o s s i b i l i t y  o f  r o t a t i o n  or ax i a l  feeding f o r  arc cont ro l  and/or 

replenishment o f  consumable mater ia l .  The e l e c t r i c a l  and transport propert ies 

f o r  t h i s  channel are shown i n  Figure 8-3-2. Near the end o f  the generator the 

seed i s  over 80% ionized. The loca l  power density i s  denoted as PD i n  the 

f igure.  The gas propert ies f o r  t h i s  case are given i n  Figure 8-3-3. 

Generator designs f o r  the high turbulence assumption are shown i n  Figures 8-3-4 

through 8-3-6. The channels are s t rong ly  convergent r e l a t i v e  t o  the S = 0.2 

cases as a r e s u l t  o f  the high s w i r l  and lower in te rac t ion  (compare Ne pro- 

f i l e s ) .  The current  load fac tor  K = Kopt i s  reduced, and the generators 





F iau re  9-3-2.  E l e c t r i c a l  and E f f e c t i v e  Transnor t  P r o ~ e r t i e s  f o r  t h e  Generator 
(Case 4 2?, I L  = 251 L4) 



Figure  8-3-3 .  P r o f i l e s  o t  the F l u i d  P r o p e r t i e ~  f o r  Case # 22 Disk Generat,or 
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Fiqure 5-34. Example CCD Generator Desiqns for Hiqh Plasma Turbulence ( S  = 0.5) 



F igu re  8-3-5. E l e c t r i c a l  and E f f e c t i v e  Transpor t  P rope r t i es  f o r  t h e  H iah  
Turbulence Q i s k  Generator (Case # 31, 1,- = 41.7 k4) 
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F iqu re  8-3-6. P r o f i l e s  o f  t he  F l u i d  P rope r t i es  f o r  t h e  tJioh Turbulence Disk 
Generator (Case ,# 31) 



operate near max4num power (K  = 0.5) as wel l  as maximum e f f i c iency .  I n  addi- 

t i o n  t o  generating high i n l e t  swi r l ,  some deswir l ing i s  required a t  the channel 

e x i t  (see Figure 8-3-6). The operation more c lose ly  resembles the react ion 

mode; the r a d i a l  Mach number i s  near ly constant and subsonic. However, the 

adverse pressure gradient f o r  t h i s  case may be s u f f i c i e n t  t o  cause boundary 

layer separation; t h i s  problem must be assessed i n  greater de ta i l .  

Figure 8-3-7 shows the gross enthalpy ex t rac t ion  versus the turb ine e f f i c i ency  

of  the combined generator p lus d i f f use r  f o r  the cases given i n  Table 8.3.1. 

The data f o r  G.E. ECAS 102/102A cases have been taken from Reference[6]; the 

ext rac t ion was calculated using the d e f i n i t i o n  based on the temperatures given 

i n  the paper. The comparison shows tha t  the d isk  achieves about a fou r  po in t  

gain i n  turb ine e f f i c i ency  f o r  the same enthalpy extract ion.  This suggests 

tha t  the CCD can exh ib i t  higher cycle e f f i c i enc ies  than the l i nea r  Faraday 

generator when s im i l a r  system assumptions are used. This i s  t o  be expected 

since the disk i s  a more compact un i t ,  having less f r i c t i o n  e f f ec t s  because o f  

the short L/D r a t i o ,  and can be provided w i t h  a more e f f i c i e n t  d i f fuser .  The 

d i f fuser  recovery i s  p r ima r i l y  subsonic w i t h  a stagnation pressure r a t i o  o f  

0.897 ( f o r  an assumed C = 0.8). The i n l e t  shock i s  weak since the entrance P 
Mach number i s  only s l i g h t l y  greater than un i ty .  I n  addit ion, the assumption 

made here o f  an adiabatic d i f f use r  f o r  the CCD i s  more r e a l i s t i c  than f o r  the 

l i near  channel where d i f f u s e r  lengths are o f  the order of tens o f  meters and 

T0=1200 K. The combined generator d i f f u s e r  pressure r a t i o  i s  shown i n  Figure 

8-3-8. Lower r a t i o s  (and hence less compressor work) are found f o r  the disk, 

consistent w i t h  the higher isent rop ic  e f f i c i enc ies  ( f o r  the same enthalpy 

ext rac t ion) .  

Figure 8-3-9 shows the overa l l  system e f f i c i ency  versus turb ine e f f i c i ency  f o r  
e 6 

the disk data o f  Table 8.3.1. Curves are p l o t t ed  for  the S = 0.2 and S = 0.5 

cases. 
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8.4 HEATERS FOR CLOSED CVCLE MHD 

8.4.1 GENERAL CONS I DERAT IONS 

The closed cycle MHD p lan t  arrangement has two s i gn i f i can t  d i f ferences from the 

open cyc le  MHD p lan t  t ha t  a f f ec t  the heater design. F i r s t ,  seed i s  introduced 

downstream o f  the heater and, therefore, the seed w i l l  not  pass through the 

heater. Second, contamination o f  the noble gas by residual  proaucts of 

combustion i n  the heater must be held t o  very low levels.  This w i l l  be 

accomplished by evacuating or  purging the heaters t o  remove the residual  gas 

(p r imar i l y  nitrogen, water vapor, and carbon dioxide).  

Contamination measurements have been made by General E l e c t r i c  Company on a 

small heater (0.3 m diameter and 3 m high bed). This heater, because o f  i t s  

small size, had a much greater proport ion o f  i nsu la t ion  mater ia ls  r e l a t i v e  t o  

bed mater ia ls than would a f u l l - s ca le  heater. Hence, the resu l t s  should be 

conservative. The lneasurements indicated levels below those which would cause 

s i gn i f i can t  de te r io ra t ion  o f  channel performance. 

8.4.2 REHEAT WITH D I R E Z T  COAL FIRING 

I n  the d i r ec t  coal f i r i n g  arrangement the combustor i s  f i r e d  w i th  coal and the 

products of combustion pass thrugh the heaters. The combustor deslgn w i l l  

determine the amount o f  slag re jec t ion,  i.e., the amount o f  slag tha t  enters 

the heaters. The major development requiremetlt i s  t o  devise means o f  

preventing heater fou l ing  w i th  slag and therefore, a h igh leve l  o f  slag 

re j ec t i on  i s  desirable. 

A1 ternat  ive  approaches t o  the combustor design are the use o f  i nd iv idua l  

burners f o r  each heater rather than a s ing le  large burner, and atmospheric 

pressure versus pressurized combustion. The choice w i l l  have a major e f f e c t  on 

the high temperature valve requirements f o r  the system. The use o f  i nd iv idua l  

pressurized burners el iminates the hot gas i n l e t  valves, which are the valves 

tha t  are exposed t o  the most severe service. E l iminat ion of  these valves i s  a 

substant ia l  advantage and therefore, the use o f  ind iv idua l  pressurized burners 

i s  the preferred arrangement. Development o f  such a burner i s  being pursued by 
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I General E l e c t r i c  Company. Another advantage of pressurized combustion i s  t ha t  

heaters are smaller and therefore the system cost  I S  reduced and the Purge 

requ i remen t s are reduced. 

The a i r  heater system w i l l  look s im i la r  t o  t ha t  f o r  the d i r e c t l y - f i r e d  heaters 

described i n  Section 6.5. The holes i n  the cored b r i c k  w i l l  need t o  be larger  

( r e l a t i v e  t o  clean gas f i r i n g )  t o  accommodate some slag accumulation without 

plugging* 

I Mater ia ls w i  11 need t o  be res is tan t  t o  slag. This i s  a less demanding 
I 

I requirement than resistance t o  both seed and slag. However, the high 

temperature leve l  w i  11 requ i re  development o f  data on the long durat ion e f fec t  
I 

of  erosion and corrosion. Tests o f  mater ia ls  under simulated condit ions w i t h  

I atmospheric pressure reheat are being car r ied  out a t  Montana State Univers i ty.  

One method o f  preventing plugging o f  the bed w i t h  slag has been examined a t  

present. It i s  proposed t o  al low s lag t o  accumulate u n t i l  the pressure drop 

exceeds a predetermined l i m i t ,  then take the heater o f f  l i n e  f o r  cleaning. 

Cleaning would be done by heating the e n t i r e  bed t o  about 1650 K. Prel iminary 

tes ts  ind ica te  t h i s  may be a feas ib le  approach, 

The a b i l i t y  t o  heat the e n t i r e  bed t o  a temperature as high as 1650 K requires 

development o f  a su i tab le  bed up * .  The dome support concept under 

development by FluiDyne f o r  the ',' cycle d i r e c t l y - f i r e d  heater has been 

applied t o  the General E l e c t r i c  he e r  mentioned i n  Section 8.4.1. This heater 

w i l l  be operated w i t h  i t s  pressuriz +- ' burner and high temperature bed 

support during the year 1980. Further d e ~ t . , ~  ~ n t  o f  the bed support w i l l  

require tes ts  a t  la rger  scale. This work w i l '  bf o l i cab le  t o  d i r e c t - f i r i n g  

o f  both open cyc le  and closed cycle MHD. 

The valve development needs are re la ted t o  the choice o f  combustor ( ind iv idua l  

or  one large combustor and pressurized or  no t ) .  The most demanding valve need 

i s  el iminated w i th  the ind iv idua l  pressurized combustor approach. Redesign t o  

accomodate high pressure and v e r i f i c a t i o n  t e s t s  would be needed f o r  the 

remaining valves. 



The question o f  n i t rogen oxide emission i s  s im i l a r  t o  tha t  f o r  the open cyc le  

i n d i r e c t l y - f i  red case. However, the presence o f  s lag i n  the heater beds w i  I ?  
diminish the probabi 1 i t y  that  alumina materials wJ 11 re ta i n  t h e i r  c a t a l y t i c  

propert ies, and therefore cause some reduction i n  the NO, levels.  

8.4.3 REHEAT WITH CLEAN COAL GAS 

The requirements f o r  t h i s  system are very s im i la r  t o  those f o r  the open cyc le  

case discussion i n  Section 6.5. The major d i f fe rence i s  the add i t iona l  need t o  
evacuate o r  purge heaters t o  avoid contamination of noble gas. Therefore, the 

discussion presented i n  Section 6.5 appl ies t o  t h i s  case. 



9.0 SUMMARY OF CCD MAJOR COMPONENT COSTS AND COMPARISON 

TO OCD COMPONENT COSTS 

This sect ion provides a summary comparison o f  the costs of major components f o r  
L closed cyc le  dfsk and open cyc le  d isk  MHD/steam power systems o f  the same 

nominal e l e c t r i c  power output. Conceptusl designs f o r  1000 MWe OCD MHD/steam 

i system major components were prepared and described i n  Section 6.0, and costed 

e a r l i e r  i n  t h i s  Section o f  the report .  It was therefore decided t o  select  one 

o f  the nominal 1000 MWe CCO cases invest igated and reported upon I n  the CCD 
I Systems Rnalysis section t o  serve as the basis f o r  devcloprnent of rough CCD 
1 

I component costs, Case 22, w i t h  1039 MWe gross MKD power output, and estimated 

net output of 968 MWe t o  the gr id,  was chosen t o  be the reference CCD case. 
I 

9.1 DISCUSSION OF REFERENCE CASE CCD SYSTEM 

Case 22 o f  Table 8.3,2 i s  a t yp i ca l  example o f  the performance of a large CCO 

MHD/steam e l e c t r i c a l  generating system. A l l  steam power generated i n  the 

bottoming p lan t  i s  u t i l i z e d  t c  d r i ve  the main feed pump and MHD cyc le  

compressor turbines; the :alcrtlated dev ia t ion from the match po in t  i s  only 

+ 0.23 MW as noted i n  the C a ~ c  22 data sheet o f  Appendix 0. The MHD generator 

w i l l  be assumed t o  be operable as a s ingle- load device, although i t  i s  l i k e l y  

tha t  fur ther  invest igat ion o f  of f -design-point  performance o f  such generators 

must be undertaken before the accep tab i l i t y  o f  such a design i s  proven. 

The CCD generator i s  a low-voltage, h igh current device; dc power i s  del ivered 

t o  the load at  251 kA through 4139 V. The low terminal voltage i s  close t o  the 

ginimum a l l o ~ a b l e  value fo r  converter bridges o f  the type u t i l i z e d  i n  the 

recent converter system designs; the sca l ing re la t ionsh ips given i n  Section 6.4 

w i l l  not hold if the disk i s  not taken t o  be a s ing le  load dez ice i n  t h i s  CCD 

case, t o  maintain the minimum br idge voltage above t h i s  l i m i t i n g  leve l ,  

The Case 22 generator representat ion of r i g u r e  8-3-1 depicts a Helmholtz p a i r  

magnet, bu t  there appears t o  be no f i r s t - p r i n c i p l e  reason why the less complex 

s ing le  solenoidal co i  1 magnet used fo r  the OCD conceptual designs could not be 



designed .3ppropriately f o r  CCD app l ica t ions .  The magnet warm bore requ i red  i s  

equ iva len t  t o  t h e  ajine o f  t he  ho le  permiss ib le  i n  t h e  inner  c o i l  s t r u c t u r e  o f  

such magnets which can be prov ided w i thout  a f f e c t i n g  f i e l d  q u a l i t y  i n  t he  

i n t e r a c t i o n  region. 

For t h e  generator i t s e l f ,  the very h igh  cu r ren t  Smplies an unusual e lec t rode 

system o f  s i g n i f i c a n t  sur face area w i t h  respect t o  t h e  plasma-wetted sur face 

area o f  the d isk.  The mechanical design o f  t he  d i s k  f o r  Case 22 should be 

reasonably cons is ten t  w i t h  those f o r  t h e  OCD described i n  Sect ion 6.1. The 

nozzle o r  another s t r u c t u r e  must pvovide the  requ i red  s w i r l  a t  the  generator 

i n l e t ,  and t h e  d i f f u s e r  can be envisioned as s i m i l a r  t o  t h e  OCD design s ince 

the res idua l  s w i r l  a t  t h e  generator e x i t  i s  approximately t h e  same f o r  bo th  

designs. 

The coa l  combustor design f o r  t he  CCD case can be very s i m i l a r  t o  those 

developed f o r  t he  OCD cases, s ince  the s lag  r e j e c t i o n  performance must be equal 

t o  o r  b e t t e r  than t h a t  provided by the  designs o f  Sect ion 6.2. 

The conceptual design o f  a f u l l  heat recovery system f o r  t he  OCD cases 

evaluated i n  t h i s  r e p o r t  was n o t  c a r r i e d  out.  The CCD heat recovery system may 

be o f  s u b s t a n t i a l l y  d i f f e r e n t  design than t h a t  f o r  an OCD system. Fur ther  

d e l i n e a t i o n  o f  features f o r  bo th  types of d i sk  heat recovery systems i s  

requ i red  be fore  a reasonable cos t  comparison bas is  i s  establ ished.  

9.2 RELATIVE COST ASSESSMENTS 

9.2.1 DISK GENERATORS 

The operat ing pressure, temperatures, s w i r l ,  and Mach number f o r  t he  OCD and 

CCD d isks  ( a t  l eas t  w i t h  respect t o  t he  comparison CCD Case) are approximately 

t he  same. Therefore, the  s t r u c t u r a l  design o f  t he  OCD can be presummed t o  be 

appropr iate f o r  the Case 22 CCD, and the  sca l i ng  fac tors  f o r  d isk  cos t  

described i n  Secticm 7.1 apply t o  the OCD/CCD comparison as we l l - -  w i t h  the  

except ion t h a t  the cos ts  o f  t he  l a rge r  e lec t rode system w i  11 need t o  be added 

on t o  the scaled d i sk  costs i n  the  CCD case. 



The est imated c o s t  r e l a t i o n s h i p  f o r  t he  d i sk  s t ruc tu res  i s  

* g i v i n g  'OCD R O ~ O ,  - "2 
C~~~ R~~~ 

f o r  the  comparison between the OCD Case 1A d isk  and CCD Case 22 d i sk  t h e  cos t  

r e l a t i o n s h i p  i s  CCCD=0.3 COCD. The l a rges t  d i sk  s i z e  found i n  the  Table 

8.3.1 CCD cases w i t h  1000 MWe output  i s  f o r  Case 12 w i t h  Ro = 3.77 m, and the  

r e l a t i o n s h i p  g ives a r e l a t i v e  cos t  of CCCO n 0.52 COCD w i t h  the  5.21 m 

rad ius  OCD Case 1A qenerator as reference. Hence, the  s t ruc tu re  cos ts  f o r  a 

CCD are l i k e l y  t o  be approximately h a l f  those f o r  an OCD i n  a s i m i l a r  output  

MHD/steam power system. 

The e lec t rode system cos ts  are expected t o  be s i g n i f i c a n t ;  i n  f ac t ,  t he  area 

requ i red  t o  l i m i t  cu r ren t  loading t o  the  same range as f o r  the OCD cases ( i .e .  
2 30-50 k ~ / r n ~ )  i s  about 17 m f o r  t he  Case 22 load cur ren t .  Using an 

approach s i m i l a r  t o  t h a t  taken f o r  the OCD generators, almost the e n t i r e  

plasma-wetted surface of the Case 22 generator i n t e r a c t i o n  reg ion  would have t o  

be e lec t rode surface. The c:casi-one-dimensional model used i n  d e f i n i n g  CCD 

parameters i n  t h i s  r e p o r t  would therefore no t  be adequate t o  p r e d i c t  CCD 

performance w i t h  the  r e s u l t i n g  cur ren t ;  i n  order  t o  achieve a reasonable 

operat ing conf igurat ion,  the  e lect rodes must be d i s t r i b u t e d  over v e r t i c a l  

surfaces (such as those associated w i t h  s w i r l  vanes and d i f f u s e r  s p l i t t e r s )  

placed d i r e c t l y  i n  the generator f l ow  stream. The cos t  o f  the  generator must 

then increase s u b s t a n t i a l l y .  To a f i r s t  l e v e l  of approximation, the CCD 

generator f o r  an MHD/steam system appears t o  show l i t t l e  o r  no cos t  advantage 

over the OCD generator f o r  a p l a n t  w i t h  s i m i l a r  e l e c t r i c a l  power output.  

9.2.2 POWER MANAGEMENT SYSTEM 

The informat ion developed f o r  the reference OCD generator power management 

system provides s u f f i c i e n t  in format ion t o  permi t  an assessment o f  the s p e c i f i c  

cos t  ($/kWe) f o r  the  Case 22 CCD power cond i t i on ing  system. Since no co-s i ted  

ac generat ing c a p a b i l i t y  i s  ava i l ab le  i n  the CCD MHD/steam power system, the 



VAR compensation must be prov ided by passive components. Table 9.2.1 conta ins 

cos t  in fo rmat ion  f o r  the  CCD Case 22 power management system under the  

assumption t h a t  the CCD generator can be operated as a two-terminal device. 

A l l  conver ters are o f  i d e n t i c a l  design and power ra t i ng ,  an? are  p a r a l l e l e d  

across the  generator. 126 conver ters are necessary i f  the  2000 A per  b r i dge  

cons t ra in t  i s  honored. The b r i dge  power, 8.25 MWe, i s  low i n  comparison t o  the  

t y p i c a l  b r i dge  power f o r  the OCD design cases. The $48.52/kWe (gross Mhu 

output bas is )  compares w i t h  the  $45.38/kWe f o r  a passi vely-compensated OCD 

system o f  500 MWe. The much l a r g e r  number o f  conver ter  br idges and the  

r e l a t i v e l y  low br idge power r e s u l t  i n  the  i n f l a t i o n  o f  s p e c i f i c  cos t  f o r  t he  

CCD Case. 

9 .3 .3  COAL COMBUSTOR 

Assuning tha t  the design o f  CCD and OCD combustors are e s s e n t i a l l y  the same, 

the  comparative costs w i l l  be set  by the  thermal power l e v e l  and combustion 

cond i t ions .  For a rough comparison of costs, t he  r e l a t i o n  f o r  combustors o f  

equivalent  power l c v e l  and L/D% 1 i s  approxiniately. 

The Case 22 CCD coal combustor operates a t  2415 K and approximately 1.2, wl r i le  

OCD combustor cond i t ions  are 2835 K and 700kPa. For these values, the s i z e  o f  

the CCD coal  combustor w i  11 requ i re  t.hat 

CCCD E 3 COCD. 
Since cornbustor thermal r a t i n g  i s  the same i n  each case, the s p e c i f i c  cos ts  are 

i n  the same r e l a t i o n s h i p .  

9.2.4 MAGNET 

The s inq le  c o i l  magnet design f o r  the  OCD generator system i s  d i r e c t l y  

app l icab le  t o  o rov id ing  the f i e l d  f o r  the  CCD generator.  Sect ion 6.3.4.5 

described a study o f  magnet costs which r e s u l t e d  i n  a cos t  sca l i ng  r e l a t i o n s h i p  



TABLE 9.2.1. COST ESTIMATE FOR CASE 22 CCD 
MHD POWER MANAGEMENT EQUIPMENT 

Design Data: To ta l  Power: 1039 MWe (gross MHD ou tpu t )  
Number o f  Bridges: 126 
Br idge Current:  1992 A a t  4139 V 
Br idge Power: 8.25 MWe 
Passive VAR Compensation Provided 

ESTIMATED COST, F.0.0, 

MID-1980 DOLLARS 
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For the  OCD magnets, a l l  o f  a  design w i t h  s i m i l a r  th ickness and magnetic 

induct ion,  t h i s  reduced t o  

With the  lower 6 Tesla magnetic i nduc t i on  proposed f o r  t he  Case 22 CCD magnet, 

t he  expected cost  r e l a t i o n s h i p  w i l l  be 

Comparing the 7.65 meter magnet o f  OCD Case 1A w i t h  the  4.21 meter magnet 

requ i red  f o r  CCD Case 22, i f  the  magnet th ickness i s  he ld  constant 

C~~~ ' O o 4  C O ~ ~  
Thus, magnet costs f o r  the  CCD generator w i l l  be s i g n i f i c a n t l y  less  than f o r  

t he  OCD generator. Since the cos ts  o f  a Helmholtz p a i r  have been est imated by 

NML t o  be roughly equivalent  t o  those o f  a s i n g l e  c o i l  design, t he  poss ib le  

revers ion  t o  the  Helmholtz p a i r  f o r  the  CCD because o f  the  l a r g e r  depth o f  t he  

i n t e r a c t i o n  reg ion  requ i red  would no t  a f f e c t  t h i s  conciusion. 
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APPENDIX A 

ESTIMATION OF RELATIVE HEAT LOSSES FOR COMBUSTORINOZZLE OF 

OUTFLOW AND INFLOW Dl SK GENERATORS. 

I n t  mduc t  ion 

Although the absolute values o f  heat loss w i l l  vary g rea t l y  w i t h  the d e t a i l s  

of t he  combustor design, i t  i s  nevertheless possible t o  estimate, w i t h i n  

reasonable e r r o r  bounds. the r e l a t i v e  heat losses f o r  an out f low conf igurat ion 

having two combustion stages. and an i n f l ow  conf igurat ion having n two-stage 

combustors end a t o ro i da l  plenum t o  d i s t r i b u t e  t h e i r  output around the periphery 

o f  the generator. The insu la t ion/coo l ing technology f o r  a l l  the hot  wal ls  i s  

assumed t o  be the same f o r  each case. Figures A1 -1 and A1 -2 def ine the geometries 

assumed f o r  t h i s  analysis. 

I f  p1 and p 2  a m  the f i r s t  and second stage mean gas densi t ies,  respect ively,  

then t o  a good approximation. we obtain the fo l low ing  expressions f o r  the gas 

residence times and component wal l  areas: 

We can now look a t  the component heat loss r a t i o s  i n  terms o f  various 

heat - t ransfer  and sca l ing law models. 
s 

For the f i r s t  ( g a s i f i e r )  stage, use i s  
('1) made o f  a sca l ing  proposed by Wright . 



n COMBUSTOR 
OF MASSFLOW 

PAIRS 
' m  

ri = GENERATOR INNER RADIUS ro/ri a 

ro = GENERATOR OUTER RADIUS rT/ro 0 
r~ = TORUSfPLENUM MEAN RADIUS dT/dqz $ 

WALL AREAS q , i  = 12,T  P ~ / P ~  z 8 
GAS RESIDENCE TIMES ri, i = 1,2 

71R5374-2A 



ONE COMBUSTOR 
PAIR OF MASS FLOW 

I M ( = n m )  

"NOZZLE" (N) 

ri/D2 " E 

( 5 bi, i 1,2 

WALL AREAS Ai, i = 1,2,N 

GAS RESIDENCE TIMES ti, i = 1,2 

Figure A-2 .  Outf low Geometry f o r  Disk Gencrator Combustors 



I , .  
5 

i 
F i r s t - s tage  s c a l i n g  and heat loss  

dl 512 
Use H r i g h t ' s  sca l i ng  o f  a ( ) 

Wright a l so  requires el = (LID constant) .  Thus the  r a t i o  o f  f i r s t - s t a g e  

t o t a l  wal l  areas i s :  

If we assume t h a t  t h e  heat t rans fe r  i n  t h e  f i r s t  stage i s  p r i m a r i l y  

convective, s!nee t h e  gas i s  o p t i c a l l y  t h i c k ,  then t h e  heat l oss  scales w i t h  

the w a l l  area, t o  a f i r s t  approximation, i . e .  RH = R,. 
1 



I f  the temperature of  the f i r s t -s tage  combustion products i s  kept t o  a 

low value such t h a t  the wal ls  can be run near ly  a t  gas temperat,ure, the heat 

loss  magnitude w i l l  be small. A reasonable val ue might be 1% of the t o t a l  

enthalpy enter ing the e n t i r e  combustion system. 

Second-staqe scal i n q  and heat loss  - 

We must assume r 2  = t2 f o r  these gas-gas combustors, t !~en,  from the 

e a r l  i e r  work, . 

- and i f  we assume e2 = $ 2  - eopt, then we obta in  f o r  the r a t i o  o f  second-stage 

t o t a l  w a l l  areas, 

Now suppose t ha t  the heat t r ans fe r  i s  due t o  rad ia t ion  and convection, 

such tha t  f o r  the l a r g e  combustor the ra t10 Qr/Qc z F. I n  general, we would 

expert  1 < F c 4 f o r  f u l l - s c a l e  combustors f o r  a va r ie ty  of fuels. Then, 

and 

and from ~ a r o f i r n , ' ~ )  f o r  a gas which i s  ne i ther  o p t i c a l l y  t h i n  nor o p t i c a l l y  

t h i ck ,  



E E K d  f 
9 

r e I! D ~ ,  where 0 . 3  2 f 0 .7 ,  and k i s  a constant .  G 

L e t  ds adopt a r e p r e s e n t a t i v e  mean valuc o f  f = 0 . 5 ,  and take  h6 = h 9 = h .  

then , 

and 

where 

B!' d e f i n i t i o n :  

where 

Thus, the  t o t a l  hea t  loss r a t i o  f o r  t h e  second stages i s  

112 = , -116 But ,  ( d21Dp 
a 

= F n  1 / 6  + 
Thus, 

R ~ 2  F + 1  



and tabu1 a t  i ng  : 

2 

1 1.191 1.424 1.583 7. 707 

2 1.168 1.369 1.504 1.609 

4 1.150 1.325 1.442 1.53: 
- . .  

Rat io  o f  heat loss between "Torus" and "Nozzle" - 

Again, l e t  the r a t i o  o f  r ad ia t i ve  and convective f l u x  be F f o r  the nozzle 

of the out f low case. Then, frum e a r l i e r  work, 

2 a ~ c n  -113, ,,, - Area torus = aT R 3  = - - 
Area nozzle % - T ( T J 2 )  + J2/4 

As for the second-stage combustors, 

and 

QN = h AN [Tp ' T,] + K' AN LN 
4 [T  - T, ] 

P 

where dT and LN are the charac te r i s t i c  length dimensions of  the torus and 

nozzle, respect ively,  f o r  r ad ia t i ve  ca lcu la t ion purposes. I n  the s p i r i t  of 

the e a r l i e r  calculat ions.  we may i d e n t i f y  dTodt  ( i .e .  y = 1)  and LN"D2; 



Then, by d e f i n i t i o n  

and t h e  heat  l o s s  r a t i o  becomes 

By way o f  example, l e t  us make a reasonable cho ice  o f  t h e  g e o m t r i c a l  and 

mean d e n s i t y  r a t i o s ,  i . e .  T,/T? = t,/t2 = 5/2; 6 = 514; c = 213; a = 3; and 0 = 5 1 4 .  . - . .- 

Then we f i n d  t h a t ,  f o r  n  = 4, R 3  = 6.937, and t a b u l a t i n g :  

We now need t o  make some es t ima te  o f  the  r e l a t i v e  magnitudes ' P I  o f  t h e  t o t a l  

heat  losses  i n  t h e  f i r s t  stage, second stage and nozz le  o f  t h e  ou t f l ow  case. From 

e a r l  i e r  work, 

e 

and f o r  (2 = 1, and c = 213, 



I f  the value o f  F i s  the same f o r  the nozzle and the second stage, then the 

losses w i l l  be i n  the r a t i o  AN/A2. 

If the t o t a l  heat loss for  the outflow case i s  7%. which i s  a reasonable 

value for current  coo l ing techniques w i t h  1% debited t o  the f i r s t  stage, then: 

and 

y i e l d i ng  P2 = .028 and PN = .032 

Thus, for  n = 4 and F = 2, 

In f low heat loss - ,0132 + .028 x 1.369 + ,032 x 5.983 - 3.47 Outflow heat- - + .028 
- 

+ .032 

For F = 4, n = 4, the value drops s l i g h t l y  t o  3.37. 

By carefu l  design, one could probably get t h i s  r a t i o  down t o  between 2.5 and 

3.0 but t h i s  must be a lower l i m i t .  The design goal for  the in f low case would 

have t o  be the minimization o f  the torus wal l  area whi le s t i l l  maintaining an 

acceptable degree o f  un i formi ty  i n  the ent ry  f l o w f i e l d .  

The s i t ua t i on  w i l l  improve f o r  e2  7 1 and f o r  (dT/dp) 2 q~ < 1, since t h i s  

reduces the torus wal l  area. For q~ # 1, 



and 

Thus, the  r a d i a t i v e  l o s s  scales w i t h  y3l2 and t h e  convect ive l o s s  w i t h  $. 

Then. w i t h  a reasonable geometry, i .e. a = 3, B = 5 /4 ,  c = 2/3. and (2  = e 2 .  
we ob ta in :  

Thus. t a b u l a t i n g  values o f  RH f o r  c r e d i b l e  ranges o f  values o f  n, $. 

and F: 3 

For t h e  extreme c r e d i b l e  case, i . e . ,  r a d i a t i v e  heat t r a n s f e r  f o u r  t imes 

convect ive;  e i g h t  combustors; and a to rus  reduced i n  c ross-sec t iona l  area t o  

on ly  36% o f  t he  second stage combustor cross-sect ional  area, t h e  value o f  R,, 
s t i l l  exceeds 2.1. 3 

We can thus conclude t h a t  f o r  a l l  p r a c t i c a l  choices o f  geometry, t h e  heat 

l o s s  o f  t h e  " to rus "  w i i l  always be several  t imes t h a t  of  the  "nozzle",  rznd 

t h a t  t h e  combustor-plus-nozzle heat toss f o r  t h e  i n f l ow  system must always be 

a t  l e a s t  2.5 t imes t h a t  o f  t h e  equ iva len t  o u t f l o w  system, and t h a t  even t h i s  

unfavorable r a t i o  i s  t o  be ob ta ined o n l y  a t  the expense o f  cavere compromises 

of t he  des i rab le  geometry. 
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APPENDIX 0 

CLOSED CYCLE DISK EQUATIONS AND SOLUTIONS 

For a l l  the cases examined i n  t h i s  study ?,he re laxa t ion  length  i s  neg l i g i b l y  

small compared t o  the  generator i n t e rac t i on  length, and Saha equ i l i b r ium for  the 

electrons preva i ls .  This was v e r i f i e d  using the f i n i t e - r a t e  k i n e t i c s  (and 

energetics) code described i n  Section 8.0. The system o f  equations used for  the 

generator subopt im i t a t i on  and the method o f  solut ion i s  out1 ined below. 

System o f  Equations (see ~omencl ature) 

Neutral gas momentum: 

Neutral gas energy: 

where 

C,= -R/ur 

C2 
= -[;k ( T -  T)+frur + f,u,1/(urRT) 



i 
Neutral  gas cont lnui  t y :  

E lect ron  energy: 

Saha equation: 

Ohm's law:  

Current conservation: 

Constraint  equation ( f o r  operat ion a t  maximum e l e c t r i c a l  e f f i c i e n c y )  : 

Addit ional  r e l a t i o n s :  

( f r i c t i o n )  

2 -  2 2 fr = C f  uur/z, where u - ur + U, 

Re = p ~ ( r  - r o ) / p ,  where rb = . 75  rinlet 

= 2.02 + 3.40 10-*T 



(reductlon fomul  ae f o r  effect1 ve plasma properties) 

where 

and 

(co l l  i s i  on frequency and cross sect ion) 

2 
Qe i = (5.85 x 1 0 - ~ ~ 1 n  n)/T, mks units 



where 

m,, = 133lL 



(rads! a t  ion) 

Q = f (z ,  n, I, Tee Ide, nc,) 

Method of So lu t ion 

The lnputs  f o r  the channel ca lcu la t ion  are the i n l e t  stagnatfon condit ions, 

Mach number, s w ~  rl , height, and radius. I n  addi t ion,  the B - f i e l d ,  turbulence 

leve l ,  seed f r a c t i o n  and impur i ty  f r ac t i on  and cross sections are required. The 
ca lcu la t ion  begins a t  the i n l e t  w i t h  a guess value f o r  Te. The plasma propert ies 
are computed and the e lec t ron energy equation f s checked. I t e r a t i o n  on Te i s  
ca r r i ed  out  u n t i  1 the energy equation i s  sat! s f i e d .  This procedure i s  used f o r  

each i n teg ra t i on  step. The integration !s carr ied-out  by a standard Runye-Kutta 

technique w i t h  a var iah le  g r i d  size. 

One draw-back o f  s ina le  electrode-pai r devices i s  tha t  con t ro l l ab i l  i t y  o f  loading 

must be accomplished e n t i r e l y  by the design o f  the loca l  channel area (cross-sect ion).  

I n  the open-cycle disk case, for  given loca l  stagnation condit ions, sw i r l  , magnetic 

f i e l d  and t o t a l  Mach number the short c i r c u i t  current  densi ty i s  f i xed  (since the 

propert ies,  a, 6 are uniquely determined). Hence, the va r ia t ion  of area w i th  

loading ( i .e . ,  current  load factor, K) i s  l i near ,  as depicted i n  f i gu re  5-1. 111 

nonequil ibr ium disks the e f fec t i ve  propert ies are coupled t o  the loading, and t h i s  

coupl ing i s  no t  unique. For example, i t  can bc seen i n  F igures-1 t h a t  f o r  ce r ta in  

speci f i ed  areas ( o r  r ad ia l  current density, j r )  three possib le loadings can ex i s t .  

This presents some d i f f i c u l t y  i n  the numerical a n j l y s i  s l i n tegra t ion  c f  the channe; 

design, par - t i cu ia r l y  when oprra t ion a t  the optimum K (which occurs near. the 

btinimum ~f the jr versus K curve) i s  desired. During an in tegra t ion  step the 

ca lcu la t  ion can become unstable, w i th  a jump t o  near open c i r c u i t  cond'itions, if 

the current  density ( o r  area) i s  calculated p r i o r  t o  K and i t e r a t i o n  i s  based on 

K approaching Kept. The problem i s  resolved by f i r s t  ca lcu la t ing  K = Kopt and 

i t e r a t i n g  on the t o t a l  current ,  I. That i s ,  the gas temperature gradient i s  var ied 

dur ing each i n teg ra t i on  step utfl a value ( o f  dT/dr) i s  found such t ha t  I (when 

ca lcu la ted from the optimum load fac tor )  remains constant ( t o  w i t h i n  0.1% o f  the 

value calculated a t  the previous s tep) .  This procedure can be appl ied t o  closed- 

cycle l i n e a r  diagonal generator ca lcu la t ions as wel l .  



LOAD FACTOR K = jrljsc 
705374.1 A 

Figure  B-1. Load Map f o r  Closed Cycle Disk Generator 
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NOMENCLATURE FOR APPENDIX B 

Magnetic f i e l d  s t r ~ n g t h  

Electron thermal speed 

F r i c t i o n  coe f f i c i en t  

E l e c t r i c  f i e l d  strength 

Electron charge 

Mole f r a c t i o n  o f  impur i t i es  1,2 

Radial f r i c t i o n  term 

Azimuthal f r i c t i o n  term 

Total / load currect  

Radial cur rent  density 

Azimuthal current densi ty 

Bo1 tzmann' s constant 

Current load f ac to r  

Optimum load f ac to r  

Avogadro ' s number 

Mass o f  species 1.2 

Electron mass 

Average mol ecill a r  wei ght 

Mass f low ra te  

neutra 1 gas n u h e r  densi t y  

Cesium number densi ty 

Electrcn density 

Pressure 

Argoyi cross sect ion 



Nomenclature gcont 'd) 

Cross sec t i on  o f  species 1.2 
Qgl  .2 

Qe i 'oulomb cross sect  i on  

Qcs 
Cesi um cross sec t i on  

QR 
Radiat ion energy t e r n  

r Rad i us 

R Gas constant 

r 
Reynold's number 

S w i r l  r a t i o  uelur  

S Mean square o f  turbulence f l u c t u a t i o n s  

T Gas temperature 

e E lec t ron  temperature 

'r Radi a1 gos we1 oc i  t y  component 

ue Azimuthal gas v e l o c i t y  component 

z Channel he igh t  

0 I dea l  / m i  cwscop i  c Hal 1 parameter 

' e Effr.::ti ve #a1 1 parameter 

2 
1 1 + 6, 

' .2 : o l l i s i o n a l  l o s s  f a c t o r  f o r  species 1.2 

Y Speci f: 5eat r a t i o  

Y Pl  asma vi i .ccs i t y  

v C o l l i s i o n  frequency 





STATEPOINTS FOR CLOSED CYCLE DISK MHD/FTEAM SYSTEM 

W l  TH COAL COMBU STM - F I RED ARGON REGENERATOR 

33 SASE SUMMARY 

NOTES 

1. P lan t  e f f i c i e n c y  ( rl p l a n t )  does not- inc lude decrement f o r  p a r a s i t i c  loads 

such as coo l i ng  tower, c i r c u l a t i n g  pumps, SO2 scrubber system. 

2. Enthalp ies ra the r  than temperatures a re  repor ted f o r  the  f o l l o w i n g  s t a t i o n s :  

A. Economizer o u t l e t  (steam s ide)  

0 .  Regenerator va lve coo ler  o u t l e t  

C.  Combustor c o o l i n g  system o u t l e t  

3 .  System t o  3perate a t  match p o i n t .  



CCD/WHD/STEAM SYSTEMS PERFORMANCE SURVEY - CASE NO. 1 

Assumed Coal F i r i n g  Rate = 784.2 MWt 
WD Gross Power Output:  375.7 W e  ( V I )  
Argon Compressor Pressure Rat l o  : 4.93 
D isk /D i f fuser  Pressure Rat lo :  4.33 
nHS (ca lcu la ted)  m 88.9%; nStm (ca lcu la ted)  - 41.52; nPlant  = 48.0% 

A. ARGON LOOP (m argon 1060 kg/s)  

Locat i o n  -- Temp, K Power t o  Arqon, MW 

Compressor I n l e t  350 
Compressor O u t l e t  657.2 + 178.8 
Preheater Out l e t  • 922 + 144.7 
Regenerator O u t l e t  '1920 + 545.4 
Disk Generator O u t l e t  1232 - 375.7 
Radiant Furnace O u t l e t  1137 - 51.7 
Reheater O u t l e t  * lo00 - 75.0 
ITAH O u t l e t  816.9 - 100.0 
Economizer O u t l e t  471 - 189.1 
LPFH O u t l e t  338.7 - 72.3 
Precooler O u t l e t  330 - 4.78 

B. STEAM LOOP (m steam = 121.7 k g ~ s )  

Locat ion -- Temp, K 

Hotwel l  '312 
Condensate Pump Discharge '312.6 
LPHF *451 
Yain Feed Pump Discharge '457.4 
Economizer Out (2.340 €6 
Valve Cooler Out (2.434 E6j 
Combustor Cool ing Out (2.883 E6) 
Radfant Furr~ace Out *El 1 
HP Turbine Out '564 
Reheater Out '811 
LP Turbine Out 
Condenser Out '*312 

41R SYSTEM (m a i r  = 242.4 kg/s)  c .  --- 
Locat ion Temp, K 

Compressor I n l e t  288 
Compressor O u t l e t  * 305 
ITAH 7 O u t l e t  * 479.8 
ITAH 1 O u t l e t  546.0 
I iAH O u t l e t  922 

D.  OMB BUST ION GAS SYSTEM 

5 Press, 10 Pa 

' (2"  HgA) 
' 10.0 
' 9.53 
'273.9 
''265.7 
'257.7 
'250.0 
'242.0 
'45.n 
'40.0 

* ( 2 "  HgA) 

Power, MW 

Locat ion Temp, K lilt , kg/s 

Combustor '241 5 
Regenerator Out '1090 270.1 
Argon Preheater Out 671.1 270.1 
ITAH 1 Out 611 270.1 
ITAH 2 Out 406 182.7 
Coal Dryer Out 
Stack 

Bower, KW 

Power, Mk' - 

'Denotes f i x e d  q u a n t i t i e s  f o r  a l l  cases. 
**Includes a i r  and coal ;  deducts coo le r  losses 

MATCH POINT DEVIATION = * 5.72 MW 



CCD/RHD/STEAM SYSTEMS PERFORMANCE SURVEY - CASE NO. 2 

Assumed Coal F t r t n g  Rate 949.0 W t  
MHD Gross Power Output: 459.1 W e  ( V I )  
Argon Compressor Pressure Ra t io  : 5.08 
D isk /D i f fuser  Pressure Rat to:  4.46 
qHS (ca lcu la ted)  8 89.5%; sStm (ca lcu la ted)  = 41.5%; nPlant  = 47.8X 

A. ARGON LOOP (m argon 1294 kg/s)  

Locat ion Temp, K Power t o  Argon, MJ 

Compressor I n l e t  330 
Compressor Out l e t  665.7 + 222.0 
Preheater O u t l e t  922 t 169.5 
Regenerator Out le t  *I920 + 660.0 
Disk Generator O u t l e t  1225 - 459.1 
Radiant Furnace O u t l e t  1138 - 57.7 
Reheater O u t l e t  * lo00 - 91.2 
ITAH O u t l e t  825.5 - 115.4 
Economizer O u t l e t  471 - 234.4 
LPFH O u t l e t  338.5 - 87.6 
Precooler Out le t  330 - 5.60 

B. STEAM LOOP (m steam = 147.5 kg/s) 

Loca t l  3n - Tmp, K 

Hotwel l  *312 
Condensate Pump Discharge '312.6 
LPHF '451 
Main Feed Pump Discharge *457.4 
Economizer Out (2.375 E6) 
Valve Cooler Out 
Combustor Cool i n g  Out [Etf 3 
Radiant Furnace O l ~ t  *81 1 
HP Turbine Out *564 
Reheat?!' Out *811 
LP Turbine Out 
Condenser Out *312 

C .  AIR SYSTEM (ti a i r  =293.3 k g l s )  

Locat ion . -- Temp, K 

Compressor I n l e t  288 
Compressor O u t l e t  305 
ITAH 2 O u t k t  479.8 
ITAH 1 O u t l e t  564.2 
ITAH O u t l e t  922 

D. COMBUSTION GAS SYSTEM 

Locat ion Temp, K 

5 Press, 10 Pa 

Power, MW_ 

Power, MW 

Power, MW 

Combustor 
Regenerator Out 
Argon Preheater Olut 
ITAH 1 Out 
ITkH 2 Out 
Coal Dryer Out 
Stack 

*Denotes f i x e d  q u a n t i t t ~ ,  f o r  a l l  cases. 
**Includes c i r  and coal;  deducts coo le r  losses. 

WITCH POINT DkVlA'IlON = + 1.82 HW 



CCD/WID/STEAM SYSTEMS PERFORMANCE SURVEY - CASE NO. 3 

Assumed Coal F t r t n g  Rate 866.4 W t  
MHD Gross Power Output: 415.8 W e  ( V I )  
Argon Compressor Pressure Rat i 0  : 5.17 
D lsk /D t f fuser  Pressure Rat l o :  4.50 
,-,HI (CalcUl.ted) = 88.4%; nStm ( ca lcu la ted)  = 41-51; .Plant 47.5r  

A. ARGON LOOP (h argon * 1\71 k g l s l  

Locat l on ~emp.  K Power t o  Argon, PIW 

Compressor I n l e t  
Compressor O u t l e t  
Preheater Out l e t  
Regenerator O u t l e t  
Dl sk Generator O u t l e t  
Radiant Furnace O u t l e t  
Reheater O u t l e t  
ITAH O u t l e t  
Economizer Out l e t  
LPFH O u t l e t  
Precooler O u t l e t  

STEAM LOOP (m steam = 132.0 kg /s )  0. -- 
5 

Temp, K Press, 10 Pa Power, Mu Locat ion 

Hotwel l  
Condensate Pump Discharge 
LPHF 
Main Feed P ~ q p  Discharge 
Economizer Out 
Valve Cooler Out 
Combustor Cool i n 9  Out 
Radiant Furnace Out 
HP Turbine Out 
Reheater Out 
LP Turbine Out 
Condenser Out 

C .  AIR SYSTEM (m a i r  = 267.8 k g l s )  

Locat ion Temp, K Power, Mid 

* 288 Conpressor I n l e t  
Compressor Out l e t  + 305 + 4.52 

ITAH 2 Out le t  * 479.8 47.8 
ITAH 1 Out le t  531.3 + 14e4 
ITAH Out le t  922 + 114.1 

D. COMBUSTION GAS SYSTEM 

Jemp, K mc, k g l s  Locat ion -- 
'2415 Combustor 

Regenerator Out '1 090 293.4 

Argon Preheater Out 658.4 298.4 
ITAH 1 Out 611 298.4 

ITAH 2 Out 408 201.1 
Coal Dryer Out 408 96.6 
Stack '(408) (299.4) 

'Denotes f i x e d  q u a n t i t i e s  f o r  e l l  cases. 
*+includes a i r  and coa l ;  deducts coo le r  10sSe:. 

Power, MW 

MATCH POINT DEVIATION = + 2.00 



CCD/MHD/STEAM SYSTEMS PERFORMANCE SURVEY - CASE NO. 4 

Assumed Coal F i r l n g  Rate = 1610 lrkJt 
UMD Gross Power Output: 763.3 W e  ( V I )  
Arqon Compressor Pressure R a t i o  : 5.07 
D lsk /D i f fuser  Pressure Ra t io :  4.42 
nHS (ca lcu lated)  = 88.91; nStm (calculatt!d) = 41.5%; nPlant  = 46.9% 

A. ARGON LOOP ( t i  argon = 2196 kg/s)  

Locat t on Temp, K Power t o  Arqon , MW 

Compressor I n l e t  
Compressor O u t l e t  
Preheater Out le t  
Regenerator Out le t  
Dlsk Generator O u t l e t  
Radiant Furnace O u t l e t  
Reheater O u t l e t  
ITAH O u t l e t  
Economizer Out le t  
LPFH O u t l e t  
Precooler Out l e t  

B. STEAM LOOP (m steam = 252.3 k g l s )  

Locat ion 
5 Temp, K Press, 10 Pa Power, MW 

Hotwel l  
Condensate Pump Discharge 
LPHF 
Main Feed Pump Discharge 
Economizer Out 
Valve Cooler Out 
Combustor Cool l n g  Out 
Radiant Furnzce Out 
HP Turbine Out 
Reheater Out 
LP Turbine Out 
Condenser Out 

A I R  SYSTEM (m a i r  = 497.8 k g l s )  c .  -- 
Locat ion Temp, K Power, MW 

Compressor I n l e t  + 288 
Compressor Out1 e t  + 305 + 8.41 
ITAH 2 O u t l e t  479.8 + 88.9 
ITAH 1 O u t l e t  546 + 34.4 
ITAH a u t l e t  + 922 + 204.4 

D. COMBUSTION GAS SYSTEM 
m k g l s  

Locat ion i m p ,  K c '  

Combustor '241 5 
Regenerator Out '1090 554.7 
Argon Prehe,rter Out 671.1 554.7 
ITAH 1 Gut 611 554.7 
ITAH 2 Out + 408 375.1 
Coal Dryer Out + 408 179.6 
Stack '(408) (554.7) 

+Denotes f i x e d  q u a n t i t i e s  f o r  a l l  cases. 
++Includes a i r  and coal;  deducts c o o l e r  losses. 

M;,TCH PCIINT DEVIATION = +4.?3 t4d 

Power, MW 

+ 1834 ++ - 1179 
- 298.7 
- 34.6 
- 89.4 
- 42.6 
- 124.3 



CCD/#HD/STLACI SYSTEMS PERFORMANCE SURVEY - CASE NO. 5 

Assumed Coal F l r l n g  Rate 1424 MWt 
HHD Gross Power Output: 674.5 We ( V I )  
Argon Canpressor Prtessure Rat l o  : 5.44 
D lsk /D l f fuser  Pressare Ra t io :  4.68 
nHS ( ca lcu la ted)  = 89.4%; sStm ( ca lcu la ted)  = 41.5%; nPlant  = 46.72 

A. ARGON LOOP (m argon = 1922 kg/s) 

Locat i o n  T p ,  Power toArgon ,MW 

Compressor I n l e t  320 
- 

Compressor O u t l e t  664.4 + 341.8 
Preheater O u t l e t  + 922 + 255.6 
Regenerator Out le t  * 1920 + 990.4 
Disk Generator O u t l e t  1239 - 674.5 
Radiant Furnace O u t l e t  1140 - 98.2 
Reheater O u t l e t  • 1000 - 139.1 
ITAH O u t l e t  824.3 - 174.4 
Economizer O u t l e t  471 - 350.5 
LPFH O u t l e t  3 36 - 134.0 
Precooler  O u t l e t  320 - 15.9 

B .  STEAM LOOP (rir steam = 225.5 kg /s )  

Locat ion Temp, K 

Hotwel l  '312 
Condensate Pump Discharge '312.6 
LPHF +451 
Main Feed Pump Discharge *457.4 
Economlzer Out (2.341 E6 
Valve Cooler Out (2.433 E61 
Combustor Cool ing Out (2.873 Eb! 
Radiant Furnace Out '811 
HP Turbine Out '564 
Reheater Out '811 
LP Turbine Out 
Condenser Out *312 

5 Press, 10 Power W A-- 

C .  AlR SYSTEM (m a i r  = 440.1 kg /s )  

Loca t ion  Temp, K Power, MI4 

Compressor I n l e t  288 
Compressor O u t l e t  305 + ! 43 
ITAH 2 3 u t l e t  479.8 + 3 . 6  
ITAH 1 O u t l e t  561.6 + 37.7 
lTAH O u t l e t  922 r 173.5 

D. COMBUSTION GAS S L S x  

Locat i c n  

Combustor 
Regenerator Out 
Argon Preheater Out 
ITAH 1 Out 
ITAH 2 Out 
Coal Dryer Out 
Stack 

*Denotes f i x e d  q u a n t i t i e s  f o r  a1 1 cases. 
** Inc ludes a i r  and coa: ; deducts coo le r  \asses 

Power, 3 

MATCH POINT DEVIATION = + 0.42 !W 



CCD/MHD/STEAW SYSTEMS PERFORblANCt SURVEY - CASE NO. 6 

Assumed Coal F l r l n g  Rate = 882.2 MWt  
WID Gross Power Output: 419.7 W e  ( V l )  
Argon Compressor Pressure Rat l o .  5.30 
Dfsk/Dlffuscr Pressure Ratio: 4.66 
nHS (cslculatcd) - 88.9%; nSM (calculated) = 41.5%; "Plant = 46.9% 

A. ARGON LOOP (m argon = 1196 kg/s) 

Loca t i on Temp, K Power t o  Argon, W 

Compressor l n l c t  320 
Compressor Out le t  657.2 + 208.7 
Preheater Out let  922 + 163.9 
Regenerator Out let  • 1920 + 617.8 
Disk Generator Out let  1241 - 419.7 
Radiant Furnace Out let  1139 - 63.2 
Reheater Out le t  + 1000 - 86.2 
ITAH Out let  816.9 - 113.3 
Economizer Out let  * 471 - 214.1 
LPFH Out let  337 - 83.0 
Precooler Out let  320 - 10.5 

B. STEAM LOOP (h steam = 139.7 kg ls )  

Location Temp, K 

Hotwell *312 
Condensate Pump Discharge '312.6 
LPHF '451 
Main Feed Pump Dischdrge '457.4 
Economizer Out 
Valve Coole~ out I::::! ::I 
Cmbu: t o r  Coo? i ng Out (2.056 E6 ) 
Radiant Furnace Out *811 
HP Turbine Out *564 
Reheater Out *811 
LP Turbine Odt  
Condenser Out *312 

C. A I R  SYSTEM (m a i r  = 274.6 kg/s) 

Locetion Temp, K 

Compressor I n l z t  288 
Compressor Out let  305 
ITAH 2 Out let  479.8 
ITAH 1 Out let  546.0 
ITAH Out let  922 

Press, l o 5  pa - 

Power, MJ 

Power, MW - 

D. COMBUSTION GAS SYSTEM 

Location 

Combus to r  
Kegenerator 5ut 
Argon Preheater Out 
ITAH 1 Out 
ITAt! 2 Out 
Coal Dryer Out 
Stack 

mc, kg/s 
.Temp, -- Power, MW 

*24? 5 - + 1011 ** 
1096 306.0 - 650.3 
671.1 306.0 - 164.8 
611 306.0 - 19.1 
408 206.9 - 49.3 
408 99.1 - 23.5 

'(408) (306.0) - 68.5 

'Denotes f i xed quant i t ies  f o r  a l l  cases. 
**Includes a i r  and coal ; deducts cooler losses. 

HATCH POlNT DEVlATION = + 3.18 



CCD/MHD/STEAM SYSTEHS PERFORMANCE SURVEY - CASE N3.7 

Assumed Coal f i r i n g  Rate . 843.7 MWt 
MMD Gross Power Output: 396.4 W e  ( V I )  
Argon Camproso- Pressure Re t 4 0  : 5.26 
Disk/Di f f u s e r  Pressure Ra t io :  4.61 
nHS ( ca lcu la ted)  - 88.72; n S b  ( ca lcu ls ted)  41.5%; nPlant  = 46.8% 

A. ARGON LOOP (m argon 1136 kg/s)  

Locat i o n  Temp, K Poaer t o  Argon, W 

Compressor l n l e t  
Compressor O u t l e t  
Preheater Out le t  
Regenerator O u t l e t  
Di i k  Generator Out l e t  
Radf ant  Furnace O u t l e t  
Reheater O u t l e t  
lTAH O u t l e t  
Economi r e r  Out l e t  
LPFY O u t l e t  
Precooler O u t l e t  

B. STEAM LOOP (m steam = 132.9 kg/s)  
5 

Locat i o n  Temp, K Press, 10 Power, MW 

Hotwel l  
Condensate Pump Discha 
LPHf 
Main Feed Pump Dischar 
Economizer Out 
Valve Cooler Out 
Con~bustor Cool fng  Out 
Radtznt Furnace Out 
HP Tcrbine Out 
Rebeater Out 
LP Turbine Out 
Condenser Out +312 

C .  AIR SYSTEM (m a i r  = 260.8 kg/s)  

Locat ion T e m k K  Power, -- - 
Compressor l n l e t  + 288 
Compressor O u t l e t  305 4 4.40 
ITAH ? Out le t  479.8 4 46.6 
ITAH 1 Out le t  54:.2 t 16.7 
ITAH Out le t  922 t 108.4 

D.  COMBUSTION GAS '5YSTEM 
K mc 1 k9/s 

Locat ion -- - 
*2415 Combus t o r  
'1 090 290.6 

Regenerator Out 
Argon Preheater Out 666.9 290.6 
ITAH 1 Out 611 293.6 
ITAH 2 Out + 408 196.5 
Coal Dryer Out * 408 94.1 
Stack *(4ob) (290.6) 

*Denotes f i x e d  q u a n t i t i e s  f o r  a l l  cases. 
**Includes a i r  and coal ;  deducts coo le r  l o ~ s f ? ~ .  

Power, Mk' 

+ 960.7*+ - 617.7 
- 157.8 
- 16.8 
,. 46.8 
- 22.3 - 65.1 

MATCH POINT DEVIATIOK = 4 4.67 MW 



CCD/MHD/STEAM SYSTEMS PERFORMANCE SURVEY - CASE NO. 8 

Assumcd Coal F i r l n g  Rate 1528 Nut 
WD Gross Power Output: 712 W e  ( V I )  
Argon Compressor Pressure Ra t lo :  5.08 
Dlsk/Dl f fuser  Pressure Ra t io :  4.48 
nHS ( ca lcu le ted)  = 88.8%; nStm ( c a l c u l s t e d )  = 41.5%; ?Plant  = 47.0% 

A.  ARGON LOOP (m argon = 2059 kg /s )  

Locat ion Tun,), K 

Compressor I n l e t  325 
Compressor Out le t  655.9 
Preheater Out le t  922 
Regenerator Out le t  1920 
Disk Generator O u t l e t  1251 
Radiant turnace O u t l e t  1141 
Reheater O u t l e t  • 1000 
ITAH O u t l e t  815.7 
Economt zer  Out le t  471 
LPFH O u t l e t  335.5 
Precooler Out le t  325 

B. STEAM LOOPa (ti steam = 242.9 kg/s)  

Locat ion -- Temp, K 

Hotwel l  '312 
Condensate Pump Discharge '312.6 
LPHF '451 
Main Feed Pump Dlschrrge '457.4 
Economt zer Out (2.298 E61 
Valve Cooler Out (2.399 E6, 
Combustor Cool tng Out (2.827 E6) 
Radiant Furnace Out '81 1 
HP Turbtne Out '564 
Reheater Out '811 
1 Turbine Out 
Condenser ( ju t  '312 

C.  AIR SYSTEM f m  a i r  = 472.3 k g / s )  

Power t o  Arqon, MW 

+ 352.4 
+ 283.3 
+ 10b3 - 712.4 - 116.9 
- 149.9 - 196.3 - 367.1 - 144.3 - 11.1 

Press, l o 5  PC 

' (2"  HgA) 
' 10.0 

9.53 
'273.9 
'265. i 
'257.7 
'250.0 

'40.9 

( 2 "  HgA) 

Locat ion Tmp,  K Power, MW 

Compressor I n l e t  288 
Compressor Out let. ' 005 + 7.98 
l lAH 2 L u t l e t  475.L + 84.4 
lTAH 1 O u t l e t  543,J t 31.4 
ITAH O u t l e t  922 + 195.3 

D. COMBUSTICN GAS SYSTEM 

Locat ion 

Combus t o r  
Regenerator Out 
Argon Preheater Out 
ITAH 1 Out 
ITAH 2 Out 
Coal Cryer Out 
Stack 

Power, MW 

'Denotes f i xed  q u a n t i t i e s  f o r  a l l  cases. 
*'includes a i r  and coal ;  deducts coo le r  losses.  

MATCH 'JOINT DEVIATION = t 16.2 MJ 



CCD/HHD/STEkbr SYSTEMS PERFORWNCE SURVEY - CASE NO. 9 

Assumad Coal F l r l n g  Rate = 1471 W t  
M D  Gross Power Output: 703.8 FBle (VI )  
Argon Canpressor Pressure Ra t to  : 5.30 
Dlsk/Dt ffuser Pressure Rat l o :  4.66 
nHS (cs lcu l r ted)  88.9%; nStm (cs lcu ls ted)  = 41.5%; nPlsnt = 47.22 

A. ARGON LOOP (h argon 1980 kg/s ) 

Locstion Temp, K Pwer t o  Argon, W 

Compressor I n l e t  320 
Compressor Out l e t  657.4 + 346.0 
Pieheater Out let  922 + 271.3 
Regenerator Out l e t  1920 +I023 
Dl sk Generator Out let  1233 - 703.8 
Rsdfant Furnace Out l e t  1136 - 98.1 
Reheater Out let  1000 - 141.0 
lTAH Out let  817.2 - 187.5 
E I O ~ M ~ Z ~ ~  Out let  471 - 355.0 
LPfH Out let  338.5 - 135.9 
Precooler Out let  320 - 18.9 

B.  STEAM LO@P (h steam = 228.8 kg/s) 

Location Temp, K 

Hotwell *312 
Condensate Pump Discharye *312.6 
LPHF *451 
Main Feed Pump Discharge *457.4 
Economizer Out 
Valve Cooler Out (2.432 (2.338 E6 \  E6 
Combustor Cool ing Out (2.880 E6) 
Radtsnt furnace Out *811 
HP Turbine Out *564 
Reheater Out * 8 l l  
1 P  Turbine Out 
Condenser Out *312 

C .  A I R  SYSTEM ( h a i r  = 454,@ kg/s) 

Location Temp, K 

Compressor I n l e t  288 
Compressor Out let  * 305 
ITAH 2 Outlet 479.8 
I T A H  1 Outlet 546.5 
ITAH Outlet • 922 

D. COMBUSTION GAS SYSTEM 

Lorot lon Jemp, K 

Combus to r  '241 5 
Regenerator Out '1 090 
Argon Preheater Out 671.5 
ITkH 1 Out 611 
lTkH 2 Out 408 
Coal Dryer Out 408 
Stack (408) 

Press, 10' Pa 

(2" HgA) 
10.0 
9.53 

'273.9 
*265.7 
*257.7 
'250.0 
'242.0 
'45.0 
'40.0 

( 2 "  HgA) 

*Denotes f ixed quantf t i e s  for  a l l  cases. 
**Includes a i r  ana coal; deducts cooler losses. 

MATCH POINT DEVIATION + 1.; 1 MW 

Power, ML: 

Power, Mk' 



CCD/WHD/SlEAI9 SVSTEHS PERFORMANCZ SURVfV .* CASf NO. 10 

Assumed Coal F i r i n g  Rat* = 998.5 W t  
HHD Gross Power Output: 467.1 We ( V I )  
Argon Cmpressor Pressure Rat to : 5.50 
Dfsk/Diffuser Pressure Ratto: 4.79 
nHS (er lcu ls ted)  89.6%; nStm (calculst.ed: = 41.5%; nP1ant 8 46.3% 

A. ARGON LOOP (m srgon 1344 kg/$)  

Location -- Tmp, r. Power t o  Argon, MW 

Compressor I n l e t  320 
Compressor Out l o t  667.6 + 241.9 
Preherter Out let  922 + 177.0 
Regenerator Out let  ' 1920 + 694.5 
Disk Gene,-ator Out let  1248 - 467.1 
9ad!an? Furnace Out let  1143 73.2 
Reheater Out let  + 1000 - 99.4 
ITAH Out let  827.5 - 120.1 
Economizer Out let  471 - 248.1 
LPFH Out let  333.8 - 95.5 
Precooler Out let  320 - 9.59 

B .  STEAM LOOP (m steam = 160.7 kg/s) 

Locat ion -- 5 Temp, k Press, 10 Pa Power, MW 

Hotwell '312 ' ( 2 "  HgA) 
Condensate P~mp Discharge *312.6 10.0 + 0.22 
LPHF '451 ' 9.53 + 95.0 
Main Feed Pump Discharge '457.4 '273.9 + 6.60 
Economizer Out (2.330E6) '265.7 + 246.8 
Valve Cooler Out 2.420 E6 '257.7 + 14.6 
Combustor Cool lng Out I 2  .851 L6\  '250.0 + 69.6 
Radiant Furndce Out '811 '242.0 + 77.8 
HP iurbfne Out '564 '45.0 - 63.3 
Reheater Out '811 '40.0 + 99.3 
LP Turbine Out - 192.b 
Condenser Out *312 (2" HgA) - 349.0 

C .  A I R  S Y S T E f l  (m a i r  = 308.7 kg/s) 

Location Temp, K Power,MW 

Compressor I n l e t  288 
Compressor Out ls t  305 + 5.21 
I T A H  2 Out let  479.8 + 55.2 
ITAH 1 Out let  560.4 + 28.6 
ITAH Out let  • 922 + 119.5 

D. COMBUSTION GAS SYSTEM 

Loca t i on Power, MW - 
Combus t o r  '24 15 - 
Regenerator Out '1090 344.0 
Argon Preheater Out 690.5 344.0 
lTAii 1 Out 611 344. @ 
ITAH 2 Out 408 232.6 
Coal Dryer OI!~ 408 111.4 
Stack '(408) / 344.0) 

'Denotrs f ixed q u a t ~ t i t i e s  f o r  a l l  cases. 
+*Inclbdes a i r  and coal; deducts cooler losses. 

MATCH POINT DEVIATION = + 2.09 MW 



CCD/bWD/STEAM SVSTEHS PERFORMANCE SllRVEV - CASE NO. 11 

Assumed Coal F l r f ng  Rate 2293 MWt 
WtD Gmss Power Output: 10P5 MWe (VI) 
Argon Campressor Pressure Ratio: 5.31 
Dl sk/Dl f f user Pressure Ratio : 4.66 
nHS (calculr ted) = 88.91; nStm (calculated) - 41.5%; nPlant - 46.9% 

A. ARGON LOOP (m argon - 3089 kg/s) 

Locat l  on Temp, K Power t o  Arson, MH 

Compressor In1 e t  
Compreisor Out let  
Preheater Out le t  
Regenerator Outlet 
Dtsk Generator Out let  
Red1 ant Furnace Out1 e t  
Reheater Out le t  
ITAH Out let  
Economl zer Out let  
LOFH Out let  
Precoolcr Out let  

B. STEAM LOOP (m steam = 360.6 kg/s) 

1.oca t 1 on Temp, K Press. l o 5  Pa Power, Mbl 

Hotwell *312 
Condensste Pump Discharge *312.6 
LPHF *451 
Main Feed Pump Discharge *457.4 
Economizer Out (2.323 E6) 
Valve Cooler Out 2.416 E6 
Combustor Cool lng Out I2.859 161 
Radiant Furnace Out *a11 
HP Turbine Out *564 
Reheater Out *a1 1 
LP Turbine Out - 
Condenser Out *312 

C. A I R  SYSTEM (m a i r  = 708.9 kg ls )  

Location Temp, h' Por~er. HI4 

Compressor I n l e t  288 - 
Compressor Out l e t  305 + 12.0 
ITAH 2 Out let  * 479.8 + 126.7 
ITAH 1 Out let  547.4 + 50.1 
ITAH Out let  922 + 290.0 

D. COMBUSTION GAS SYSTEM 

Locat l  on Imp, ,( mc. k9Is - 
Combus t o r  *2415 - 
Regenerator Out *I090 790.0 
Argon Preheoter Out 672.4 790.0 
ITAH 1 Out 611 790.0 
ITAH 2 Out 408 534.2 
Coal Dryer Out 408 255.8 
Stack *(408) (790.01 

*Denotes f ixed quant l t ies  f o r  a l l  cases. 
**Includes a i r  and coal; deducts cooler losses. 

Power, MW 

MATCH POINT DEVIATION = + i ;1 MW 



CCD/WnD/'STEAM SVSTEMS PERFORMANCE SURVEY - CASE NO. 12 

Assumed Coal F i r i n g  Rste 2220 W t  
HHD Gross Powr  Output: 1057 W e  (V I )  
Argon Cmpressor Pressure Rat l o :  5.39 
Disk/Dtffuser Pressure Rst lo:  4.72 
nHS (calculsted) 89.2%; nStm (cs lculated) m 41.5%; nPlant rn 46.9% 

A. ARGON LOOP (m a r p n  2989 kg/s) 

Loca t l on .- T e m 4 n  - 
Cm?oressor l n l e t  320 
Compressor Out le t  661.8 
Preheater Out let  • 922 
Regenerator Out l e t  • 1920 
Disk Generator Out let  1236 
Radiant Furnace Out let  1139 
Reheater Outlet • 1000 
ITAH Out let  821.6 
Economi zer Out l e t  471 
LPfH Out let  337 
Precooler Out let  320 

B. STEAM LOOP (i steam * 349.0 kg/s) 

Location Temp, K 

Hotwell '312 
Condensate Pump Discharge '312.6 
LPHF '451 
Main Feed Pump DischBrge '457.4 
tconon~izer Out 
Valve Cooler out I::::: :;I 
Combustor Cool i ~ g  Out (2,877 Eb) 
Radiant Furnace Out '811 
HP Turbine Out '564 
Heheater Out '81 1 
LP Turbine Out 
Condenser Out '312 

Power t o  Amon- 

Press, l o5  Pa 

' (2" HgA) 
' 10.0 
' 9.53 
'273.9 
'265.7 
'257.7 
'250.0 
'242.0 
'45.0 
'40.0 

' (2" HgA) 

C .  A I R  SYSTEM (m a i r  686.4 kg/s) 

Location Temp, K Power, MW 

Compressor I n l e t  288 
Compressor Out let  • 305 + 11.6 
ITAH 2 Outlet 479.8 + 122.6 
ITAH 1 Outlet 555.8 + 54.6 
ITAH Out let  922 + 274.8 

0. COMBUSTION GAS SYSTEM 

Location 

Combus to r  
Regenerator Out 
Ar-on Preheater Out 
IT~H 1 out 
ITAH 2 Out 
Coal Dryer Out 
Stack 

Power, MW 

+ .47 
+ 206.3 
+ 14.3 
+ 539.8 
+ 32.4 
+ 154.? 
+ 149.9 - 137.4 
+ 215.6 
- 418.2 - 757.9 

Power, MW 

"Denotes f i xed quant i t ies  for  a l l  cases. 
b'lncludes a i r  and coal; deducts cooler losses. 

HATCH POINT DEVIATION = + 0.75 FIW 



CCD/WID/STE*H SYSTEMS PERFnRHLNCE SURVEV - CASE NO. 13 

Assumed Coal F i r i n g  Rate 12919 MWt 
WID Gross Powr  Output: 6Ql blWe (VI) 
Argon Compressor Pressure Ratlo: 5. ' i? 

Disk/Diffuser Pressure I L t l o :  4-81 
nWS (calculr ted) = 89.91; nStm (calculated) 41.5%; nPlant 46.2% 

A.  ARGON LOOP (h argon = 1749 kg ls )  

Locat ion, Temp, K Power t o  Argon, MM 

Compressor I n l e t  
Compressor Out l e t  
Prehehter Out le t  
Regenerator Out let  
Disk Generator Outlet 
Radiant Furnace Outlet 
Reheater Out le t  
lTAH Outlet 
Econo &cr Out let  
LPFH & t i l e t  
Precool;:' Out let  

g. STEAM LOOP (i steam = 209.9 kg/s) 

Location Temp, K Press. l o5  Pa Power, MW 

Hotwel l 
Condensate Pump Di scharge 
LPHF 
Main feed Pump Oischt~rge 
iconomi zer Out 
Va:ve Cooler Out 
Combus!or Cool in9 Out 
Radiant Furnace Out 
HP Turbine Out 
Reheater Out 
LP Turbine Out 
Condenser Out '312 (2" HgA) 

C. AIR SYSTEM (m a i r  = 401.4 k91s) 

Location Temp, K Power, 

Compressor I n l e t  + 288 
Compressor Out let  305 + 6.78 
ITAH 2 Out let  479.8 + 71.7 
ITAH 1 Out let  576.6 + 40.7 
ITAH Outlet 922 + 151.9 

D. COMBUSTION GAS SYSTEM 
mc, kgls 

Location €!W.L-! 

Combus t o r  *2415 
Regenerator Out '1090 447.3 
Argon Preheater Out 697.6 447.3 
ITAH 1 Out 611 447.3 
ITAH 2 Out 408 302.4 
Coal Dryer Out 408 144.9 
Stack '(408) (447.3) 

*Denotes f ixed quant i t ies f o r  a11 cases. 
**Includes a i r  and coal; deducts cooler losses. 

MATCH POINT DEVIAT\ON ' 4 0.58 MW 

Power, H 



CCR/WHO/STEAM SVSTEMS PERFORMANCE SURVEY - CASE NO. 14 

Assumed Coal F i r i n g  Rate = 2261 W t  
MMD Cross Power Output: 1069 We (V l )  
Argon Cmpressor Pressure R l t  l o :  5.47 
OtsklDlffuscr Prcssurr L t f o :  8.79 
nWJ (celculated) = 89.51; nStm (cblculatodj  41.5%; nP ant . e6.SI 

A. ARGON LOOP (m argon . 3054 kq/s) 

Locs t i on -- Tmp, K Powr t o  Argon, MW 

Canpressor I n l e t  320 - 
Compressor Out l e t  666.3 * 547 
Prchcster Outlet 922 + 404 
Regenerator Outlet 1 0 0  + 1577 
Dfsk Generator Outlet 124Z - 1069 
Radiant Furnace Outlet 1141 - 159.8 
Rehcster Outlet • 1000 - 222.9 
ITAH Out let  826.1 - 274.7 
Economi zcr Outlet * 471 - 561 
LPFH Out let  335 - 214.8 
Prccoolcr Outlet 320 - 23.8 

'B. STCAM LOOP (m Steam 

Locst ton Temp, K Press, lo5 Pa Power, W 

Hotwell *312 • (2" HgA) - 
CondensatePumpOischarge *312.6 * 1 0 . 0  + -49 
LPIIF ,451 9.53 + 213.7 
Maln Feed Pump Discharge '457.4 '273.9 + 14.8 
Economizer Out (2.338 C6) '265.7 * 55P.2 
Valve Cooler Out (2.430 E6 '257.7 + 33.0 
Combustor Cooling Out (2.866 E61 '250.0 157.9 
Radiant furnace Out '81 1 '242.0 + 159.0 
HP Turblna Out ,564 *45,0 - 142.3 
Reheater Out *811 '40.0 - 223.3 
LP Turbine Out - - 433.2 
Condenser Out *312 ' (2" HgA) - 785 

C .  E_SJVP! (6 a i r  = 700.7 kgrs) 

Location -- Temp, K Power, FOW 

Compres~or I n l e t  • 288 
Compressor Outlet 305 + l l . C  
ITAH 2 Out let  479.8 + 125.2 
ITAIt 1 Outlet 565.5 + 62.9 
I T A H  Outlet * 922 + 273.3 

0. COMBUSTION GI6 SYSTEM 

Location 61 . kq/s Jemp, 3- 

Combu; t o r  '2415 - 
Regenerator Out '1 090 780.8 
Argon Preheater Out 688.0 780.8 
ITAH 1 Out 611 780.8 
ITAH 2 Out 408 528.0 
Coal Dryer Out 408 252.8 
Stack '(408) (780.8) 

Power, MJ 

'Oenotes f i r ed  quant i t fes for  a1 1 cases. 
**Includes a i r  and coal; deducts cooler losses, 

MATCH POINT OEVIATrnN m + 1.69 MW 



CCD/WD/STEAW SVSTEWS PERFORMANCE SURYEV - CASE NO. 15 

Assumad Coal F i r ing  Rate . 1457 Wt 
NWD Gross. Power Output: 677.3 MWQ (vI) 
Argon Compressor Pressure Ratio: 5.69 
Disk/Dlffuscr Pressure Ratio: 4.95 
sHS (calculrted) 89.011; nStm (c~ lcu la ted)  = 41.5%;  plant . 45.m 

A. ARGON LOOP (A argon 1963 kg/s) 

Locs t ion Tcn,~, K 

Comprcrssrlr I n l e t  31 1 
Compressor Outlet 658.2 
Prekcatcr Outlet 932 
Regenerator Out l e t  1920 
Di sk Genera t o r  Out l e t  1202 
Radiant Furnace Outlet 1142 
Rehester Outlet * 1000 
ITAH Outlet 818 
Economizer Out l e t  471 
LPFH Outlet 334.8 
Precooler Out l e t  31 1 

0. STEAM LOOP ( t i  steam 232.8 kg/s) 

Locat ion - T e m l  

Hotwell *312 
Condensate Pump Discharge '312.6 
LPHF *451 
Main Feed Pump Discharge *457.4 
Economizer Out (2.300 E6) 
Valve Cooler Out 2.391 E6 
Cmbur to rCoo l in~Out  [ 2 ,8 :7~61  
Radiant Furnace Out *81 1 
HP Turbine Out 564  
Reheater Out *811 
LP Turbine Out - 
Condenser Out *312 

C. A I R  SYSTEN (m a i r  = 450.4 kg/s) 

Pobtcr t o  Argon, MU 

Press, lo5 Pa - 
(2" HgA) 
10.0 
9.53 

*273.9 
*265,7 
*257.7 
W O .  0 
*242.0 
*45.0 
*40.0 

Location 

Compressor ln le t  
Compressor Outlet 
ITAH 2 Outlet 
I T A H  1 Outlet 
ITAH Outlet 

D. COMBUSTION GAS SYSTEM 

Location 

Combus to r  
Regenerator Out 
A r  on Preheater Out 
1lBH 1 at 
ITAH 2 Out 
Coal Dryer Out 
Stack 

mc, kg/s 
Temp, K-- Power, MW 

*Denotes fixed quan t l t i a  for r l l  cases. 
**Includes a i r  and coal ; deducts cooler losses. 

MATCl1 POINT DEVlATlON = + 0.85 MJ 



CCD/WD/STEAM SVSTEMS PERFORMANCE SURVEV - CASE NO. 16 

Assumed Coal F l r l n g  Rate 2210 W t  
HMO Gross Power Output: 1027 We ( V I )  
Argon C,mpressor Pressure Ra t l o  : 5.54 
Dlsk/Dl f l user  Pressure bt lo: 4.83 
nHS (celculstcd) * 88.5:; nStm (ca lcu l r ted)  n 41.9; ~ P l s n t  m46.1 t, 

A. ARGON LOOP (m srgon m 2978 kg/s) 

Loca t l on Tmp, K P m r  t o  Argon. MW_ 

Compressor ln19t  
Compressor Out ,tt 
Preheater Out let  
Regenerator Out let  
Dlsk Genera t o r  Out l e t  
Radihnt Furnsce Out let  
Reheatcr Out le t  
ITPH Out le t  
Economt zer Out l e t  
LPFH Out let  
Precooler h t l e t  

B. STEAM LOOP (i steam 349.7 kg ls )  

Location Temp, K 

Hotwell *312 
Condensate Pump Discharge *312.6 
LPHF *451 
Main Feed Pump Discharge '457.4 
Economizer Out 
Valve Cooler out /?K 
Combustor Cool tng Out 2.81 5 E6 
Radiant Furnace Out *811 
HF Turbine Out '564 
Reheater Out *811 
LP Turblne Out 
Condenser Out *312 

Press, lo5 Pa 

(2"  HgA) 
10.0 

* 9.53 
*273.9 
*265.7 
*257.7 
*251J.O 
*242.0 
*45.0 
*40.0 - 
' (2" HgA) 

Power, MW - 
- 

+ .47 
+ 206.7 
+ 14.3 
+ 520.3 
t 32.2 * 153.9 
+ 171.9 - 137.6 
* 216.0 - 419.0 
+ 759.3 

C .  A I R  SYSTEM (m a i r  = 683.2 kg/s) 

Location Temp, K 

Compressor I n l e t  288 
Compressor Out let  305 
ITAH 2 Out let  479.8 
ITAH 1 Out let  532.3 
ITAH Outlet * 922 

0. COMBUSTION GAS SYSTEM 

Loca t i on &!EL! 

Combus t o r  *2415 
Regenerator Out *lo90 
Ar on Prcheater Out 659.3 
1TIH 1 Out 611 
lTAH 2 Out 408 
Coal Dryer Out 408 
Stack *(408) 

Power, MW 

*Denotes f i xed  quant i t ies  f o r  a l l  cases. 
**Includes a i r  and coal; deducts cooler losses. 

MATCH POINT DEVlATlON -c ia7.28 W 

Power, MW 



CCD/WD/STEA# SYSTfWS PtRFOllMANCE SURVEV . CASE NO. 17 

Assunrad Coal F l r l n g  Rate 2580 M$It 
MO Gross Powr  Output: 1206 !&fa (Vl)  
Argon Campressor Pressure Ratlo: 5.56 
Dlsk/DlffuserPressureLtlo: 4.85 
nHS (calculr ted) 89.8%; nStm (cslculated) 41.5%; nPlant 8 46.2% 

A. ARGON LOOP (i argon 3476 kg/s) 

l o c a t  1 on T ~ P ,  K Power t o  Argon, IW 

Compressor I n l e t  320 - 
Compressor Out l e t  670.6 + 630.2 
Prehaater Outlet, * 922 + 452.0 
Regenera t o r  Out! r! * 1920 + 1794 
OIsk Generator ~~~~~~t 1248 - 1206 
Radlar . Furnace Out l e t  1143 - 188.5 
Reheattr Out let  1000 - 257.2 
ITAH Outlet 830.4 - 304.9 
Economizer Outlet 471 - 646.2 
LPFII Out let  333.2 - 247.8 
Precooler Outlet 320 - 23.7 

0. STEAM LOOP (h steam * 417.1 kg/s) 

Location Temp, K Press, 10 5 Pa Power, MW 

Hotwell *312 (2"  HgA) 
Condensate Pump Oischnrge '312.6 10.0 + .56 
LPHF '451 9.53 + 246.5 
Main Feed Pump Discharge *457.4 *273.9 + 17.1 
Economizer Out 2.336 E6 *26S. 7 + 642.9 
Valve Cooler Out 12.426 F6 1 *257.1 + 37.6 
Combus t o r  Cool lng Out (2.856 E6) *250.0 + 179.7 
Rodiant Furnace Out *a11 *242.0 + 187.5 
HP Turbine Out *564 *45.0 - 164.1 
Reheater Out *a11 *40.0 + 257.6 
LP Turbine Out - - 499.7 
Condenser Out '312 (2" HgA) - 905.6 

C. A I R  SYSTEM (m a i r  = 797.4 kg/s) 

Location Temp, K Power, NtJ 

Compressor I n l e t  * 288 - 
Compressor Outlet 305 + 13.5 
ITAH 2 Outlet 479.8 + 142.5 
ITAH 1 Out let  574.6 + 79.3 
ITAH Outlet * 922 + 303.3 

COMBUSTION GAS SYSTEM 

Combus t o r  
Regenerator Out 
A r  on Preheater Out IJH 1 ~ o t  
ITAH 2 Out 
Coal Dryer Out 
Stack 

Power, MU 

*Denotes f i r ed  quant i t ies  fo r  a1 1 cases. 
**Includes a i r  and coal; deducts cooler losses. 

MATCH POINT DEVIATION + 3.02 &J 



CCD/PWD/STfAM SVSTEWS PERFORMANCE SURVEY - CASE NO. 18 

Asswned Coal F l r l n g  Rate = 1559 MWt 
MID Gross Power Output: 715 We ( v I )  
Argon Compressor Pressure Ratio: 5.83 
Dlsk/Dlffuser Pressure Ratlo: 5.14 
sHS (ca1culated) = 89.4%; sStm (calculated) 41.511; rlP1ant = 45.3% 

A. ARGON LOOP (m argon = 2098 kg/s) 

Loca t 1 on Temp, K 

Compressor I n l e t  31 1 
Compressor Out let  664.9 
Preheater Out let  * 922 
Regenerator Out l e t  1920 
DIsk Generator Out let  1260 
Radiant Furnace Out let  1144 
Reheater Out let  1000 
ITAH Out let  824.8 
Economl zer Out l e t  471 
LPFH Out let  331.9 
Precooler Out let  31 1 

8. STEAM LOOP (m steam = 254.4 kg/s) 

Location - Temp, K Press, lo5 Pa Power, MW 

- . -  
Condtmsa t e  Pump Dl ~cha rge  *312 
LPHF *451 
Main Feed Pump Dischdrge *457 
Economizer Out I 2.298 
Valve Cooler Out 2.387 
Combustor Cool ing  Out 2.814 
Radiant Furnace Out *a1 1 
HP Turbine Out *5bd -- . 
Reheater Out '81 1 
LP Turbine Out - 
Condenser Out *312 

(2" HgA) 
10.0 
9.53 

*273,9 
*265.7 
*257.7 
*250.0 
*242.0 
V 5 . 0  
*40.0 - 

(2" HgA) 

C. mSYS,-rbJ (m a i r  482 kg/s) 

Location Temp, K Power, MJ 

Compressor I n l e t  288 - 
Compressor Out let  302 + 8.14 
ITAH 2 Out let  479.8 + 86.1 
ITAH 1 Out let  562.6 t 41.8 
ITAH Out let  922 + 189.5 

D. COMBUSTION GAS SYSTEM 

Loca t 1 on mc, kq/s Jemp, K- 

Combus t o r  *2415 - 
Regenerator Out *lo90 537.1 
Argon Preheater Out 685.5 537.1 
ITAH 1 Out 611 537.1 
ITAH 2 Out: 408 363.2 
Coal Dryer Out 408 173.9 
Stack *(408) (537.1 ) 

*Denotes f ixed quant i t ies  f o r  e l l  case:. 
**Includes a l r  end coal; deducts cooler losses. 

Power, MW 

HATCH POINT DEVIATION = + 1.73 MY 



CCD/WHD/STEAW SVSTEWS PERFOWCf SURVEV - CASE NO. 19 

A s s w d  Coal F l r lng  l l r te  * 1895 W t  
MMD Gross P m r  Output: 875 We (VI) 
Argon Compressor Pressure Ratlo: 5.01 
Dlsh /D i f fuserPressuM~t lo :  5.12 
sHS (cr lculr ted) * 89.41; sSWn (crlculated) 41.5%; ~ P l r n t  a 45.5% 

A. ARGON LOOP (6 argon 2550 k g / ~ )  

Location Tcmp. K Power t o  Argon. MI 

Compressor I n l e t  31 1 - 
Compressor Outlet 663.9 + 466.0 
Preheater Outlet 922 + 340.9 
Regenerrtor Out l e t  1920 + 1318 
Disk Generator Outlet 1257 - 875 
Radlsnt Furnace Outlet 1144 - 149.5 
Reheater Outlet 1000 - 189.5 
lTAH Outlet 823.7 - 232.8 
Economizer Outlet 471 - 465.7 
LBFH O u t l ~ t  332.8 - 182.5 
Precooler Outlet 31 1 - 28.8 

8. STEAM LOOP (i steam 307.2 kg/s) 

Location Temp, K 

Hotwell *312 
Condensate Pump Discharge *312.6 
LPHF *451 
Main Feed Pump Di scharge *457.4 
Economizer Out 
Valve Cooler out 1% ::I 
Combustor Cool ing Out (2.822 E6) 
Radlan t Furnace Out *81 1 
HP Turbine Out *564 
Reheeter Out *81 1 
LP Turblne Out - 
Condenser Out *312 

Press, lo5 Pa 

(2" HgAj 
10.0 
9.53 

*273.9 
*265.7 
*257.7 
*250.0 
*242.0 
*45.0 
*40.0 - 

(2" HgA) 

Power, MW 

C. A I R  SYSTEM (n a i r  = 585.7 kg/$) 

Locatton Temp, K Power, MW 

Compressor I n l e t  288 
Compressor Outlet * 305 + 9.89 
ITAH 2 Outlet 479.8 + 104.7 
ITAH 1 Outlet 560.3 t 49.4 
ITAH Outlet 922 + 231.7 

D. COblBUSTION GAS SYSTEM 

Loca t l on Jmp, K mc. k9/s - 
Combus t o r  
Regenerator Out 
A r  on Preheater Out 
ITBH 1 out 
lTAH 2 Out 
Coal Dryer Out 
Stack 

*Denotes f ixeu quanttties fo r  a l l  cases. 
**Includes a i r  and coal; deducts cooler losses. 

MATCH POINT Dk3lATfON = + 0.52 

Power, Wd 



CCO/bB(D/SlfAH SVSTMS PERFORWVICE SURVEY - CASE NO. 20 

Assumed Coal F l r l n g  Rote 8 2345 HJt 
W Gross Power Output: 1085 We ( V I )  
Argon Compressor Pressure Re t l o  : 5.75 
Olsk/Dlffuser Pressure Flrtto: 5.07 
nHS ( c ~ l c ~ l a t J )  = 89.20; nSW (calculated) 41.5%; qPl rn t  45.6% 

A. ARGON LOOP (h  argon m 3155 kg/s) 

Loca t f on -- T ~ P .  K Power t o  Amon, WI 

Cmpmssc;r I n l e t  31 1 - 
Compressor Out le t  661.1 + 5 7 2 . 3  
Preheater Out let  922 + 426.3 
Regenerator Out l e t  1920 
Dl  sk Generator Out l e t  

+ 1631 
1255 - 1085 

Radlant Furnace Out let  1143 - 184.1 
Reheater Out let  1000 - 233.2 
ITAH Out le t  820.9 - 2 9 2 . 6  
Economlrer Out let  * 471 
LPFH Out let  

- 571.9 
333.6 - 224.6 

Precooler Out l e t  31 1 - 36.9 

8. STEAM LOOP (e  steam e 378.1 kg/s) 

Location Tcmp,K Pross.10 5 Pa Power, MW 

Hotwel: *312 (2" HgA) - 
Condensate Pump Discharge *312.6 10.0 
LPHF + .51 

'451 9.53 + 223.5 
MalnFeedPumpDisch~rge *457.4 *273.9 
lconomi z e ~  Out 

+ 15.5 
12-299E6j  :::::: 

Valve Cooler Out 2.390 E6 
+ 569.1 
+ 34.2 

Combustor Cool 4ng Out (2.822 E6) *250.0 
Radiant Furnace Out *811 

+ 163.3 
*242.0 + 183.1 

HP Turbine Out *564 *45.0 - 148.8 
Reheater Out *811 *40.0 
LP Turbine Out 

+ 233.5 - - 453.0 
Condenser Out *312 (2" HgA) + 821.0 

C. AIR SYSTEM !m a i r  = 724.9 kg l s )  

Location 

Compressor I n l e t  
Compressor Out let  
ITAH 2 Out le t  
ITAH 1 Out let  
ITAH Out let  

0. COMBUSTION GAS SVSTEM 

Loca t l on - 
Cmbus t o r  
Regenerator Out 
Argon Preheater Out 
ITAH 1 Out 
ITAH 2 Out 
Cbal Dryer Out 
Stack 

Temp, K Power, NU 

288 - 
305 + 12.2 
479.8 + 129.5 
554.5 + 56.7 
922 + 291.2 

Power, MW 

+ 2670 ** - 1717 - 428.5 - 56.9 - 130.2 - 62.0 - 180.9 

*Denotes f i xed quant i t les  for  a l l  cases. 
**Includes a l r  and coal; deducts cooler  losses. 

MATCH PQLhr DEVIATION = + 1.77 W 



CCD/MO/STEW SVblEWS PERFORWANCE SURVEY - CASE NO. 21 

Asslnrad Coal F i r ing L t e  1828 wr 
WD Gross Powor Output: 832.7 W@ fu:] 
Argon Compressor Prossure L t to  : 5.92 
Dlsk/Ol i fuser Pressure R l t lo :  5.20 
nHS (cr lculr ted) 89.8%; nStm (crlcurated) - 21.5%; nPlmt  8 45.0% 

A. ARGON LOOP (h rrgon = 2460 kg/s) 

Locst ion Tmp, K 

Compressor I n l e t  31 1 
Compressor Outlet 669.3 
Preheater Outlet 922 
Regenera t o r  Out 1 e t  1000 
Disk Generator Outlet 1266 
Radlant Furnace Outlet 1146 
Rehcater Outlet • 1000 
ITAH Outlet 829.2 
Economlzer Outlet 471 
LPFH Outlet 330.0 
Yrecooler Outlet 31 1 

0. STEAM LOOP (h steam * 302.3 kg/s) 

Location Temp, K 

Hotwell '312 
Condensate Pump O'scharge '312.6 
LPHF '451 
Maln Fee6 'c6,mp DSschbrge *457.4 
Ecenomt ter  Out 
Valve Cooler Out (2.384 (2.29b E6 I6I 
Combustor Cool lnp Out (2.806 E6) 
Radiant Furnace Out '811 
HP Turblne Out '564 
Reheater Out '811 
LP Turbine Out - 
Condenser Out '31 2 

C. A I R  SYSTEM ( h a i r  = 565.1 kg/s) 

Locatlon Temp, it 

Compressor I n l e t  288 
Compressor Outlet 305 
ITAH 2 Outlet 479.8 
ITAH 1 Outlet 572.0 
ITAH Outlet + 922 

Power t o  Areon, MW 

5 Press, 1 2 3  

' (2" Hgw) 
10.0 
' 9.53 
'273.9 
*265.7 
'257.7 
'250.0 
*242.0 
'45.0 
'40.0 

* 

(2" HgA) 

Pcwer, MW 

Power, MW 

Power, MW 

*Denotes fixed quantit les fo r  611 cases. 
**Includes a l r  and coal; deducts cooler losses. 

0. COMBUSTION GAS SVSTEM 

Loca t l on 

Combus to r  
Regenerator Out 
A r  on Preheater Out  IT!^ 1 out 
ITAH 2 Out 
Coal Dryer Out 
Stack 

MATCH POINT DEVIATION 8 + 2.64 NW 



CCD/WD/STEW SYSTEWS PERFORMANCE SURVEV - CASE NO. 22 

Assunsd Corl r l r l n g  Rate 2266 MMt 
W(D Gress Power Output: 1039 W e  (VI)  
Argon Camp*!. ;sor Pressure Ratio: 5.90 
D l  sL/Dlffutsr Pressure Rat l o :  5.19 
nHS ( c a l c ~ l a t e d )  * 89.7%; Jtm (ca lcu l r ted)  * 41.5%; ,,Plant 45.21 

A. ARGON LOOP fm argon = 3048 kg/$) 

Loca t I on T w , K  P o w c r t o A t g o n , ~  

Compressor I n l e t  31 1 
Compressor Out l e t  668.5 
Preheater Out let  * 922 
Regenerator ht l e t  • 1920 
Dlsk Generator Out let  1261 
Radiant Furnace Out l e t  1145 
Reheater Outlet • 1000 
ITAH Out let  828.4 
Economlrer Out let  471 
LPFH Out let  331.1 
Prccooler Out let  31 1 

8. STTAM LOOP (m steam 371 . B  kg/s) 

Location imp, K press, lo5 pa Power, MW 

Hotwell *?I? 
Condensate Pump O i  scharge 'iii. 6 
LPHF '451 
Main Feed Pump Dtscharge *457.4 
Economizer Out (2.304 E6) 
Valve Cooler Out 
CombustorCooltngOut I:.:::::{ 
Radiant Furnace Out '811 
HP Turbine Out '564 
Reheater Out *El 1 
LP Turbtne Out - 
Condenser Out *312 

C. A I R  SYSTEM (fir a t r  = 700.3 kg/s) 

Location Temp, U 

C.mpressor I n l e t  • 288 
Compressor Outlet 305 
ITAH 2 Out let  ' 479.8 
ITAH 1 Out let  510.3 
ITAH Out let  * 92,' 

D. COMeUSTlON GAS SYSTEM 

Loca t i on Is.!mJ 
Combustor '2415 
Regenera t o r  Out '1 090 
Ar on Preheater Out 692.2 
ITBH 1 at + 611 
ITAH 2 Out * 408 
Coal Dryer Out • 408 
Stack '(408) 

Power, 0.1W 

Power, FTW 

*Denotes ftxed quant i t ies for  a l l  cases. 
*+Includes a i r  and coal; deducts cooler losses 

MATCH POINT DEVIATION = + 0.23 M!4 



CCD/WD/STEAH SVSTEMS PERFORHANCE SURVEY - CASE NO. 23 

Assuared Coal F l r t ng  Rate 2517 W t  
WD Gross P w r  Output: 1146 We ( V I I  
Argon Conpressor Pressure Rat l o :  5.77 
Dlsk/Dlffussr Pressure Rat l o :  5.07 
sHS (calcul8ted) 89.23; qStm (calculated) 41,s;  nPlant 45.2% 

A. ARGON LOOP (6 @won - 3387 kg/s) 

Locat 1 on temp, K Power t o  Arson, Mi 

Capresaor i n l e t  31 1 
Compressor Out l e t  662.0 + 615.8 
Prehea t e r  Out l e t  922 + 456.2 
Regenerator Out l e t  1920 + 1751 
DJskGenfiratorOutlet 1266 - 1146 
Radiant Furnace Out let  1145 - 213.1 
Reheater Out l e t  1 W  - 254.4 
ITAH Outlet 821.8 - 312.7 
Economlrer Out let  471 - 615.4 
LPFH Outlet 331.3 - 245.1 
Precooler Out let  31 1 - 35.6 

6. STEAM LOOP (h  steam = 412.6 kg/s) 

Locatton Temv,K Press,10 5 Pa Power, MM 

Hotnell  *312 (2"  HgA) - 
Condensate Fump Dtscharge *312.6 10.0 + .55 
LPHF *451 ' 9.53 + 243.9 
Main Feed Pump Dtscharge *457.4 *273.9 + 16.9 
Economizer Out (2.278 E6) *265.7 + 612.3 
Valve Cooler Out 2.367E6 *257.7 + 36.7 
Combustor Coollng Out 12.792 161 *250.0 t 175.3 
Radtant Furnace Out +811 *242.0 + 212.0 
HP Turbtne Out *564 *45.0 - 162.4 
Reheater Out *811 *40.0 + 254.8 
LP Turbtne Out - - 494.3 
Condenser Out *312 (2" HgA) - 895.9 

C. A I R  SYSTEM (m a l r  = 778.2 kg/s) 

Locat ton Temp, K Power, HI4 

Compressor I n l e t  288 - 
Compressor Out let  305 + 13.1 
ITAH 2 Outlet 479.8 + 139.0 
ITAH 1 O u t l ~ t  556.5 t 6 2 . 3  
ITAH Outlet 922 + 311.1 

D. COMBUSTION GAS SYSTEM 

kocr t ion  Temp,K ic, -- kg/s 

Combustor *2415 - 
Regenerator Out *I090 867.1 
Ar on Prsheeter Out 680 867.1  IT!^ 1 out 611 867.1 
ITAH 2 Out 408 586.4 
Coal Dryer Out * 408 230.7 
Stack *(408) (867.1 

Power, MW 

*Denotes f ixed quantf t ies fsr a1 1 cases. 
**Includes a i r  md coal; deducts cooler hsses.  

MATCH POINT DEVIATION = + 10.8 MW 



CCD/WD/STEAbl SYSTEMS PERFORMANCE SURVEV - CASE NO. 24 

Assumed Coal F l r l n g  Rate 2805 ~t 
WD Gross Power Output: 1284 W e  (VI)  
Argon Cmpressor Pressure Rat l o  : 5.80 
Disk/Diffuscr Pressure Ratio: 5.10 
nHS (cslculatcd) a 89.33;; nStm (calculated) 41.5%; nPlant - 45.3% 

A. ARGON LOOP (h argon - 3774 kg/s j  

Location Tmp, K Power t o  Arson, MW 

Compressor I n l e t  31 1 - 
Compressor Out le t  663.3 + 688.5 
Prcheater Out le t  922 + 505.8 
Regenerator Out let  * 1920 + 1951 
Disk Generator Out let  1262 - 1284 
RsdtantFurnaceOut let  1744 - 230.7 
Reheater Out le t  1000 - 282.4 
ITAH Out let  823.1 - 345.9 
Economizer Out l e t  471 - 688.2 
LPFH Out let  331.8 - 272.1 
Precooler Out le t  31 1 - 40.6 

B. !TEAM L30P (h steam m 458.0 kg/s) 

Locatton Temp, K 

Hotwell '31 2 
Condensate Pump Di scharge *312.6 
LPHF *451 
Matn Feed Pump Dischifrge *457.4 
Economi zer Out 
valve Cooler out I:::!: ::I 
Combustor Cooling Out ( 2  .a05 E6) 
Radt ant Furnace Out *81 1 
HP Turbine Out 564 
Reheater Out *El 1 
LP Turbine Out - 
Condenser Out *312 

C. A I R  SYSTEM (6 s i r  = 867 kg/s) 

Location Temp, K 

Compressor I n l e t  * 288 
Compressor Out le t  305 
ITAH 2 Out le t  479.8 
ITAH 1 Out le t  559 
ITAH Out let  922 

D. COMBUSTION GAS SYSTEM 

Location &!?I!& 

Ccmbustor *2415 
Regenerator Out *I090 
Argon Preheater Out 682.4 
ITAH 1 Out 611 
ITAH 2 Out 408 
Coal Dryer Out 408 
Stack *(4(38) 

Press, lo5 Pa 

Porter, MW 

'Denotes f ixed quant i t les  fo r  a l l  cases. 
*+Includes a i r  and coal ; deducts cooler  losses. 

HATCH POINT DEVlRTlON = + 6.99 KW 

Power, F1W 

- 
+ .61 
+ 270.7 
+ 18.8 
+ 684.7 
+ 40.9 
+ 195.3 
+ 229.6 - 180.2 
+ 282.9 - 548.8 - 994.5 

Power, MW 

+ 3194 ** - 2053 - 508.3 - 72.2 - 155.7 - 74.2 - 216.4 



CCD/WD/STEAM SVSTEblS PERFORWANCE SURVEY - f 9SE NO. 25 

Assumed Coal F l r l n g  Rate 3147 W t  
)WD Gross Power Output: 1449 We (VI)  
Argon Cmpressor Pressure Re t t o  : 5.83 
Disk/Olf fuser Pressure Ratio: 5.13 
nHS (calculr ted) BS.4X; nS(m (calculated) 41.5%; nPlant 8 45.4% 

A. ARGON LOO! (h argon 8 4234 kg/s) 

Locatlon Temp, K Power t o  Argon, MU 

Compressor l n l e t  31 1 - 
Compressor Outlet 664.8 + 776.0 
Preheater Out let  922 + 563.9 
Regenerator 0ut;r: 1920 + 2189 
Dl sk Generator Out lt*t 1259 - 1449 
RadlantFurnaceOutlt?t 1144 - 251.6 
Reheater Out let  1000 - 316.1 
ITAH Out let  824.7 - 384.5 
Economt zer Out let  471 - 775.6 
LPFH Out let  332.2 - 304.4 
Precooler Out let  31 1 - 46.5 

B. STEAM LOOP (m steam = 512.4 kg/s) 

Location Temb 4 Press, l o5  Pa - Power, MW 

Hotwell *312 (2" HgA) - 
CondensatePumpOtscharge *312.6 * 1 0 . 0  t 
LPHF 

.69 
*451 9.53 + 302.9 

Matn Feed Pdmp Discharge *457.4 *273.9 + 21.0 
Economtzer Out (2.300 E6) *265.7 + 771.7 
Valve Cooler Out (2.390 E6) *257.7 t 45.8 
Combustor Cool tng Out (2.817 E6) *250.0 + 219.: 
Radtant Furnace Out *81 1 *242.0 + 250.3 
HP Turbtne Out *564 '45.0 - 201.6 
Reheater Out *81 1 '40.0 + 316.5 
LP Turbine Out - - 613.9 
Condenser Out '312 I" (2" HgA) - 1113 

C.  A I R  SYSTEM ( t i  a i r  972.7 kg/s) 

Locatton Temp, K Power, tlW 

Compressor I n l e t  * 288 - 
Compressor Out let  305 + 16.4 
ITAH 2 Out let  479.8 173.8 
ITAH 1 Out let  562.4 + 8 4 . 1  
ITAH Out let  922 + 382.6 

D. COMBUSTION GAS SYSTEM 

Locatton J ~ P ,  K Ic* k ~ / ~  

Combus t o r  *24 1 5 - 
Regenera t o r  Out *lo90 1084 
Argon Preheater Out 685.3 1084 
ITAH 1 Out 611 1084 
ITAH 2 Out 408 733 
Coal Dryer Out 408 351 
Stack *(408) (1084) 

*Denotes f ixed quant i t ies  for  a l l  cases. 
**Includes a t r  and coal; deducts cooler  losses. 

MATCH POINT DEVIATION + 2.12 

Power, MW 



CCD/bOlD/STEAM SVSTEMS PERFORMANCE SURVEV - CASE NO. 26 

Assumed Coal F l r i n g  Rate 2123 MWt 
bOlD Gross Power Output: 962.2 We ( V I  ) 
Argon Compressor Pressure Ra t l o  : 6.04 
Disk/Dlffuser Pressure Ratlo: 5.29 
nHS (calculated) 91-51; dtm (calculated) 41.5%; nPlant 44.6% 

A. ARGON LOOP (m argon * 2857 kg/s) 

Loca t 4 on Temp, K Parer t o  Arqon, )QJ 

C~mpressor I n l e t  320 - 
Compressor Out let  694.4 554.1 
Preheater Out let  922 + 336.7 
Regenerator Out let  1920 + 1477 
Disk Generator Out let  1269 - 962.2 
Radiant Furnace Out let  1152 - 173.2 
Reheater Out let  1000 - 225 
ITAH Out let  854.4 - 215.4 
Economi zer Out let  471 - 567.4 
LPFH Out let  324.6 - 216.6 
Precooler Out let  320 - 6.88 

0. STEAM LOOP (i steam = 364.5 kg/s) 

Location - Temp& Press, 10 5 Pa Power. MW 

Hotwell *312 (2 "  HgA) - 
Condensate Pump Discharge *312.6 10.0 + .49 
LPHF *451 * 9.53 + 215.5 
Main feed Pump Discharge *457.4 *273.9 + 15.0 
Economizer Out 2.343E6 e265.7 r 564.5 
Valve Cooler Out 12.428 E61 *257.7 * 30.9 
Cmbrrator Cool lng Out (2.833 E6) '250.0 + 147.9 
Radiant Furnace Out *a11 *242.0 + 172.3 
UP Turbine Out *564 '45.0 - 143.5 
Reheater Out *811 *40.0 + 225.2 
LP Turbine Out - - 436.8 
Condenser Out *312 (2'' HgA) - 791.5 

C. AIR SYSTEM (m a i r  * 656.4 kg/s) 

o c ~ c i o n  Temp, K Power. MW 

Compressor I n l e t  288 
Compr?ssor Out let  305 + 11.1 
ITAH 2 Out let  479.8 + 117.3 
ITAH 1 Out let  625.1 + 100.6 
IPAH Out let  922 + 214.4 

D. COMBUSTION GAS SYSTEM 

Location J ~ ~ ,  K mc' Power. MW 

Combus t o r  '2415 - + 2418 ** 
Regenerator Out *lo90 731.4 - 1555 
Argon Preheater Out 740 731.4 - 338.4 
ITAH 1 Out * 611 731.4 - 101 .I 
ITAH 2 Out 408 494.6 - 117.9 
Coal Dryer Out 408 236.8 - 56.2 
Stack *(408) (731.4) - 163.8 

*Denotes f ixed quant i t ies  f o r  a l l  cases. 
**Includes a i r  and coal; deducts cooler losses. 

MATCH POINT DEVIATION = + 0.096 tm 



CCD/PWD/ST Em SYSTEMS PERFORblANCE SURVEV - CASE NO. 27 

Assumed Coal F i r i n g  Rate 3728 MWt 
MID Gross Power Output: 1703 MWe (Vl  ) 
Argon Canpressor Pressure Rat l o :  5.88 
Dlsk/Dl ffuser Pressure Re t l o  : 4.79 
qHS (calculated) 89.6s; sStm (calculated) = 41.511; nPlsnt m 45.1% 

A. ARGON LOOP (m argon = 5016 kg/s) 

Loca t 1 on -- Temp, K Power t o  Arqon . MW 

Compressor I n l e t  3 1 '  
Compressor Out let  .;t. ,4 
Preheater Out let  h - :  
Regenerator Out1 e t  . , J  

Dl sk Generator Out let  l r64 
Radiant Furnace Out let  1146 
Reheater Out let  1000 
ITAH Out let  327.2 
Economt zer Out let  * 471 
LPFH Out let  330.7 
Prccooler Out let  31 1 

B.  STEAM LOOP (m steam = 613.5 kg/s) 

Location Temp, K 

Hotwell *312 
Condensate Pump Di scharge *312 - 6  
LPHF '451 
Mat n Feed Pump Discharge *457.4 
Economizer Out (2.295 E6) 
Valve Cooler Out 2.384 EG 
Combustor Cool ing  Out [Z.COI I 61  
Radiant Furnace Out *81 1 
HP Turblne Out *564 
Reheater Out '81 1 
LP Turbine Out 
Condenser Out *312 

C. A I R  SYSTEM (m a i r  1152 kg/s) 

Location Temp, K 

Compressor I n l e t  288 
Compressor Out let  305 
ITAH 2 Out let  479.8 
lTAH 1 Out let  567.8 
ITAH Out let  922 

D. COMBUSTION GAS SYSTEM 

Press, l o5  Pa 

Power. MW 

Locatt on rmp, K 6c* - 
Comb~stor *2415 - 
Regenerator Out 1090 1284 
Argon Preheatur Out 690 1284 
ITAH 1 Out 611 1284 
ITAH 2 Out 408 868.3 
Coal Dryer Out 408 415.7 
Stack *(408) (1284) 

*Denotes f i kc3  quant i t ies  for a l l  cases. 
**Includes a i r  and coal; deducts cooler  losses. 

Power, MW 

+ .82 
+ 362.7 
* 25.2 
+ 920.8 
+ 54.3 
+ 259.6 
+ 306.3 - 251.4 
+ 378.9 - 735.1 - 1332 

Power, MW 

+ 4245 ** - 2729 - 664.9 - 106.8 - 206.9 - 98.6 - 287.6 

MATCH POINT DEVIATION 8 + 5.98 MW 





CCD/WHD/STEAY SVSTEHS PERFONCE SURVEY - CASE NO. 29 

Assumed Coal F l r l n g  Rr te  408.9 MWt 
MMD Gross Pouor Output: 196.8 We ( V l )  
Argon Cumpressor Pressure Rs t t o  : 5-40 
Oisk/Dlffuser Pressure Rstto: 4.68 
nHS (c r l cu l r t ed )  - 899%; nStm (c r lcu ls ted)  41.41; nPlsnt = 47.1 % 

A. ARGON LOOP (m argon 555.7 kg/s) 

Locstion Tm, K Pouor t o  Argon, W 

Compressor I n l e t  320 - 
Compressor Out l e t  662.6 t 97.6 
Prchcater Out le t  922 + 73.9 
Regenerator Out let  1920 + 284.4 
Dtsk Generator Outlet 1228 - 196.8 
Radtant furnace Out let  1139 - 25.5 
Reheater Out le t  1000 - 39.6 
1TAH Out let  822.4 - 50.6 
Economizer Out let  471 - 100.2 
LPFH Out let  338.7 - 37.7 
Precooler Out let  320 - 5.32 

B. STEAM LOOP (m steam 63.5 kg/s) 

Locat ion ~emp, K Press, lo5 ~o Power, blW 

Hotwell *312 
Condensate Pump Discharge ,312 - 6  
LPHF *451 
Main Feed Pump Discharge *457.4 
Economizer Out 
Valve cooler out I:::!: ::I 
Combustor Cool l ~ g  Out (2.906 E6) 
Radiant Furnace Out *811 
HP Turbine Out *564 
Reheater Out *a11 
LP Turbfne Out 
Condenser Out *312 

C. A I R  SYSTEM (m a i r  = 126.4 kg ls )  

Location Temp, K 

Compressor I n l e t  288 
Compressor Out let  305 
17AH 2 Outlet  479.8 
ITAH 1 Out let  557.6 
!TAH Out let  922 

Power, Nd 

0. COMBUSTION GAS SYSTEM 

Locatton r e m p , ~  $ 'kg / '  

Combus t o r  
Regenerator Out 
Argon Preheater Out 
I lAH 1 Out 
ITAH 2 Out 
Coal Dryer Out 
Stack 

*Denotes f i xed quant i t ies  f o r  a l l  cases. 
**Includes a i r  and coal; deducts cooler  losses. 

Power, MW 

MATCH POINT DEVIATION - 1.32 HW 



CCD/WHD/SfEAbl SVSTEMS PERFOMNCL SURVEY - CASE NO. 30 

Assuned Coal F I r l n g  b t e  = 233.9 blWt 
MMD Gross P m r  Output: 103.7 W e  (VI) 
Argon Canpreasor Pressure Rat l o  : 5.22 
Dlsk/DIff'user Pressure kt lo :  4.45 
sHS (calculr tad) . 88.6%; JB ( c r l cu l r t ed )  . 41.5%; nPl rn t  45.5% 

A. ARGON LOOP (h  argon = 317.8 kg/s) 

Loca t 1 on Temp, K Power t o  Argon, #O 

Compressor I n l e t  320 - 
Compressor Out l e t  653.3 + 54.3 
Pmheater Out let  922 + 43.8 
Regenerator Out let  1920 + 162.7 
DIsk Generator Out le t  1282 - 103.7 
Radiant Furnace Out le t  1146 - 22.1 
Reheater Out let  * 1000 - 23.9 
lTAH Out le t  01 3 - 30.5 
Economi zer Out let  471 - 55.7 
LPFH Out le t  330 - 23.0 
Precooler Out let  320 - 1.63 

B .  STEAM LOOP (i steam = 36.7 kg/s) 

Location Temp, K Press, lo5 Pa Power, MW 

'31 2 + (2" HgA) Hotwell 
- 

Condensate Pump Discharge *312.6 10.0 + .052 
LPHF *451 9.53 + 22.9 
Main Feed Pump ~ l s c h & ~ e  *457.4 *273.9 + 1.59 
Economizer Out 2.228 E6 *265.7 + 55.5 
Valve Cooler Out 12.316 E61 *257.7 + 3.41 
Combustor Cool tng Out (2.737 E6) *250.0 + 16.3 
Radiant Furnace Out *811 *242.0 + 22.0 
HP Turbine Out *564 + 45.0 - 15.2 
Reheatcr Out *811 + 40.0 + 23.9 
LP Turbine Out - - - 46.4 
Condenser Out '31 2 ' (2" HgA) - 84.0 

C .  AIR SYSTEM (m a i r  = 72.3 kg/s) 

Loca t 1 on Temp, K Porter,MW 

Compressor I n l e t  + 288 
Compressor Out let  + 305 t 1:22 
ITAH 2 Out le t  479.8 + 12.9 
ITAH 1 Out le t  + 4.37 
STAH Out le t  *8jJa6 t 3 0 . 3  

D. COMBUSTION GAS SYSTEM 

Location Jemp, K 

Combus t o r  *2415 
Regenerator Out '1 090 
Argon Preheater Out 663.9 
ITAH 1 Out + 611 
ITAH 2 Out 408 
Coal Dryer Out + 408 
Stack *(408) 

Power, MW 

+Denotes f i xed quant i t ies  for  a l l  cases. 
**includes a i r  and coal; deducts cooler  losses. 

MATCH POINT DEVIATlON = + 4.40 MJ 



CCD/HHD/STLAM SVSTEWS PERFORMANCE SURVEY - CASE NO. 3; 

Assurnad Corl F i r ing  Rete = 274 WLSt 
lOlD Gross Power Output: I25 We ( V I )  
Argon Compressor Pressure I l r t l o :  5.89 
Dl sk/Oi ffuser Pressure b t lo :  4.98 
nHS (cr lculr ted) 89.6 1;; Jtm (cblculrtcad) . 41.SI; sP1ent 45.0 1 

A. ARGON LOOP (lir argon 369.3 kg/s) 

Loca t 1 on Temp, K Power t o  Argon, W 

Compressor In le t  31 1 - 
Compressor Outlet 667.8 + 68.0 
Preheater Outlet 922 + 48.5 
Regenerator Outlet * 1920 + 190.3 
Disk Generator Out l e t  1263 - 124.8 
Radfsnt Furnace Outlet 1146 - 22.3 
Reheater Outlet 1000 - 27.9 
lTAH Outlet 827.6 - 32.9 
Econmi zer Out l e t  471 - 68.0 
LPFH Outlet 330.9 - 26.7 
Precooler Outlet 31 1 - 3.8 

8. STEAM LOOP (h steam 44.9 kg/s) 

Location Temp, K Press* lo5  Pa Power .MbJ 

Hotwel: *312 (2" HgA) 
Condensate Pump Dt scharge *312.6 10.0 + .06 
LPHF *451 9.53 + 26.6 
Mat n Feed Pump Discharge *457.4 *273.9 + 1.85 
Economizer Out 2.299 €6 e265.7 + 67.7 
Valve Cooler Out 12.388 161 *257.7 - 3.99 
Combustor Cooling Out (2.812 E6) *250.0 + 19.0 
Radt ant Furnace Out '81 1 *242.0 22.2 
HP Turbine Out *564 45.0 - 17.; 
Reheater Out '81 1 40.0 + 27.8 
LP Turbine Out - - - 53.9 
Condenser Out *312 • (2" HgA) - 97.6 

C. A I R  SYSTEM (m a t r  84.6 kg/s) 

Locat t on Temp, K Power, MW 

Compressor In le t  288 - 
Compressor Out l e t  305 + 1.43 
ITAH 2 Outlet 479.8 + 15.1 
ITAH 1 Outlet 568.7 + 7.88 
lTAH Outlet 922 + 32.7 

D. COMBUSTION GAS SVSTCM 

Loca t t on Tmp, K 'c* kg/s Power, MW 

Combustor *24 15 - 
Regenerator Out *lo90 94.2 
Argon Preheater Out 690.8 94.2 
ITAH 1 Out 611 94.2 
ITAH 2 Out 408 63 17 
Coal Dryer Out * 408 30.5 
Stack *(408) (94.2) 

*Denotes f ixed quantttfes fo r  a l l  cases. 
**Includes a t r  and coal ; deducts cooler losses. 

HATCH POINT DEVIAT ION m + 0.25 MW 



CCD/WD/STEAW SVSTEM PERFORWCf SURVEV - CASE NO, 32 

Assumti Coal F l r lng  L t e  544.0 #01t 
HMO Gmss Power Output: 246.2 We ( V l )  
Argon Canpressor Pressurt Rrt lo:  6.06 
Dlsk/Dl ffuscr Pressure k t l o :  5.10 
nHS (crlculated) 90.21; ~ S t a  (cr lculr ted) 41.51; aPlant 44.6% 

A. ARGON LOOP (h argon w 734.3 kgls) 

Locat lon T m ,  K Power t o  Araon, MJ 

Campressor I n l e t  31 1 . 
C ressor Outlet 
~ 3 e a t e r  Outlet 

675.9 + 138.3 
922 + 93.3 

Regenerator Outlet 1920 + 378.4 
Of sk Genera to r  Out l e t  1269 - 246.2 
Radiant Furnace Outlet 1148 - 45.6 
Rcheater Outlet 1000 
ITAH Outlet 

- 56.2 
835.8 - 62.3 

tconomlrer Outlet 
LPFH Outlet 

471 - 138.3 
328.3 - 54.1 

Precool or Outlet 31 1 - 6.55 

0. STEAM LOOP (i steam 91.1 kg/s) 

Locatlon T ~ P ,  K Press. lo5 pa Poner, Mld 

Hotwell *312 (2" HgA) - 
Condensate Pump Dlscharge *312.6 10.0 + .12 
LPHF '451 9.53 + 53.8 
Main Feed Pump Dl scharge *457.4 *273.9 + 3.74 
f conomizer Out *265 7 i:::E::l * 2 ~ 7 : ~  + 137.6 Valve C o ~ l e r  Out + 7.93 
Combustor Cool l n  Out 2.808 f6) *250.0 + 37.9 
Radiant Furnace &t * 8 l l  '242.0 + 45.4 
HP Turblne Out *564 45.0 - 35.8 
Reheater Out *811 40.0 + 56.3 
LP Turbine Out - - - 109.1 
Condenser Out *312 • (2" HgA) - 197.8 

C. A I R  SVSTEZ (r;~ a i r  * 168.2 kg/s) 

Location Temp, K Power, W 

Compressor I n l e t  288 - 
Compressor Outlet 305 + 2.84 
ITAH 2 Outlet 479.8 + 30.0 
ITAH 1 Outlet 586.0 + 18.7 
lTAH Outlet 922 + 61.9 

D. COMBUSTION GAS SVSTfW 

Location J ~ ~ ,  K mc* k91s Power, MW - 
Combustor *24 1 5 - + 619.5 ** 
Regenerator Out *I 090 187.4 - 398.3 
A r  on Preheater Out 705.8 187.4 ITBH I out 

- 93.8 
611 187.4 - 18.8 

ITAH 2 Out 408 126.7 - 30.2 
Coal Dryer Out 408 60.7 - 14.4 
Stack *(408) (187.4) - 42.0 

*Denotes f lxed quantit ies f o r  a l l  cases. 
**Includes a l r  and coal; dedccts cooler losses. 

Fl7tH POINT- OEVIATION * + 0.059 f44 



CCD/HHD/STEAbl SVSTEHS PERFORMANCE SURVEY - CASE NO. 33 

A s s m d  Corl F i r i n g  fbtq 1133 W t  
H D  Gross Power Output: 530.7 W e  (VI )  
Argon Canpressor Pressure Rs t l o  : 5.48 
Dlsk/Dlffusar Pressure Ratio: 4.73 
nHS (cr lcu ls tea)  89.6%; nStm (cr lcu l r ted)  m 41.5%; nPlsnt = 46.3% 

A. ARGON LOOP (m argon * 1545 kg/s) 

Lot& t I on Temp, K Power t o  Argon, HL4 

Compressor In le ' i  320 
Compressor Out i e t  666.5 
Prehester Out let  922 
Regenerator Out? e t  1920 
Disk Generator Out let  1247 
RadlantFurnaceOut let  1142 
Reheater Out let  1000 
ITAH Out let  826.3 
Economl zer Obt 1s t  471 
LPFH Out let  334.2 
Precooler Out let  320 

B. STEAM LOOP (m steam * 181.9 kg/s) 

Location Temp, K 

Hotwell *312 
Condensate Pump Dl scharge *312.6 
LPHF *451 
Main Feed Pump Discharge *457.4 
Ecenomlter Out I 2.329 E6) 
Valve Cooler Out 2.420 E6) 
Combustor Cool lng Out (2.854 E6) 
Radl ant Furnace Out *811 
HP Turbine Out 564 
Reheater Out *811 
LP Turbine Out - 
Condenser Out *312 

C. A I R  SYSTEM (m a i r  = 350.3 kg/s) 

Loca t i on Temp, K 

Press, lo5 Pa 

Power, MW 

Power, MW 

Compressor I n l e t  288 - 
Compressor Out let  305 + 5.92 
ITAH 2 Out let  479.8 + 62.6 
ITAH 1 Outlet 566.0 + 31.6 
1TAH Out let  * 922 + 136.5 

0. COMBUSTION GAS SYSTEM 

Loce t 1 on lemp,~ 
$ k g / s  Power, MW 

Combustor + 1291 ** 
Regenerator Out lt415 "1 090 390.4 - 829.8 
Argon Preheater Out 688.4 390.4 - 202.8 

ITAH 1 Out 611 390.4 - 31.8 

ITAH 2 Out 408 264.0 - 62.9 

Coal Dryer Out 408 126.4 - 30.0 
Stack *(408) (390.4) - 87.4 

*Denotes f i xed  quantities for  a l l  cases. 
**Includes a l r  and coal; deducts cooler losses. 

MATCH POINT DEVIATION = + 2.43 MW 





APPEWIX C - NATURAL REWWCE REOUlROiENTS 
AND EHISSIOM LEVELS FOR OED P W T S  

Net &at Rejected )kterials n#l R e ~ ~ e e  
Electr ical  Gross Flue bas Emlssicns (W) Rcrqulrchnts 

Disk HHD System Pouer Thema 1 (ng/J) Stack 
Design Case Output Input Cooling jand Other 

kgMmr 

(W) ( W t )  I MI. 502 Partic. HC LO 002 Tower Losses Cual* Mate* I 
Other 

I 

CASE 1A 
OCD - Dtrect ly Fired 

1920 K Preheat 963.0 21 18.6 210 247 13 n i l  n i l  92.088 826 330 0.381 2-04 &amnia - O.OU 

1 - - 

CASE 1B 
OCD - Direct ly Fired 

1650 K Preheat 1012.0 2330.5 210 247 13 n i l  n i l  92,088 973 346 0.399 2.29 

--* 

CASE 2 
OCD - Separately Fired 

1920 K Preheat 983.8 2522.4 210 247 13 n i l  n i l  92,088 9% 
I 

502 0.113 2.34 

I 

CASE 3 
OCD with 02 
Augmentat ion 978.0 2=15.2 210 247 13 n i l  n i l  92.088 1058 379 0.428 2.57 

As received 
** Losses: Cooling tower evaporation, drlfft, and blmdom cn design day. 

Other makeup end seed regeneration water requirements not included. 





NO, CONTROL I N  1920 K OIWECTLY-FIRED O I S K  GENERATOR SYSTEM 

For the OCD d i r e c t  l y - f  i r ed  case a t  1920 K preheat (Case lA), the use o f  rad iant  

furnace residence time w i t h i n  the c r i t i c a l  2200 K-1800 K temperature range t o  

provide NO, removal from the f l u e  gar i s  not posslble. The r e s t r i c t i o n s  

imposed by the h igh preheat temperature requirement and the matr ix  mater ia l  

environments have been discussed i n  the body o f  the report .  I n  order t o  

achieve NO, leve ls  i n  the f l u e  gas t ha t  meet the NSYS requirements (Section 

4.2) i t  i s  necessary t o  introduce an a u x i l i a r y  f l u e  gas NO, removal scheme. 

The NO, removal process cnosen fo r  evaluation was the thermal OeNO, Process 

o f  the LXXON Research and Engineering Company, described i n  aeference 0-1. 

While no appl ica t ion t o  large-scale coa l - f i r ed  power p lants  ( 1000 MU, range) 

has been demonstrated, the process has been introduced i n to  i ndus t r i a l  p lants  

and small gas-and o i l - f i r e d  power plants. Operating w i t h  r e t r o f i t  

i n s t a l  l a t  ions of the thermal DeNO, process, such p lants  have achieved 

reducticb~s i n  NO, emissiorls of up t o  70 percent, w i th  i n i t i a l  low NO, 

levels. As adapted t o  a coa l - f  i red  power generating f a c i  1 i t y ,  where i t  i s  

i ns ta l l ed  as a compolient of the o r i g i na l  power p lan t  systsms, NO, reductions 

approaching 95 percent f o r  h igh i n i t i a l  NO, leve ls  can be predicted. The 

actual performance i n  a coa l - f i r ed  u n i t  has yet  t o  be determined. 

The process involves the i n j ec t i on  o f  amonia i n t o  the hot f l ue  gas i n  the 

presence o f  a s l i g h t  excess of oxygen. For c r i t i c a l  removal o f  the NO, i n  
the gas, the i n j ec t i on  temperature must bd cont ro l  led t a  w i th in  s t r i c t  l im i t s .  

The NO, reduction react ion i s :  

a t  T = 1225 4 .  Higher tt:~.iperatures w i l l  cause the NO production react ion 



to  occur. Below 1125 Y, the react ion ra te  decreases rap id l y  and the in jec ted  
ammonla remains unrnacted wi th  the f l u e  gas consti tuents. Laboratory t es t s  

have also shcwn tha. minimizing the P cess a i r  tends t o  enhance the NO, 
reduction reaction. Minor f l u e  gas species such as SO2, water. and ash 

apparently have neg l ig ib le  e f fec ts  on the reduction reaction. 

One important caveat regarding the use o f  the Thrrmal DeNO, process i s  the 

necessity f o r  achieving rap id  and complete mixing o f  the amnonia and f l ue  gas 

to  prevent the break'hrough o f  unreacted ammonia t o  the stack, and t o  achieve 

maximurs reduction f rac t ions.  For the purposes o f  t h i s  study, i t  i s  assumed 

that  a mixing system design can be developed t o  provide the requ fs i te  

performance o f  the process; the de ta i l s  o f  such a system are not  w i t h i n  the 

scope of the study. 

An addi t iona l  considerat ion i n  the use o f  t h i s  process f o r  MHD NO, reduct ion 

i s  the po ten t ia l  set of reactions between the in jec ted ammonia and seed 

remaining i n  the f l ue  gas. These would be l im i t ed  t o  surface reactions between 

the condensed and/or frozen seed f ract ions remaining i n  the f l u e  gas a t  the 

po in t  o f  NH3 in jec t ion,  since the required i n j ec t i on  temperature i s  below the 

vaporizat ion temperature o f  the seed and sul fur-reacted seed materials. 

NO,, Levels i n  OCD Combustion Gas 
I\ 

For tho Case 1A combustion gas system, the equ j l ib r ium NOx l eve l  i t )  the 

combustor w i th  the chosen stoichiometr ic  r a t i o  ( @ =  0.95) i s  1100 PPM. The 

elapsed till? from accelerat ion o f  the combust ion products througn the 

supersoriic nozzle u n t i l ,  f u l l y  diffused, they enter the rad iant  furnace i s  less 

than 100 mil l iseconds. For these conditions, the NO, leve l  i n  the combustion 

gas can be considered t o  be frozen a t  the combustor leve l  even though the 

s t a t i c  temperature drops rap id ly  t o  the 2200 K range w i th in  the disk generator 

and thereaf ter  recovers to  about 2450 K a t  the rad iant  furnace i n l e t .  The 

residence time i n  the radiant  furnace i s  approximately 700 m i  11 iseconds, but  

the f i n a l  gas temperature i s  only w i t h i n  the range where NO, decomposition 

becomes s i gn i f i can t  ( i .e., 2200 K or  less) f o r  approximateiy a quarter o f  t h i s  



time period. Thus, the rad iant  furnace o u t l e t  10, concentration w i l l  be on 

the order o f  1000 PPM, j u s t  p r i o r  t o  the in t roduct ion o f  a i r  f o r  the secondary 

combust ion. (The equ i l 1 brium concentrat ion o f  NU, a t  the temperature and 

pressure representat :we of the radiant  furnace o u t l e t  ducts i s  920 PPM f o r  

@ =  0.95). 

Secondary combustion of the f l u e  gas occurs a t  2150 h; f o r  t h i s  cond i t fm ,  i f  

the combustion resu l t s  i n  a f i n a l  sto ichiometr ic  r a t i o  o f  1.05, the expected 

equi 1 ibr ium NOx concentrat ion would be appro~imate ly  2500 PPM. The actual 

NO, concentration i n  the combustion products. which w i l l  be frozen i n  by the 

rap id  cool ing o f  the gas tllrough the regenerative a i r  heaters, w i l l  be expected 

t o  be i n  the 2000 PPM range. The f i n a l  value depends upon the design of the 

hot gas mains and headers, and the spec i f i c  locat ion o f  the secondary a i r  

i n j e c t i o n  po in ts  w i t h  respect t o  the hot gas i n l e t s  t o  the regenerative a i r  

heater vessels. 

For evaluation purposes, the f i n a l  frozen value of NO, i n  the reheat gas 

e x i t i n g  the a i r  preheater system w i l l  be assumed t o  be 2000 PPM. For the 

d i r e c t l y - f i r e d  OCD system burning Montana Rosebud coal, the NOx emissions 

l i m i t  i s  approximately 390 PPM i n  the stack gas. Assuming tha t  NH3 i n j ec t i on  

and mixing must occur near the 1225 K temperature point,  as recommended by the 

DeNO, process l i t e ra tu re ,  t h i s  means tha t  the i n j ec t i on  po in t  i s  located 

between the reheater and superheater modules i n  the bottoming p lan t  heat 

recovery equipment. I n  the actual p lan t  design, t h i s  could most probably be 

achieved by locat ing the i n j ec to r  and mixing sections a t  the o u t l e t  o f  the seed 

recovery ( rad iant )  furnace which furnishes most o f  the reheater heat t ransfer  

requirement. The in t roduct ion o f  the add i t iona l  sect ions requires a larger 

induced d ra f t  Pan; t o  represent the increased fan power requirements and 

pumping power requiyements f o r  the amnonia systems, a power charge t o  the p lant  

of 2% of  gross steam p lan t  output was taken. 

AMMONIA REQUIREMENTS 

The required NO, reduct ion i s  81% f o r  a 390 PPM l i m i t  i n  the stack gas. The 

avai lab le  reference mater ia l  f o r  the EXXON DeNO, process indicates tha t  such 



reductions are po ten t ia l l y  possible wi th  an NH3/NOx molar r a t i o  of about 

0.8 t o  1 (based U?on the i n i t i a l  Nox concentration). For the OCD d i rec t l y -  
f i r e d  system, t h i s  requires an ammonia in jec t ion  rate of approximately 53 

moles/sec or 0.91 kg/s (86.5 tons/day). A t  a supplied p r i ce  o f  $200/ton, the 
addit ional charge incurred f o r  the amnonia i s  $6.3 m i l l i ons  per year. 





APPENDIX E 

COMPONENT DIMENSIONS AND WEIGHTS FOR REFERENCE 500 MW D I S K  
POWER MANAGEMENT SYSTEM 

(The i tems A-R below are keyed t o  Figure 6-4-3) 

A: DC Swltchgear 
3 rows, each 32 cabinets stacked 2 high, Each cabinet  56.5" wide x 42" 
deep x 53'' high, 3500 1, 5' l a t e r a l  separation, 4 '  between rows and 
fence and between rows. 

8: DC Capacitor Banks 
Each 12' x 7 1/2' x 21' o v e r a l l  height,  132001. 

C: OC Inductors f o r  11880V and 10800V Converters 
Each 7 1/2' diameter x 17' o v e r a l l  height ,  8 (@) 11840 # a ~ d  8 (@)  
10920 #. 

0: DC Inductors f o r  6120V and 5760V Converters 
Each 6 '  diameter x 14' o v e r a l l  he igh t  8 (@)  7560 # anc 8 (@) 7290 #. 

E:  Controls Bu i l d ing  
108' x 18' x 10' t o  roo f  beams 
Houses 32 cabinets each 6 '  x 3 '  8 '  high, 2 rows back t o  back but ted  and 
s ide t o  s ide butted. Each cabinet 3600 1.  

F: Valve H a l l  
124' x 48' x 32' t o  roo f  beams. Houses a l l  a c t i v e  devices ( w i t h  room 
f o r  add i t i on  o f  VAR c o n t r o l  i f  needed) and device coo l i ng  system. 

6: Converter Transformers f o r  11880V and 10800V Converters 
19' 7" x 14' 2" x 17' 11' t o  top o f  bushings, 16' 3" t o  tank cover, 
each 180,000 #. 

H: 34.5 kV Breakers Throat Mounted t o  Transformers 
Each 46.25" x 75" x 127.5' t o  top o f  bushings, 5000 #. 

I: Converter Transformers f o r  6120V and 5760V Converters 
Each 17' 1" x 12' 1" x 15' 10" t o  top o f  bushings, 14' 2" t o  tank 
cover, 120,000 #. 

J: l l t h  Harmonic F i l t e r  Capacitor Banks 
Each 13' x 71/2' x 21' o v e r a l l  height,  14800 #. 

K:  l l t h  Harmonic F i l t e r  Inductors 
Rack mounted, rack dimensions 19' x 6', 20' o v e r a l l  height,  8400 #. 

L: 13th Harmonic F i l t e r  Inductors 
Rack mounted, rack 17' x 6 '  x 20' o v e r a l l  height,  7200#. 
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M: 13th Harmonic F i l t e r  Capacitor Banks i; 

Each 19' x 7 1/2' x 21' ove ra l l  height, 21120 1. j 
I 
S 

N: Broadband F i l t e r  Damping Resistors 
3 racks, each 12' x 6'  x 21' overa l l  height, 52500 1. 

I 

0: Broadband F i  1 t e r  Indr*ctors 
1 Rack 14' x 4' x 1 7 '  overa l l  height, 3600 1. 
1 

i P : Broadband F i  1 t e r  Capacitor Banks 
Each 15' x 7 1/2' x 21' ove ra l l  height, 15840 #. 

Q: Main Transformer 
37 1/2' x 28 1/3' x 40' t o  top of bushings, 23 3/4' t o  tank cover, 
1,050,000 #. 

I 

I R : 500 kV SF6 Breaker 
36' x 56' x 26' t o  top of bushings, 107,040 1.  

I 
(The fo l l ow ing  items S - X are keyed t o  Figure 6-4-4) 

I 
I S: Control Cabinet, 6 '  x 3 '  x 8'H, 3600 #. 

T: Converter Values, 13' x 5' x 26' H, 14000 #. 

U: Bypass Values, 13' x 5 '  x 12' H, 7000 #. 

I V :  Freewheel Values, 13' x 5'  x 12' H, 7000 #. 

I W :  Water Cooling System, 26' x 16' x 10' H, 42,000 #. 1 
1 

X :  VAR Values (if required), 13' x 5 '  x 19' H, 10500 #. 

I VAR Passive Components ( i f  required) : 

o Capacitor Banks (18); ( @ )  16' x 7 1 /2  x 21' H, 19000 1.  

o Reactors (18); (@)  8 '  diameter x 18' H, 18330 #. 
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