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SUMMARY OF THE RESEARCH AND DEVELOPMENT EFFORT ON 
OPEN-CYCLE COAL-FIRED GAS TURBINES 

M. E. Lackey 

ABSTRACT 

The e x t e n s i v e  e x p e r i e n c e  ga ined  w i t h  g a s  t u r b i n e s  o p e r a t i n g  
n o t  o n l y  w i t h  c o a l  a s  f u e l  b u t  a l s o  w i t h  d u s t y  i n l e t  a i r  and 
w i t h  d i r t y  f u c l s  (such a s  heavy o i l s  and b l a s t  f u r n a c e  g a s )  as 
w e l l  a s  pe t ro leum c a t a l y t i c  c r a c k i n g  u n i t s  h a s  been reviewed.  
A l l  t h i s  e x p e r i e n c e  i n d i c a t e s  t h a t  t h e  p a r t i c u l a t e  c o n t e n t  o f  
t h e  h o t  g a s e s  f e d  t o  t h e  t u r b i n e  must be k e p t  t o  less t h a n  %1 
ppm t o  keep t u r b i n e  bucket  e r o s i o n  t o  a n  a c c e p t a b l e  l e v e l  f o r  
t u r b i n e  i n l e t  t e m p e r a t u r e s  of 1500°F (815°C) o r  more. Drop- 
p i n g  t h e  t u r b i n e  i n l e t  t e m p e r a t u r e  below 1110°F (600°C) makes 
i t  p o s s i b l e  t o  o b t a i n  t u r b i n e  bucket  l i v e s  o f  around t h r e e  
y e a r s  w i t h  %lo0 ppm of p a r t i c u l a t e s  i f  a number of compromises 
a r e  made i n  t h e  t u r b i n e  d e s i g n .  

A b u i l d u p  of d e p o s i t s  i n  t h e  t u r b i n e  i s  a  s e r i o u s  problem 
i f  s u l f a t e s  o r  c h l o r i d e s  are p r e s e n t  i n  t h e  g a s  s t r e a m  and t h e  
t u r b i n e  i n l e t  t e m p e r a t u r e  i s  above % l l l O u F  (600°C). A t  t h i s  
t e m p e r a t u r e  l e v e l ,  t h e s e  m a t e r i a l s  become s o f t  and s t i c k y  and 
form f i l m s  on t h e  b l a d e s  t h a t  a c t  l i k e  " f lypaper"  and accumu- 
l a t e  d e p o s i t s  of t h e  s i l i c a t e s  and o x i d e s  p r e s e n L  i n  t h e  a s h  
o f  a c o a l - f i r e d  combustor.  Problems w i t h  d e p o s i t s  become par-  
t i c u l a r l y  s e v e r e  a t  t e m p e r a t u r e s  above 2000°F (1093°C); d i f -  
f i c u l t i e s  have been exper ienced  w i t h  i n l e t  a i r  d u s t  concen t ra -  
t i o n s  l e s s  t h a n  0 . 1  ppm. 

E x t e n ~ i v e  e x p e r i e n c e  w i t h  many t y p e s  of cyc lone  s e p a r a t o r s  
shows t h a t  t h e y  can  be used t o  reduce  t h e  p a r t i c u l a t e  c o n t e n t  
t o  a s  low a s  %lo0 ppm under t h e  b e s t  c o n d i t i o n s .  Granu la r  bed 
f i l t e r s  have y i e l d e d  s i m i l a r  performance.  E l . e c t r o s t a t i c  pre-  
c i p i t a t o r s  a r e  n o t  e f f e c t i v e  above % l l l O ° F  (600°C) because  t h e  
d u s f  d e p o s i t s  on i n s u l a t o r s  become conduc t ing  and s h o r t  o u t  t h e  
g r i d s .  The o n l y  . e f f e c t i v e  way found t o  r e d u c e  t h e  p a r t i c u l a t e  
c o n t e n t  of b l a s t  f u r n a c e  g a s  and g a s  from c o a l  g a s i f i c a t i o n  
u n i t s  t o  t h e  %l ppm r e q u i r e d  f o r  a h igh- tempera tu re  gas t u r b i n e  
i s  t o  c o o l  t h e  g a s  and p a s s  i t  th rough  a  two-stage w a t e r  scrub-  
b e r  o r  e q u i v a l e n t  b e f o r e  burn ing  i t .  

I n  b r i e f ,  i t  a p p e a r s  d o u b t f u l  t h a t  any of t h e  hut-gas  
clean-up c o q c e p t s  be ing  i n v e s t i g a t e d  w i l l  y i e l d  t h e  .low p a r t i c -  
u l a t e  c o n t e n t s  requl . red f o r  t h e  s a t i s f a c t o r y ,  economical  opera-  
t i o n  of 1500 t o  1600°F (816 t o  870°C) long- l ived  gas  t u b i n e s .  
However, t h e  technology i s  a v a i l a b l e  f o r  s a t i s f a c t o r y  s e r v i c e  
i f  t h e  t u r b i n e  i n l e t  t empera tu re  i s  k e p t  below 1110°F (600°C).  



INTRODUCTION 

This is one of a series of topical reports summarizing the research 

and development (R&D) effort on various phases of advanced power conver- 

sion systems. ' This report is .especially concerned with the possibility 

of employing an open-cycle coal-fired gas turbine with .a pressurized 

fluidized-bed combustor. 

The first portion of this reDort presents a background history of 

the research and development effort on coal-fired gas turbines up to 1976. 

The next section discusses recommended development prvgrauls and priorities. 

This is followed by a presentation of the principal problem areas, perfor- 

mance parameters, and figures of merit characteristic of the system to 

provide perspective on t'he various problems. The principal parameters 

and figures of merit include such quantities as the operating life of 

experimental units, turbine inlet temperature, particulate content of 

the turbine inlet gas, etc. Subsequent sections summarize the current. 

status of development and experience in system research and development 

work. 

This work was carried out at the request of the Office of Program 

Planning and Analysis, Fossil Energy Program, Department of Energy w l e h  

funds provided for a general appraisal of advanced fossil energy systems. 

BACKGROUND 

Work on coal-burning gas turbines began in 1944 but was largely phased 

out by 1960 because of serious difficulties with turbine bucket- erosion 

and deposits. Interest in the open-cycle coal-burning gas turbine has 

been renewed in recent years, primarily because it offers the possibility 

of pressurizing a fluidized-bed coal combustor for a combined cycle sys- 

tem. 2-4 

System Decription 

The system commonly envisioned currently is a combined gas turbine 

steam cycle in which the bulk of the heat of combustion released in a 



fluidized-bed coal combustor is transferred to a steam generator tube 

matrix in the fluidized bed while the balance of the heat in the hot com- 

bustion products flows to a gas turbine. The gas turbine drives the com- 

pressor (with a pressure ratio of Q1O:l) and the generator. A flowsheet 

for a typical system is shown in Fig. 1. Note the particle removal equip- 

ment between the fluidized bed and the gas turbine. 

Advantages and Disadvantages 

The system shown in Fig. 1 has the advantage that it would give a 

somewhat higher thermal efficiency than a steam cycle alone because of 

the extra power obtained from the gas turbine topping cycle4 and because 

absorbing the sulfur from the coal in the fluidized bed should eliminate 

the losses associated with stack gas  scrubber^.^ A further advantage is 

that pressurization of the furnace greatly reduces its size and capital 

cost and the number of coal feed points, which means a reduction in the 

complexity and cost of the coal feed system. Pressurizing the bed also 

permits an increase in the bed depth; this increases the transit time 

through the bed for small particles of coal and sorbent, thus increasing 

the efficiency of combustion and sorbent utilization. These points are 

presented in more detail in a companion report. 2 

The principal disadvantages of the system are the problems of par- 

ticulate removal from the hot gases flowing to the gas turbine and the 

gas furbine bucket erosion and deposits caused by the small amounts of 

fine dust that eludes the particle separation equipment and reaches the 

turbine. This set of problems is the principal subject of this report. 

Operating Experience 

A brief survey of gas turbine operating experience pertinent to the 

development of coal-fired gas turbines is presented in this section to 

give perspective on the problems involved. Much more detailed information 

on salient points from this experience is presented in later sections. 
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Fig. I. Flowsheet for a coal-fired open-cyclz gas turbine. 



E a r l y  work on gas  t u r b i n e s  

The f i r s t  p r a c t i c a l  apl;.Lication of a  gas  t u r b i n e  d r i v e  f o r  an  a x i a l  

compressor occurred i n  1932 w i t h  t h e  advent  of t h e  Velox p re s su r i zed  b o i l e r  

developed by Brown, Boveri  and Company of Switzer land.  A somewhat s i m i l a r  

a p p l i c a t i o n  of t h e  gas  t u r b i n e  compressor d r i v e  system was used i n  t h e  

Houdry c a t a l y t i c  c rack ing  process  i n  1936 by t h e  Sun O i l  Company a t  i t s  

Marcus Hook, Pa. ,  p l a n t .  The f i r s t  power s t a t i o n  employing gas t u r b i n e s  

on ly  was developed in .1939  by t h e  Escher Wyss Engineer ing Works i n  Zurich,  

~ w i t z e r l a n d .  U t i l i z i n g  t h e  des ign  and m a t e r i a l  technology of t h e  a i r -  

c r a f t  j e t  engine developed du r ing  and a f t e r  World War 11, e l e c t r i c  u t i l i -  

t i e s  began i n s t a l l i n g  gas  t u r b i n e s  i n  t h e  l a t e  1940's .  R e l a t i v e l y  c l ean  

f u e l s ,  such a s  n a t u r a l  gas  o r  d i s t i l l a t e  o i l s ,  have been employed almost 

exc lus ive ly  a s  t h e  energy supply f o r  i n d u s t r i a l  gas  t u r b i n e s .  D i r t y  f u e l s  

con ta in ing  minera l  c o n s t i t u e n t s  i n  s u f f i c i e n t  q u a n t i t i e s  t o  have harmful 

e f f e c t s  on t h e  t u r b i n e  b lad ing  have proved t o  be d i f f i c u l t  t o  u t i l i z e  ef-  

f e c t i v e l y .  

Locomotive Develo~ment  Committee 

I n  1944 t h e  Locomotive Development Committee (LDC) of Bituminous Coal 

Research, Inc . ,  was faced  wi th  t h e  cha l lenge  of t h e  d i e s e l  locomotive,  

which th r ea t ened  t o  d i s p l a c e  t h e  steam locomotive and thereby e l i m i n a t e  

t h e  l a r g e  ra i lway  market f o r  coa l .  The LDC recognized t h a t  petroleum 

and n a t u r a l  ga s  product ion  would peak i n  t h e  next  20 t o  30 yea r s  and t h a t  

t h e  energy market would depend p r imar i l y  on c o a l . 8  To meet both t h e  sho r t -  

term cha l l enge  of t h e  d i e s e l  and t h e  long-term s h o r t a g e  of l i q u i d  f u e l ,  t h e  

LDC pioneered t h e  development o f  t h e  coa l - f i r ed  gas  t u r b i n e .  P r i o r  t o  

1951, wh i l e  awai t ing  t h e  d e l i v e r y  of a  p ro to type  locomotive t u r b i n e ,  t h e  

LDC opera ted  a  Houdry t u r b i n e  fue l ed  w i th  c o a l  w i th  a  t u r b i n e  i n l e t  tem- 

p e r a t u r e  of 750°F (400°C) f o r  more t han  1000 h r .  Between 1951 and 1958, 

t h e  pro to type  coal-burning gas  t u r b i n e  designed f o r  locomotive use  was 

opera ted  f o r  more t han  4000 h r  w i th  a t u r b i n e  i n l e t  temperature  of 1250°F 

(675"C), and severe b lade  e ros ion  n e c e s s i t a t e d  t h r e e  p a r t i a l  replacements  

of  b lades .  A review of t h e  ope ra t i ng  exper ience  d i s c l o s e s  t h a t  t h e  bulk 

of  t h e  e ros ion  and d e p o s i t s  occurred i n  t h e  upper s t a g e s  where t h e  gas  

tempPratiire was above 1050°F (565°C). The importance of gas  temperature  



i s  i n d i c a t e d  by t h e  f a c t  t h a t  t h e  .LDC operated t h e  t u r b i n e  wri.th an i n l e t  

t empera tu re  of 1050°F (565OC) f o r  approximately 500 h r  w i th  n e g l i g i b l e  

e r o s i o n  and d e p o s i t s .  Blade e ros ion  wi th  a  t u r b i n e  i n l e t  temperature  of 

1250°F (675OC) remained a  major o b s t a c l e  t o  t h e  coal-burning t u r b i n e  de- 

velopment when t h e  LDC withdrew f i n a n c i a l  support  of t h e  program i n  1959, 

a t  which time t h e  cumula t ive  cusC of t h e  program i n  then-year d o l l a r s  was 

about  $5,500,000. 

Concurren t ly ,  a  s i m i l a r  e f f o r t  i n  England and another  modest e f f o r t  

i n  Canada were c a r r i e d  ou t  w i th  no g r e a t e r  success .  

Union P a c i f i c  Ra i l road  

T h e  Union P a c i f i c  Ra i l road ,  wishing t o  u t i l i z e  i t s  l a r g e  coa l  re-  

s e r v e s ,  commissioned Alco and General E l e c t r i c  t o  modify an o i l - f i r e d  

g a s  t u r b i n e  engine  s o  t h a t  i t  could be f i r e d  w i th  c o a l  and opera ted  i n  

a  locomotive t o  c a r r y  t h e  LDC program t o  i t s  l o g i c a l  conc lus ion .  3 0  EX- 

p e r i e n c e  w i th  t h i s  u n i t  i n  r a i l  s e r v i c e  was d i s appo in t ing ;  i n  t h e  i n i t i a l  

o p e r a t i o n ,  t h e  power f e l l  o f f  badly i n  200 h r .  Improvements were made i n  

t h e  cyc lone  s e p a r a t i o n  system used t o  remove t h e  d u s t ,  and a  second t e s t  

w a s  run  i n  which o p e r a t i o n  up t o  400 h r  was ob ta ined  be fo re  t h e  l o s s  i n  

power ou tpu t  became so  s e v e r e  t h a t  t h e  test was te rmina ted .  

Burcau of  Mines 

Af ter , t he  t e rmina t ion  of  t h e  LDC e f f o r t ,  t h e  United S t a t e s  Rure.ai.1 

of Mines cont inued t h e  i n v e s t i g a t i o n  under a  coope ra t i ve  agreement wi th  

Bituminous Coal Research,  I n c .  The t u r b i n e  and a u x i l i a r y  equipment 

was t r a n s f e r r e d  t o  t h e  Bureau's Coal Research Center a t  Morgantown, W.'. 

Va. The Bureau a r ranged  w i t h  General E l e c t r i c  f o r  t h e  des ign  and con- 

s t r u c t i o n  of new b l ades  f o r  t h e  t u r b i n e 3 2  and by 1,964 had completed t e s t -  

i n g  of  t h e  t u r b i n e  a t  an  i n l e t  temperature  of 1250°F (675OC) wi th  a  t o t a l  

o f  approximately 2000 h r  of running. The new b lade  des ign  gave improved 

r e s i s t a n c e .  t o  e r o s i o n  a s  compared t o  t hose  t e s t e d  i n  t h e  LDC program. 

The e s t ima ted  l i f e  of t h e  r o t o r  b l ades  was 20,000 t o  30,000 h r ;  t h e  s t a t o r  

b l a d e s  had an e s t ima ted  l i f e  0.f on ly  5000 t o  7500 h r .  3 1  



A u s t r a l i a n  program 

Concurrent ly  w i th  t h e  coa l - f i r ed  gas  t u r b i n e  programs i n  t h e  United 

S t a t e s ,  a n  i n v e s t i g a t i o n  i n  A u s t r a l i a  of t h e  problems of f i r i n g  a  gas  

t u r b i n e  wi th  c o a l  was i n i t i a t e d  i n  1948 by t h e  Aeronaut ica l  Research 

Labora to r i e s  (ARL) a t  a  t o t a l  c o s t  i n  then-year d o l l a r s  of about 

$1,500,000. 3 - 3 6  I n  t h e  e a r l i e r  s t a g e s  of t h e  ARL e f f o r t ,  t h e  major 

t h r u s t  of t h e  program was d i r e c t e d  toward t h e  problems of c o a l  pu lver iz -  

i ng  and handl ing ,  h igh - in t ens i t y  combustion and combustor development, 

and a s h  f o u l i n g  and e ros ion .  Considerable  progress  had been made on t h e  

problems of handl ing and burning c o a l  f o r  use a s  f u e l  i n  gas  t u r b i n e s  

when 4 t ons  of V i c t o r i a n  brown c o a l  were burned s a t i s f a c t o r i l y  i n  t h e  

LDC experimental  Houdry gas  t u r b i n e  system i n  1951 .34  Rig experiments  

on a  coa l - f i r ed  a i r c r a f t  supercharger  gave l i t t l e  evidence of e r o s i o n  but  

d i d  i n d i c a t e  a n  a s h  d e p o s i t i o n  problem. Inasmuch a s  t h e  supercharger  

b lad ing  was aerodynamically c rude  and i t  was be l ieved  t h a t  t h e  r a t e  of 

a s h  depos i t i on  would depend upon t h e  b l ade  des ign ,  a  nonrecupera t ive  gas 

t u r b i n e  u n i t  c o n s i s t i n g  of a  13-stage compressor, a  2-stage compressor 

t u r b i n e ,  and a  2-stage power t u r b i n e  was ob ta ined  and commissioned i n  1958. 

The system was opera ted  f o r  approximately 400 h r  a t  an i n l e t  temperature  

of  1200°F (650°C) on va r ious  grades  of A u s t r a l i a n  c o a l  between 1959 and 

1963. Ash d e p o s i t i o n  and e ros ion  remained a  problem throughout t h i s  phase 

of  t h e  test program. 

I n  1963, t h e  2-stage compressor d r i v e  t u r b i n e  was rep laced  wi th  a  

3-stage t u r b i n e  designed t o  o p e r a t e  w i t h  a  gas  v e l o c i t y  of 800 f p s  (244 

m/sec) compared t o  t h e  1200 f p s  (366 m/sec) i n  t h e  2-stage machine. The 

redesigned machine was commissioned i n  1969, and t e s t i n g  wi th  c o a l  was 

completed i n  1970 w i t h  a  t o t a l  running time of approximately 125 h r  w i th  

a  t u r b i n e  i n l e t  temperature  of about  1200°F (650°C). The b l ades  remained 

c l e a n  throughout t h e  test except  f o r  a  f i l m  of a s h  on t h e  f i r s t - row s t a t o r s .  

The es t imated  l i f e  made on t h e  b a s i s  of on ly  125 h r  of t e s t i n g  was 30,000 

to 50,000 llr f o r  t h e  r o t o r  b l ades  and 25,000 t o  50,000 h r  f o r  t h e  s t a t o r  

b lades .  3 3 



Cata ly t i c - c r ack ing  u n i t s  

The use of  gas  t u r b i n e s  t o  provide combustion a i r  t o  burn ou t  t h e  

coke t h a t  accumulates on t h e  Al2O3-based p e l l e t s  used a s  t h e  c a t a l y s t  i n  

petroleum r e f i n e r y  c a t a l y t i c - c r a c k i n g  u n i t s 6  was confined t o  ope ra t i on  

w i t h  t u r b i n e  i n l e t  t empera tures  l a r g e l y  below 800°F (425OC) u n t i l  t h e  

1950 ' s  and hence l i t t l e  o r  no n e t  u s e f u l  power was ob ta ined .  

I n  1950, t h e  E l l i o t t  Company made t h e  f i r s t  s o p h i s t i c a t e d  e f f o r t  t o  

recover  power from a  petroleum ca t a ly t i c - c r ack ing  u n i t  by i n t roduc ing  a  

h ighe r  i n l e t  t empera ture  turboexpander i n t o  t h e  f l u e  gas  s t ream d i r e c t l y  

downstream of t h e  r e g e n e r a t o r .  3 7  Because t h e r e  was no th ing  ahead of the 

expander t o  reduce t h e  p a r t i c u l a t e  l e v e l ,  t h e  performance. d e t e r i o r a t e d  

r a p i d l y  and by t h e  end of 750 h r  the t u r b i n e  was v i r t u a l l y  i~se l . ess .  

A review of  t h e  E l l i o t t  Co. exper ience  and t h e  LDC work i n d i c a t e d  

t h a t  n o t  only should t h e  p a r t i c u l a t e  con ten t  of t h e  gas  be reduced but  

every  e f f o r t  should  be made t o  keep i t  uniformly d i spe r sed  i n  t h e  gas 

s t r eam t o  avoid s e v e r e  l o c a l  e ros ion ,  p a r t i c u l a r l y  a t  t h e  r o o t s  and t i p s  

of t h e  b lades .  This  l e d  t o  t h e  d e c i s i o n  t o  use a  s ing l e - s t age  t u r b i n e  

w i t h  a long  s t r a i g h t  i n l e t  passage. This ,  t oge the r  w i t h  ex t ens ive  de- 

velopment work on p a r t i c l e  s e p a r a t o r s ,  led tn  a t e s t  w i th  t h r e e  ~ t a g e ~  

of cyc lone  s e p a r a t o r s  conduc.ted i n  1957 by t h e  S h e l l  Developmcnt Corn-- 

pany. 
3 7 ,  3 8  A f t e r  4000 h r  of cont inuous ope ra t i on ,  i n s p ~ r t i o n  of t h e  

b l ad ing  revea led  no s e r i o u s  e ros ion .  Cnmm~rrial  i n s t a l l a t i o n  of t h ~ c o  

u n i t s  began i n  1963 and was extended t o  e i g h t  r e f i n e r i e s  by 1973. The 

t o t a l  power recovery  c a p a c i t y  of t h e  e i g h t  i n s t a l l a t i o n s  i s  approximately 

62 MW w i t h  an e s t ima ted  t u r b i n e  l i f e  of 25,000 t o  40,000 h r .  7 - 3 9  These 

u n i t s  o p e r a t e  w i t h  a  t u r b i n e  i n l e t  temperature  of about 1100°F (594OC). 

Turbine i n l e t  t empera tures  a s  h igh  as 11150°F (620°C) h a w  h ~ ~ n  vsed w i t h  

I ncone l  X b l ades  coa ted  w i th  tungs ten  ca rb ide  t o  g ive  a  t u r b i n e  l i f e  of 

two t o  t h r e e  yea r s .  3 9  Extensive exper ience  wi th  t h e s e  u n i t s  i n d i c a t e s  

t h a t  e r o s i o n  can be  k e p t  t o  a  t o l e r a b l e  lebel wi th  two s t a g e s  of cyclone 

s e p a r a t o r s  followed by a  t h i rd - s t age  mult icyclone (which g ives  a p a r t i c u -  

l a t e  l oad ing  of  ~ 1 0 0  ppm*) f o r  ope ra t i on  a t  t u r b i n e  i n l e t  temperatures  up 

* 
1 ppm = 1.22 mg/m3 = 0.0345 mg/ f t3  = 0.00054 g r a i n / f t 3 .  



t o  %1150°F (620°C) i f  a  s i ng l e - s t age  t u r b i n e  is  used wi th  e x c e l l e n t  i n l e t  

cond i t i ons .  3 7 - 4 4  

Gas t u r b i n e s  o ~ e r a t e d  on low-Btu ea s  from b l a s t  
fu rnaces  and g a s i f i e r s  

A s u b s t a n t i a l  amount of exper ience  has  been obta ined  i n  t h e  United 

S t a t e s  and i n  Europe wi th  gas  t u r b i n e s  ope ra t i ng  on low-Btu gas  from b l a s t  

fu rnaces  wi th  eurbine i n l e t  temperatures  around 1.350°F (730°C) .  Af te r  ex- 

t e n s i v e  t e s t i n g  of hot-gas c leanup equipment, i t  has  been found b e s t  t o  

coo l  t h i s  ga s  and c l e a n  i t  wi th  a  two-stage wet sc rubber  and/or  an  elec- 

t r o s t a t i c  f i l t e r  p r i o r  t o  burning i t  i n  a  combustion chamber ahead of t h e  

t ~ r b i n e . ~ ~ - ~ '  The p a r t i c u l a t e  con ten t  . i n  t h e  gas  fed  t o  t h e  t u r b i n e  i s  

commonly kept  below 1 ppm by weight.  The same approach and requirement 

have been imposed on t h e  low-Btu gas  suppl ied  from Lurg i  g a s i f i e r s  t o  t h e  

gas  t u r b i n e  of t h e  combined-cycle p l a n t  a t  ~ u n e n ,  Germany. 5 1 

A t y p i c a l  example of t u r b i n e  performance w i t h  b l a s t  f u rnace  gas  is 

a  Su lze r  gas  t u r b i n e  employed f o r  supercharging a  b l a s t  f u rnace  a t  t h e  

Hainaut-Sambre works i n  Belgium. The t u r b i n e  has  produced 7500 kW(e) 

w i t h  a  gas  i n l e t  temperature  of  1310°F (710°C) s i n c e  1955. Erosion of 

t h e  f i r s t - s t a g e  t u r b i n e  bucke ts  progressed t o  t h e  po in t  where some l o s s  

i n  e f f i c i e n c y  occurred a f t e r  81~,000 hr of ope ra t i on ,  a t  which p o i n t  t h e s e  

b l ades  were rep laced .  However, t h e  second- and t h i r d - s t a g e  b l ades  were 

s t i l l  i n  s a t i s f a c t o r y  cond i t i on  a f t e r  136,000 h r  of ope ra t i ng  t i m e .  5 2 

Oil-burn illg gas  t u r b i n e s  

I n  t h e  United S t a t e s ,  commercial s p e c i f i c a t i o n s  f o r  convent iona l  gas  

t u r b i n e s  l i m i t  t h e  p a r t i c u l a t e  con ten t  t o  no more t han  1 ppm by weight and 

the maximum p a r t i c l e  s i z e  to l n  Ilrn for gas t u r b i n e  a p p l i c a t i o n s ,  whether 

f o r  ope ra t i on  on f u e l  o i l  o r  i n  dus ty  environments. , 5 4  s e v e r e  e ros ion  

has  occur red  i n  bo th  i n d u s t r i a l  and u t i l i t y  gas  t u r b i n e s  a s  a  consequence 

of  d u s t  i n  t h e  a i r  e n t e r i n g  t h e  compressor; hence a i r  f i l t e r s  a r e  normally 

r equ i r ed .  



Cascade t e s t s  w i t h  f l u i d i z e d  beds a t  BCURA 

The B r i t i s h  Coal U t . i l i z a t i o n  Research Assoc ia t ion ,  Ltd. (BCURA), has  

devoted p r a c t i c a l l y  a l l  i ts  e f f o r t  s i n c e  1971 t o  r e sea rch  and development 

work on f lu id ized-bed  combustion and g a s i f i c a t i o n .  Design s t u d i e s  i n d i -  

c a t e  t h a t  t h e r e  a r e  major advantages t o  p r e s s u r i z i n g  t h e  f lu id ized-bed  

combustor wi th  a  gas  t u r b i n e .  2 9 5 5  There a r e  i n d i c a t i o n s  t h a t  t h e  ash  from 

a  f l u i d i z e d  bed w i l l  be less e r o s i v e  than t h a t  from a  pu lve r i zed  c o a l  

bu rne r .  Experiments a t  BCURA wi th  a  p re s su r i zed  f luidized-bed coa l  com- 

b u s t i o n  system have inc luded  a  number of runs  i n  which t h e  h o t  gases  

l e a v i n g  t h e  bed a t  about  6  atm have been d i r e c t e d  through a  cascadz of 

bladeo r c p r e s e n t i r ~ g  a t u r b i n e  nozz le .  " 9'' Tes t s  run w i t h  i n l e t  gas . 

t empera tures  of around 1550°F (843°C) showod r e l a t i v e l y  l l ~ L l r  i n  the 

way of d e p o s i t s  o r  e r o s i o n  f o r  a  per iod  of 500 h r  of ope ra t i on .  For 

comparison, a  s i m i l a r  experiment conducted by the  LDC as a p a r t  of t h e  

1421-hr t u r b i n e  t e s t  a l s o  gave n e g l i g i b l e  d e p o s i t s  and e r o s i o n  a t  1250°F 

(677OC). The most r e c e n t  BCURA t e s t  of record  was c a r r i e d  ou t  wi th  an 

i n l e t  gas  temperature  of 1600 t o  1700°F (870-925°C). This  y i e lded  ap- 

p r e c i a b l e  d e p o s i t s  and l i t t l e  e ros ion ,  bu t  photomicrographs h d i c a t e  

a p p r e c i a b l e  co r ros ion .  I n  g e n e r a l ,  t h e  co r ros iou  wds comparable t o  

t h a t  found wi th  o i l - f i r e d  gas  t u r b i n e s  ope ra t i ng  a L  t h e  same tempera ture ,  

w i t h  comparable amounts of sulfiir i n  t h ~  f u o l ,  but t h e  d e y u s l t s  were sub- 

s t a n t i a l l y  g r e a t e r .  

The r e s u l t s  of t h e  BCURA tests wi th  b lade  cascades a r e  encouraging 

b u t  n o t  d e f i n i t i v e .  The p a r t i c u l a t e  con ten t  of t h e  gas e n t e r i n g  t h e  t e s t  

s e c t i o n  r a n  about 250 ppm by weight w i t h  90% of t h e  p a r t i c l e s  sma l l e r  

t han  1.0 pm. 

J 

The Cun1busci6n l'ower Co111pany began work on coupl ing a gas t u r b i n e  

t o  a  f lu id ized-bed  burn ing  s o l i d  wastes  i n  1969 and subsequent ly  s h i f t e d  

i n  1974 t o  ope ra t i on  w i t h  ~ o a l . ' ~ - ~ '  By 1976, t h e  u n i t  had accumulated 

approximately 600 h r  of t u r b i n e  opc ra t i ou  a t  an i n l e t  temperature  of ap- 

proximate ly  1400°F (760°C). The hot-gas c leanup system f o r  t h e s e  . t e s t s  

was ope ra t ed  a t  t empera tures  of 1500 t o  1600°F (815--870°C) wi th  coo l ing  

downstream of  t h e  l a s t  s t a g e  of p a r t i c l e  s e p a r a t i o n  s o  a s  t o  no t  exceed 



the design turbine inlet temperature of 1450°F (788°C). The hot-gas 

cleanup devices used in this series of tests consisted of tangential 

entry cyclones and 6- and 3-in. (15.2- and 7.6-cm) multicyclones. In each 

test the multicyclones became ineffective after a few hours of operation 

owing to ash plugging which resulted in'heavy fouling and erosion in the 

turbine. Subsequent work has been directed toward the use of granular 

bed filters. 

Turbosupercharged fluidized-bed furnaces for steam generators 

The extensive experience outlined above clearly indicates that coal- 

burning gas turbines have always given serious trouble with erosion and 

deposits when operated with turbine inlet temperatures above %1200°F 

(650°C) but have been relatively free of these difficulties if the inlet 

temperature is below %1050°F (565°C). This experience is consistent with 

basic considerations of metal erosion rates as a function of temperature . 

and the softening point of the lower-melting-point constituents of coal 

ash.61~62 In view of this, it has been proposed at ORNL that a low- 

temperature gas turbine be employed to supercharge a fluidized-bed furnace 

in the same manner as Bucchi turbochargers.are employed to supercharge 

diesel engines. 62 In fact, production units for large diesels might be 

used. There would be no attempt to obtain any net electrical power; the 

objective would be simply to raise the furnace pressure and thus improve 

combustion conditions and reduce capital costs. 

Accumulated Costs and Running Time 

The expenditures in the U.S. and Australia for the development of 

the open-cycle coal-fired gas turbine for the 1945-75 period are summa- 

rized in Table 1, and the operating hours accumulated at various turbine 

inlet temperatures are given in Table 2. The operating experience with 

coal-fired gas turbines under the Locomotive Development Committee is 

summarized in Table A.5 (see appendix) to show the effects of turbine 

inlet temperature and hot-gas particulate content on turbine bucket ero- 

sion and deposits. The cumulative costs and turbine operating time are 

shnwn in Fig. 2 for the period 1945--75. Inspection of Fig. 2 shows a 



Table 1. Expenditures i n  the U.S. and A u s t r a l i a  f o r  c~pen-cycle coa l - f i r ed  
gas t u r b i n e  development dur ing  t h e  period 1945-1975 ($ x 1 0 ~ ) ~  

Locomotive Developeent Committee 500 3000 ZOO0 5,500 
U.S. Bureau of Mines 4500 500 5,000 
Union P a c i f i c  Rai l road 500' 500 
Aeronaut ica l  Research L a b o , r a t o ~ i e s  53b 7 5b 2362, ;445 780 3 9 .1,625 
Petroleum R e f i n e r i e s  1000 . 1,000 w 
Combus t i o n  power Comp~ny 500 3000 3,500 r0 

T o t a l  5  5 01 3075 3736 4945 1780 3039 17,125 

a Expenditures a r e  given i n  then-year d o l l a r s .  

b ~ s t i m a t e d .  
C 

The Combustion Power Conpany t u r b i n e  expenditures  were taken a s  25% of t h e i r  yea r ly  c o s t s .  . 



Tab1.e 2. Open-cycle c o a l - f i r e d  g a s  t u r b i n e  o p e r a t i n g  hours  d u r i n g  t h e  p e r i o d  1945-1975 

Turbine  i n l e t  t empera tu re  
[OF (OC)I 

Locomotive Development Comrnitte 1250 478 3281 
U.S. Bureau of Mines 2963 
Union P a c i f i c  R a i l r o a d  Q500 
A e r o n a u t i c a l  Research L a b o r a t o r i e s  428 
Petroleum X e f i n e r i e s  
Combustion Power Company 591 

T o t a l  1250 4 7 8 ,7172 591 0 



1960 1970 
YEAR 

Fig .  2.  Research c o s t s  and ope ra t i ng  time f o r  open-cycle coa l - f i r ed  
gas  t u r b i n e s  d u r i n g  t h e  pe r iod  1945-1975. 

t o t a l  expend i tu re  i n  then-year d o l l a r s  of approximately $17,000,000 and 

a t o t a l  o p e r a t i n g  t i m e  of approximately 9500 h r  dur ing  t h e  30-year per iod .  

RECOMMENDED DEVELOPMENT PROGRAM 

The two key developmental problems of t h e  open-cycle coal-[iced gas 

t u r b i n e  a r e  t u r b i n e  'bucket e r o s i o n  and d e p u s i ~ s ,  Loth of which Bifc 

h e a v i l y  dependent on t h e  temperature  of * t h e  combusf ion gases erlLr~f ag 

t h e  t u r b i n e .  The hardness  of t u r b i n e  bucket a l l o y s  dec re s se s  r a p i d l y  wi th  

a n  i n c r e a s e  i n  t u r b i n e  i n l e t  temperarure  abuvr about  1 1 1 0 " ~  (600°C), thuc 

making . t u rb ine  bucket e r o s i o n ' a  s e r i o u s  problem f o r  p a r t i c u l a t e  c o n t e n t s  

of  over  100 ppm a t  1110°F (600°C) o r  over  1 ppm a t  a t u r b i n e  i n l e t  tem- 

. p e r a t u r c  of Q--1560°F (850°C).  Fl i r ther ,  a smal l  percentage  of t h e  a s h  con- 

s is ts  of  low-melting g l a s s e s  (e .g . ,  s u l f a t e s )  t h a t  a r e  s t i c k y  a t  tempera- 

t u r e s  down t o  about  1110°F (600°C) and tend t o  adhere t o  s u r f a c e s  on which 

they  impact.  The r e s u l t i n g  f i l m  a c t s  l i k e  "f lypaper"  and accumulates hard 



ceramic d e p o s i t s  of h igher -mel t ing-po in t  a s h  p a r t i c l e s .  E x t e n s i v e  e x p e r i -  

ence  w i t h  hot-gas  c leanup  equipment i n d i c a t e s  t h a t  i t  i s  d i f f i c u l t  indeed 

t o  r e d u c e  t h e  p a r t i c u l a t e  c o n t e n t  t o  1 0  ppm and t h a t  e x c e s s i v e  d e p o s i t s  

a r e  formed even a t  t h i s  l e v e l  i f . t h e  t u r b i n e  i n l e t  t empera tu re  exceeds  

a b o u t  1100°F (594°C). I n  f a c t ,  commercial g a s  t u r b i n e  s p e c i f i c a t i o n s  nor- 
\ 

m a l l y  l i m i t  t h e  a s h  c o n t e n t  of t h e  f u e l  o i l  and t h e  p a r t i c u l a t e  c o n t e n t  of 

t h e  i n l e t  a i r  t o  t h e  e q u i v a l e n t  of no more t h a n  'L2 ppm i n  o r d e r  t o  l i m i t  

d e p o s i t s  t o  a n  a c c e p t a b l e  l e v e l .  

E f f o r t s  t o  deve lop  s u i t a b l e  hot-gas p a r t i c l e  removal equipment a r e  

under way and shou ld  be  con t inued .  However, s i n c e  p a s t  e x p e r i e n c e  i s  n o t  

encourag ing ,  commitments t o  b u i l d  g a s  t u r b i n e  sys tems  ( o t h e r  t h a n  s m a l l  

e x p e r i m e n t a l  u n i t s )  should  be  d e f e r r e d  pending t h e  d e m o n s t r a t i o n  on a  , 

s m a l l  s c a l e  of a n  economical ,  promising,  l o n g - l i v e d ,  hot-gas c leanup  system 

o p e r a t e d  w i t h  a  f l u i d i z e d  bed t h a t  burns  a c o a l  having a  r e p r e s e n t a t i v e  

a s h  composi t ion.  

E x t e n s i v e  e x p e r i e n c e  w i t h  c o a l - f i r e d  g a s  t u r b i n e s ,  g a s  t u r b i n e s  oper-  

a t i n g  on b l a s t  f u r n a c e  gas ,  c o n v e n t i o n a l  g a s  t u r b i n e s  o p e r a t i n g  w i t h  d u s t y  

i n l e t  a i r ,  and g a s  t u r b i n e s  used i n  c o n j u n c t i o n  w i t h  c a t a l y t i c - c r a c k i n g  

u n i t s  i n  pet roleum r e f i n e r i e s  i n d i c a t e s  t h a t  it is  d o u b t f u l  t h a t  t h e  par-  

t i c u l a t e  c o n t e n t  of t h e  p r o d u c t s  o f  combustion from t h e  f l u i d i z e d - b e d  c o a l  

combustion system c a n  be reduced a t  a  r e a s o n a b l e  c o s t  t o  a l e v e l  t h a t  w i l l  

pe rmi t  g a s  t u r b i n e  o p e r a t i o n  w i t h  i n l e t  t e m p e r a t u r e s  much above 1110°F 

(600°C). However, t h e  same body of e x p e r i m e n t a l  exper fence  i n d i c a t e s  t h a t  

s a t i s f a c t o r y  t u r b i n e  l i f e  could  be  o b t a i n e d  w i t h  t h e  p r o d u c t s  o f  combus- 

t i o n  from a  f l ~ ~ i d i x s d - b e d  c o a l  combustion system f o r  t u r b i n e  i n l e t  tem- 

p e r a t u r e s  below 1050°F (565°C); t h i s  can  be  done w i t h  t h e  s t a t e - o f - t h e -  . 
a r t  p a r t i c u l a t e  removal sys tems used i n  c a t a l y t i c - c r a c k i n g  u n i t s ,  t h a t  i s ,  

two s t a g e s  of cyc lone  s e p a r a t o r s  fo l lowed  by a s i n g l e - s t a g e  m u l t i c y c l o n e  

s e p a r a t o r  t o  supp ly  a s i n g l e - s t a g e  t u r b i n e  w i t h  gas  hav ing  a  p a r t i c u l a t e  

c o n t e n t  i n  t h e  range  of l e s s  t h a n  100 ppm. Although t h e  low t u r b i n e  i n l e t  

t empera tu re  would g i v e  o n l y  enough power t o  d r i v e  t h e  compressor and hence 

p r o v i d e  o n l y  a s m a l l  improvement i n  the rmal  e f f i c i e n c y ,  p r e s s u r i z i n g  t h e  

f u r n a c e  would reduce  i t s  c a p i t a l  c o s t  and t h e  c o s t  and complexi ty  of t h e  

c o a l  f e e d  system r e l a t i v e  t o  a tmospher ic -p ressure  f l u i d i z e d  beds .  It 



would also increase the efficiency of both combustion and sorbent utili- 

zation and give improved system control characteristics. 

To demonstrate the use of a turbine-compressor unit supercharging a 

pressurized coal-£.ired fluidized-bed combustor, attention should be di- 

rected toward such a system with the furnace operating at approximately 

4 atm with flue gas cooling in the steam generator sufficient to givc a 

turbine inlet temperature in the 1000 to 1050°P (546-565°C) range. Oper- 

ating under these conditions, the turbine erosion, corrosion, and deposit 

problems should become secondary considerations. This would give a test 

bed for the solution of the other problems associated with pressurized 

fluidized-bed combusrion. Pruvluiull Lui iliiorporating odvanccd particulate 

separation systems in the overall design of the experiment should be made 

to allow higher turbine %nlet temperatures to be employed if they become 

available after other components of the overall design have been adequately 

developed. 

PRINCIPAL PROBLEMS AND PARAMETERS 

The principal problems associated with the open-cycle coal-fired gas 

turbine are erosion and corrosion of the turbine blades, the deposition of 

solids on the blades in sufficiene quantity to ubstruct the gas flow pas- 

sages, the capital costs of the turbine and associated equipment, the 

operating life, and the reliability and maintenance problems. ,These in 

turn depend heavily on the detailed design of the turbine, the particulate 

removal equipment, the coal combustion system, and the overall equipment 

layout. Note that full-scale experience in both experimental and comer- 

cia1 installations is available for an assessment of the coal-fired gas 

turbine for use in advanced power generation systems. 6 - 6 0  Thus, there is 

no question that an advanced power generation sysrem empluylx~g ail upeli- 

cycle coal-fired gas turbine can be built and operated for short periods. 

The key questions are concerned with the detailed costs for a full-scale 

commercial system includiug the effects of reliability and maintainability, 

particularly the effectiveness of hot-gas cleanup equipment and the conse- 

quent limitations on the useful life of the turbine blading imposed by 

erosion and deposits. 



Erosion 

Some excellent analytical and experimental studies of the basic mecha- 

nism of erosion of turbine buckets by small particles have been carried 

out in recent years. 63-75 These studies indicate that the erosion rate 

depends on the type of particle, size of particle, the angle of incidence 

relative to the surface on which it impinges, the velocity of impingement, 

the particulate content of the gas stream, and the physical properties.of 

the surface subject to erosion. The effects of these are discussed in the 

following sections. 

Effects of particle character and angle of incidence 

Extensive tests have been carried out with extremely different par- 

ticle types, ranging from angular grains of silica sand to water droplets. 

Both analyses and experiments indicate that the damage mechanism is funda- 

mentally different for these particle types. The maximum damage caused 

by a particle of sand occurs at an incident angle of approximately 20 to 

35 deg relative to the surface, and the resulting damage appears to be 

primarily a scoring of the surface. 3-71 With liquid droplets, on the . 

other hand, the maximum damage occurs when the angle of incidence of the 

is 90 deg, and the form of the damage appears to be mainly plas- 

tic indentation of the blade material and subsequent failure by low-cycle 

fatigue if the material is, soft and ductile. In hard materials, the dam- 

age appears to be similar to that in the races of ball bearings; that is, 

high shear stresses are induced below the surface by the impact, and fa- 
72-74 

tigue causes material to spa11 off producing pits. 

Further, liquid droplet erosion in wet vapor turbines also differs in 

a fundamental way from that in gas turbines in that the micron-size drop- 

lets of moisture that form in the wet vapor do .not cause erosion directly. 

Rather, they impinge on stator vanes, the resulting liquid film is car- 

ried to the trailing edge, and large droplets are then shed from the 

trailing edges of stator blades. , It is these large droplets that 

are responsible for erosion in the rotor. This is partly because a liquid 

film tends to form on the surface of the rotor blade and act as a cushion 

to protect the blade from very small droplets whose diameter is not many 



t imes  g r e a t e r  t han  t h e  th i ckness  of t h e  l i q u i d  f i lm .  A s  a conseqltence, 

t h e  measures taken  by both  t h e  des igner  and the  ope ra to r  t o  cope wi th  

t u r b i n e  bucket e r o s i o n  i n  wet vapor t u r b i n e s  a r e  q u i t e  d i f f e r e n t  from 

t h o s e  i n  gas  t u r b i n e s  t h a t  i n g e s t  s o l i d  p a r t i c l e s .  

H O ~ "  suggested t h a t  t h e  e ros ion  of b lades  i n  a  gas t u r b i n e  coupled 

t o  a f luidized-bed c o a l  combustion chamber might be much l e s s  s e r i o u s  than  

i f  a pulver ized  c o a l  burner  were employed. The ash formed i n  a  f l u i d i z e d  

bed t ends  t o  be s o f t  and f r i a b l e  because i t  is  formed we l l  below t h e  fus ion  

p o i n t ,  whereas t h e  a sh  p a r t i c l e s  i n  a  pu lver ized  c o a l  burner  a r e  v i t r e o u s  

c i n d e r s  t h a t  are formed w e l l  above tlie fu s ion  po in t  of the  a sh  and subse- 

quen t ly  c h i l l e d  by t h e  secondary a i r .  Evidence suppor t ing  t h i s  conten t ion  

can be seen  by examining t h e  r e s u l t s  of t he  f i r s t  two t e s t s  of t he  Ruston 

and Hornsby "TAW t u r b i n e  by ARL. 3 3  I n  t h e s e  t e s t s  (descr ibed  i n  t he  appen- 

d i x ) ,  t h e  d i r e c t  coa l - f i r ed  machine was opera ted  wi th  and without  a cy- 

c l o n e  upstream of t h e  t u r b i n e .  Without t h e  cyclone a  heavy depos i t  of a  

dense,  s i n t e r e d  m a t e r l a l  was formed afl che leading edges u1 the s L a L u ~  

b lades .  With t h e  cyclone i n  p l ace  t h e  hard s i n t e r e d  depos i t  was no longer  

i n  ev idence  and had been rep laced  by a  l i g h t l y  bonded, s o f t ,  f r i a b l e  ash .  

The i n c l u s i o n  of t he  a sh  s e p a r a t o r  r e s u l t e d  i n  a  reduct ion  i n  t h e  e ros ion  

r a t e  i n  t h e  t u r b i n e  by a f a c t o r  of approximately 50. Perhaps a  t h i r d  of 

t h i s  r educ t ion  might be accounted f o r  by t h e  r educ t ion  i n  t h e  p a r t i c u l a t e  

loading .  The a d d i t i o n a l  r educ t ion  probably r e s u l t e d  from t h e  change In 

t h e  phys i ca l  c h a r a c t e r i s t i c s  of t h e  p a r t i c u l a t e s  t h a t  were not  removed by 

t h e  cyclone s e p a r a t o r .  On t h e  o t h e r  hand, microscopic examination of par-  

t i c l e s  i n  the  hot-gas s t ream from a  f l u i d i z e d  bed has  shown a  h igh  inc idence  

of  angu la r  g r a i n s  t h a t  one would expect  t o  be ab ra s ive ,  and about 20% of 

t h e  t o t a l  weight of t h e  p a r t i c l e s  escaping from the  cyclones has been found 

t o  bc  Si02.  59 

E f f e c t s  of b lade  hardness  

The choice  of b l ade  m a t e r i a l  i n f luences  t h e  e ros ion  r a t e .  F igure  3 

shows t h e  e f f e c t  of meta l  t a r g e t  hardness  e ros ion  r a t e  and suppor ts  one ' s  

i n t u i t i v e  f e e l i n g  t h a t  i nc reas ing  t h e  hardness  of t h e  b lades  should reduce 

t h e  e r o s i o n  r a t e .  It a l s o  suppor ts  Hoy's t h e s i s  t h a t  t h e  s o f t e r  p a r t i c l e s  

from a  f l u i d i z e d  bed should be l e s s  e r o s i v e  than  a sh  from convent ional  
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Fig .  3 .  Erosion as a  - func t ion  of t h e  number of l i q u i d  d r o p l e t  i m -  
p a c t s  on t y p i c a l  meta l s  and a l l o y s  (Ref. 74) .  

burners .  Another good i n d i c a t i o n  of t h e  e f f e c t s  of temperature  on Lurbine 

b l ade  e ros ion  i s  given by Fig.  4 ,  t aken  from Ref. 69. That s tudy ,  a s  sum- 

marized i n  F ig .  4 ,  shows good c o r r e l a t i o n  between t h e  e r o s i o n  r a t e  and t h e  

r a t i o  of t h e  mel t ing  p o i n t  of t h e  b l ade  a l l o y  t o  its modulus of e l a s t i c i t y .  

A review of d a t a  on t h e  l a t t e r  parameter f o r  Fe-Cr-Ni-Co a l l o y s  i n d i c a t e s  

t h a t  dropping t h e  temperature  from 1600 t o  1000°F (871-538OC) i n c r e a s e s  

t h e  modulus of e l a s t i c i t y  by 30 t o  60%. F igure  4  i n d i c a t e s  t h a t  such an  

inc.re;lse i n  the modulus should reduce t h e  e r o s i o n  r a t e  by a  f ac ' t o r  of 

about  10. 

Experience w i th  steam t u r b i n e s  has  i nd i ca t ed  t h a r  a very  11aid a l l a y  

such as S t e l l i t e  i s  excep t iona l ly  r e s i s t a n t  t o  e r o s i o n  by wet vapor ,  and 

exper ience  w i th  hard nickel-chromium a l l o y s  i n  gas  tur.bines is c o n s i s t e n t  

w i t h  t h e  steam t u r b i n e  experience.  31,74 Inasmuch a s  t h e  h igh  n i cke l -  

chromium all.rsys a r e  a l so  excep t iona l ly  good from t h e  h igh- tempers t~ l re  
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Fig. 4 .  C o r r e l a t i o n  of e ros ion  wi th  r a t i o  of mel t ing  po in t  t o  e l a s -  
t i c  modulus (Ref. 6 9 ) .  



s t reng th  standpoint ,  and hence commonly used i n  gas  tu rb ine  blades,  the  

usual  ma te r i a l s  of construction a r e  about a s  erosion r e s i s t a n t  a s  one 

might f ind .  

It should be noted t h a t  i n  the  work c a r r i e d  out  by t h e  Bureau of 

Mines with t h e  turbines  from t h e  Locomotive Development Committee program, 

t h e  use  of t i tanium carbide  i n s e r t s  near t h e  b lade  roo t s  e s s e n t i a l l y  elimi- 

nated eros ion with no changes i n  fhe p a r t i c u l a t e  content of t h e  gas o r  i n  

t h e  tu rb ine  wheel t i p  speed, and t h a t  flame spraying blade su r faces  with 

tungsten carbide  has increased t h e  l i f e  of turbines  i n  c a t  cracker ser- 

vice .  ' This supports t h e  i n t u i t i o n  t h a t  increasing the  tu rb ine  blade 

hardness w i l l  reduce t h e  erosion rate. 

Ef fec t s  of p a r t i c l e  s i z e  

The e f f e c t s  of p a r t i c l e  s i z e  on the  erosion r a t e  a r e  indicated  by 

Fig. 5. These d a t a  w e r e  obtained with s i l i c a  p a r t i c l e s .  64 Somewhat s i m i -  

l a r  d a t a  f o r  he l i cop te r  and ground-based engines63 (Fig .  6) i n d i c a t e  t h a t  
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Fig. 5. Erosion l o s s  v s  dus t  p a r t i c l e  s i z e  range f o r  p e a r l i t i c  
C-1050 steel with 375-ppm (0.013-~/f t 3 )  dus t  concentrat ion,  850-f ps 
a i r - s t r e w  ve loc i ty ,  40-dcg apparent impact angle (Ref. 64). 
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Fig. 6. Particle s i z e  vs  usable safe engine l i f e  (Ref. 63). 

t h e  erosion r a t e  is inversely  proportional  t o  the  p a r t i c l e  s i z e  f o r  a 

given p a r t i c u l a t e  content i n  g r a s  per cubic foot .  Note t ha t  these  curves 

were extrapolated l i n e a r l y  beyond the  data  points f o r  the  smallest  pa r t i -  

c l e  s i z e  (about 5 urn) and t h a t  Fig. 5 indicates  t ha t  t h e  damage would be 

less se r ious  f o r  t he  smaller  p a r t i c l e  e lzes  than implied by t he  curve ex- 

trapolatiuirs: uf FPg. 6. 

Ef fec t s  of p a r t i c l e  - ve loc i ty  

Turbine blade erosion is strongly affected by the  p a r t i c l e  ve loc i ty  

and t he  impingement angle r e l a t i v e  t o  t h e  blade surface. Experiments in- 

d i c a t e  t h a t  the  erosion r a t e  va r i e s  as a power function of the  relative 

ve loc i ty  (Fig. 7) ,  which suggests t h a t  t he  erosion problem can be d r a s t i -  

c a l l y  eased by reducing t h e  design t i p  speed of the  turbine.  ' 64 This 

t h e s i s  has been val idated by t he  Austra l ian work, where a reduction i n  
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Fig. 7. Erosion loss vs airstream velocity with tempered C-1050 
steel for 375-ppm (0.013-~/ft 3 ,  dust concentration; 0-74 pm silica flour; 
40-deg apparent impact angle (Ref. 6 4 ) ,  



t h e  r e l a t i v e  v e l o c i t y  from 1100 t o  800 f p s  e s s e n t i a l l y  e l imina ted  ero- 

s i o n .  3 3  A reduced t i p  speed has a l s o  been found h e l p f u l  i n  expander t u r -  

b i n e s  f o r  c a t a l y t i c - c r a c k i n g  u n i t  s e r v i c e .  3 9  However, t h i s  approach has  

t h e  d i s advan tage  t h a t  t h e  work output  per  s t a g e  v a r i e s  a s  t h e  square  of 

t h e  v e l o c i t y ;  hence, c u t t i n g  t h e  v e l o c i t y  from 1100 t o  800 f p s  would, i n  

e f f e c t ,  r e q u i r e  i n c r e a s i n g  t h e  number of s t a g e s  by a  f a c t o r  of about  2, 

t h u s  i n c r e a s i n g  t h e  c o s t  of t h e  t u r b i n e  by n e a r l y  a s  g r e a t  a  f a c t o r .  

E f f e c t s  of p a r t i c u l a t e  con ten t  of t h e  gas  s t ream 

The r a t e  of  e r o s i o n  appears  t o  be d i r e c t l y  p ropor t i ona l  t o  t h e  quan- 

t i t y  of p a r t i c u l a t e  matter pass ing  through a  t u r b i n e  f o r  a  given p a r t i c l e  

s i z e  and c h a r a c t e r .  Th i s  i s ,  of course ,  a s  one would expect .  

Depos i t s  . .  . 

Every e f f o r t  t o  o p e r a t e  a  gas  t u r b i n e  on t h e  products  of combustion 

o f  c o a l  and/or  s o l i d  was tes  has  met w i th  d i f f i c u l t i e s  w i th  t h e  bu i ldup  

of  d e p o s i t s ,  p a r t i c u l a r l y  i n  t h e  s t a t o r  b lades .  24-279 , 3 9  I n  ca se s  

where no e f f o r t  ha s  been made t o  remove t h e  ash  p a r t i c l e s  between t h e  

combustor and t h e  t u r b i n e ,  t h e  d e p o s i t  bui ldup has  forced t h e  t u r b i n e  o u t  

of  s e r v i c e  ( i n  one c a s e  i n  as l i t t l e  as 2  h r )  as n consequence of a s eve re  

l o s s  of power o r  a  r educ t ion  i n  a i r f l o w  t o  t h e  p o i n t  where compressor 

s u r g e  w a s  imminent. 3 3  Thus, t he  f i r s t  s t e p  o r d i n a r i l y  taken  has  been t o  

remove a s  much of t h e  d u s t  a s  p o s s i b l e  w i th  cyclone s e p a r a t o r s  o r  some 

t y p e  of f i l t e r .  A second method of reducing d e p o s i t s  is  t o  reduce t h e  

t u r b i n e  i n l e t  t empera ture ,  which r e s u l t s  i n  a  r educ t ion  i n  t h e  t u r b i n e  

work and thereby  l i m i t s  t h e  degree t o  which t h i s  technique can be u t i l i z e d .  

Buildup of engine d e p o s i t s  

The c h a r a c t e r  of  t h e  d e p o s i t s  formed i n  an engine  depends on t h e  type  

o f  d u s t .  I n  m i l i t a r y  gas  t u r b i n e s ,  where t h e  dus t  c o n s i s t s  p r imar i l y  of 

p a r t i c l e s  of s i l i c a  and f e l d s p a r s ,  t h e  mel t ing  o r  s o f t e n i n g  p o i n t  is suf -  

f i c i e n t l y  above t h e  o p e r a t i n g  temperature  t h a t  t h e  d u s t  does no t  tend t o  



stick, and deposits build up only in regions where local aerodynamic con-, 

ditions favor deposition. The hot ash in coal-burning gas turbines pre- 

sents a quite different set of problems. In the direct coal-fired opera- 

tion of turbines in the LDC, ARL, and the United States Bureau of Mines 

programs, the pulverized coal was burned in near-stoichiometric proportions 

to give flame temperatures approaching 2500°F (1370°C); the products of 

combustion were then cooled by mixing with secondary air to give the de- -. 
sired turbine operating temperature. The volatile alkali metal sulfates 

formed during the combustion tended to condense and stick to the blades 

where they formed a coating to which other ash particles tended to stick 

and agglomerate, with the alkali metal sulfates acting as bonding agents. 3 1  

An excellent insight into the effects of both low-melting constitu- 

ents in the ash and turbine inlet temperature on ash.deposits in the tur- 

bine was obt.ained in Australia in a test rig designed to simulate turbine 

conditions. 3 3  Tests were carried out with both ash from a typical Aus- 

tralian coal and with MgO containing low-melting salts that would serve 

as bonding agents (i.e., give a "flypaper" effect of the sort noted in 

the Bureau of Mines tests). 3 1  Figure 8 shows the results of this set of 

controlled experiments. Perhaps the most significant point to note with . .. 

respect to the question of immediate interest is that the amount of 
% .,.; 

material deposited from the Yalbourn coal ash dropped rapidly with a re- .. , ,., . . 

duction in temperature becoming practically zero at 500°C. Note also that 

pure MgO with no bonding agent also gave almost no deposits at 932°F 

(500°C). However, the addition of a low-melting salt in the form of 

sodium, potassium, or magnesium chloride or eutectic mixtures of these 

materials led to both heavier.deposits and a shifting of the temperature 

for a low deposition rate to a lower value. 

Experience at BCURA with a fluidized-bed coal combustor operating at 

temperatures in .the 1450 to 1750°F (787 to 954°C) range (which is well 

below the ash fusion temperature) has shown a high retention of the alkali 

metals in the ash. Therefore, one might at first expect that a higher 

turbine inlet temperature could be utilized with a fluidized-bed coal com- 

bustor than with a pulverized coal burner. However, a mixture of calcium 

and magnesium sulfates (compounds formed as a result of the sulfur removal 



TEMPERATURE ( O C )  

Fig. 8. Effects of temperature on the deposition rate of both coal 
ash and various mixtures of MgO and chloride salts fed into the hot-gas 
stream of a turbine simulation test rig in Australia. The particle size 
used was nominally 5 vm (Ref. 33). 



operation) will form a glass that is soft and plastic at about 1300°F 

(700°C) and may be expected to give the same mechanism for the buildup 

of deposits as the alkali metal sulfates from the pulverized coal burner. 

Deposits formed in the first-stage cyclone separators of the Combustion 

Power and BCURA units may have been caused by this calcium-magnesium 

sulfate glass. 5 7 

The hardness and adherence properties of the ash deposits in coal- 

burning gas turbines vary with the type of coal and limestone or dolomite 

used, the particle size, the efficiency of combustion, and the particle 

temperature at the instant it impinges on the metal surface. These vari- 

ables greatly complicate any test program. 

Effects of particle size 

The buildup of ash deposits in a turbine tends to be relatively 

more serious than erosion as the particle size of the ingested dust is 

reduced. ' 3  3 3  14 fact, some experimenters claim to have obtained a rela- 
tively good balance between large and small particles so that the inci- 

dence of larger particles is sufficient to scrub away the deposits built 

up by the smaller particles. ' Such a favorable balance, of course, 

is obtained at the expense of some erosion and will be peculiar to a par- 

ticular set of operating conditions, coal composition, etc. 

Effects of   article temDerature 

The particle temperature at impact is related to the transport gas 

temperature and the efficiency of the coal combustor. Inefficient,com- 

bustion results in a high-carbon-content flyash which in turn results in 

afterburning. Experiments with an open-cycle coal-fired gas turbine re- 

sulted in deposits on the turbine blading at a gas inlet temperature of 

1200°F (650°C). 3 1  At a turbine inlet temperature of 1050°F (565OC), no 

deposits were formed.31 In a similar experiment using synthetic ash to 

simulate the ash from a coal-fired fluidized-bed combustor, deposits did 

not occur below a temperature of 1500°F (816°C). Evidently, the compo- 

sition of the synthetic ash differed in some way from that of the ash in 

the coal of the earlier test. 
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Corrosion 

The co r ros ion  problem i n  coal-burning gas t u rb ines  i s  c l o s e l y  r e l a t e d  

t o  t h e  problems posed by e r o s i o n  and d e p o s i t s .  For example, e ros ion  may 

ab rade  p r o t e c t i v e  ox ide  f i l m s  and thus  a c c e l e r a t e  cor ros ion .  Deposi ts  of 

a l k a l i  meta l  s u l f a t e s  and vanadates  may r e a c t  wi th  t h e  metal  i n  t h e  b lades  

t o  produce s u l f i d a t i o n  and cor ros ion .  A l l  t h e s e  mechanisms a r e  very  de- 

pendent n o t  only on t h e  engine des ign  and ope ra t ing  cond i t i ons ,  bu t  a l s o  

ox1 Lht! Lype ul: c u a l  eulpluyed. 

E f f e c t s  of temperature 

The co r ros ion  r a t e  of meta l  superhea ter  s u r f a c e s  by t h e  products  of 

c o a l  combustion has  been found t o  be very  dependent on t h e  metal  ope ra t ing  

tempera ture  i n  convent iona l  steam power p l a n t s .  The flame temperature i n  

t h e  bu rne r s  runs  about  2500°F (1370°C) and hence t h e  a l k a l i  meta l  s u l f a t e s  

and vanadates  formed a r e  vaporized.  They subsequent ly tend t o  condense on 

c o l d e r  meta l  s u r f a c e s ,  where they a r e  p re sen t  i n  l i q u i d  form i n  t h e  tem- 

p e r a t u r e  range around 1300°F (700°C). " I f  t h i s  occurs ,  t h e  l i q u i d  d i s -  

s o l v e s  t h e  p r o t e c t i v e  ox ide  f i l m  and r a p i d  a t t a c k  by t h e  l i q u i d  occurs .  

I n t e r e s t i n g l y  enough, t h e  s u l f a t e s  and vanadates  a r e  in ,vapor  form a t  

h ighe r  temperatures ,  s o  t h i s  co r ros ion  mechanism is not  p re sen t .  However, 

s o l i d - s t a t e  d i f f u s i o n  processes  t ake  place.  a t  a  h igher  r a t e  a s  t h e  tem- 

p e r a t u r e s  i nc rease ;  hence, s u l f u r  tends t o  be absorbed a t  t h e  s u r f a c e  t o  

form meta l  s u l f i d e s  and migra tes  inward a long  t h e  g r a i n  boundaries  t o  

g ive  a  cond i t i on  known a s  s u l f i d a t i o n .  This  e f f e c t  is  o f t e n  dependent 

on l o c a l  imperfec t ions  i n  p r o t e c t i v e  oxide  f i l m s  and hence i s  widely 

s c a t t e r e d  and n o t  obvious i n  a  cursory  in spec t ion ,  bu t  i t  weakens t h e  

marerial. 

I n  a f luidized-bed c o a l  combustion system it  would be expected t h a t  

t h e  a l k a l i  meta l  s u l f a t e s  would not  be vaporized a s  i n  pulver ized  c o a l  

bu rne r  flames. However, they  w i l l  be p re sen t  i n  the ash p a r t i c l e s  de- 

p o s i t e d  i n  t h e  t u r b i n e  and some d i f f i c u l t y  wi th  s u l f i d a t i o n  of t he  t u r b i n e  

b l a d e s  may occur .  Limited d a t a  a v a i l a b l e  from t e s t s  a t  BCURA on cascades 



of blades and at Combustion Power on coupons located in the free board in- 

dicate that sulfidation is not a problem at metal temperatures of 1500°F 

(816OC); however, at a metal temperature of 1700 to 1750°F (925-955OC), 

there was heavy sulfidation of the turbine blade materials in both sets 

of experiments. 5 6 ~  5 e  Recent work indicates that, if there is not a sub- 

stantial excess of oxygen, sulfidation and corrosion under an ash deposit 

can be quite serious in as little as 500 hr in the 1200 to 1500°F (650- 

815°C) range, particularly with high-nickel alloys. 77-79 

'Effects of type of coal 

Experience with open-cycle coal-fired turbines operating at 1050 to 

1250°F (565--675°C) by the LDC, ARL, and the U.S. Bureau of Mines, utilizing 

a wide variety of coals from both the United States and Australia, has 

shown only minimal corrosion of the turbine blades after a total operating 

time of 7000 hr . ' These coals were burned in pulverized coal burners 

at flame temperatures approaching 2500°F (1370°C), and the products of com- 

bustion were cooled with secondary air to the turbine operating tempera- 

tures. For a fluidized-bed coal combustor with a high retention of the 

alkali metals in the ash, as indicated by BCURA tests, one would expect 

that higher turbine inlet temperatures could be utilized for a wide vari- 

ety of coals without appreciable blade corrosion. 56 Recent tests indicate 

that, if there is more than %lo% excess air, corrosion of chromium-nickel 

alloys should not be serious at temperatures up to the 1500 to 1600°F 

(815470°C) range. 77-7 

Particle Separators 

The open-cycle coal-fired gas turbines that have been operated have 

employed both conventional high-temperature cyclone separators and multi- 

cyclones to remove ash particles from the hot gases (%675"C) flowing out 

of the combustion chamber. Conventional cyclones are effective in removing 

most of the dust down to about 20 pm. Two stages are commonly employed, 

with the first serving as a roughing stage to remove most of the larger 

particles and to reduce the variation in the particulate loading induced 

by variations in the combustor loading. The cyclone separators are often 



followed by a third stage in the form of a multicyclone, which is a large 

number of small-diameter cyclone separators operating in parallel. The 

individual cyclones are often as small as 1.5 in. (3.8 cm) in diameter 

and are effective in removing most of the dust down to about 10 pm. Fig- 

ure 9 shows the particle removal efficiency of a unit of this type and 

the pressure drop as a function of the airflow rate per unit of inlet face 

area of the separator bank. 6 7  These data were for dust in which 25% by 

, weight of the particles had equivalent diameters of less than 10 pm. 

Removal of particles below about 5 pm is best accomplished with some 

form of fabric filter if the gas temperature is below 500°F (260°C). 

-. Fig. 9. Separator performance characteristics for 1.5- by 6-in. 
tubes in series. Performance is based on a scavenging airflow require- 
ment of 15% of the airflow rate (Ref. 67). 
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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 s  can  be used a t  t e m p e r a t u r e s  t o  abou t  1000°F 

(537°C). A t  h i g h e r  t e m p e r a t u r e s  t h e  e l e c t r i c a l  c o n d u c t i v i t y  of t h e  c o a l  

a s h  becomes s u f f i c i e n t  t h a t  d e p o s i t s  formed on t h e  e l e c t r i c a l  i n s u l a t o r s  

produce h i g h  t e n s i o n  s h o r t s  t h a t  p r e v e n t  t h e  b u i l d u p  of a n  adequa te  v o l t a g e  

t o  g i v e  e f f e c t i v e  e l e c t r o s t a t i c  p r e c i p i t a t i o n .  F u r t h e r ,  because  of t h e  

r e l a t i v e l y  low v e l o c i t i e s  i n v o l v e d ,  t h e  s i z e  and c o s t  of t h e  p r e s s u r e  

v e s s e l  r e q u i r e d  t o  house  t h e  l a r g e  volume of p r e c i p i t a t o r  p l a t e s  p r e s e n t  

s e r i o u s  problems i f  such  a u n i t  i s  i n s t a l l e d  between t h e  combustor and a  

g a s  t u r b i n e  where t h e  p r e s s u r e  w i l l  r u n  %10 atm. 

CURRENT STATUS OF DEVELOPMENT 

The c u r r e n t  s t a t u s  of t h e  development of t h e  open-cycle c o a l - f i r e d  

g a s  t u r b i n e  as determined from a  rev iew of a v a i l a b l e  p e r t i n e n t  l i t e r a t u r e  

i n d i c a t e s  t h a t ,  w i t h  c a r e f u l  d e s i g n  of t h e  t u r b i n e  and a s h  removal sys tem,  

a c c e p t a b l e  o p e r a t i o n  can be  a t t a i n e d  f o r  t u r b i n e  i n l e t  t e m p e r a t u r e s  up 

t o  abou t  1200°F (650°C) and p a r t i c u l a t e  l o a d i n g s  of approx imate ly  100 

ppm. However, t h e  p r e s e n t  i n t e r e s t  i n  t h e  u s e  of a p r e s s u r i z e d  f l u i d i z e d -  

bed c o a l  combustor f o r  a combined-cycle power p l a n t  r e q u i r e s  th2+  t h e  

t u r b i n e  i n l e t  t e m p e r a t u r e  be  i n c r e a s e d  t o  t h e  1500 t o  1600°F (815--870°C) 

range ,  8 0 - 8 2  and t h i s  a p p a r e n t l y  r e q u i r e s  t h a t  t h e  p a r t i c u l a t e  c o n t e n t  of 

t h e  hot, g a s  be l e s s  t h a n  %1 ppm. Thus p r e s e n t  development t h r u s t s  a r c  

d i r e c t e d  toward more e f f e c t i v e  hot-gas c leanup  methods. Among t h e  methods 

be ing  e v a l u a t e d  a r e  h i g h - e f f i c i e n c y  c y c l o n e s ;  g r a n u l a r  bed f i l t e r s ;  metal -  

l i c  a n d / o r  ceramic  c l o t h  f i l t e r s ;  and h igh-pressure ,  h igh- tempera tu re  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 s .  D i l u t i o n  of t h e  combustion g a s  s t r e a m  w i t h  a i r  

h e a t e d  i n  t h e  f l u i d i z e d  bed i s  a n o t h e r  method of reduc ing  t h e  p a r t i c u l a t e  

l o a d i n g  i n  t h e  g a s  t u r b i n e  i n l e t  s t r e a m Y e 2  and t h e  Curt iss-Wright  Corpora- 

t i o n  i s  i n  t h e  m i d s t  of a n  e x p e r i m e n t a l  program t o  i n v e s t i g a t e  t h i s  p o s s i -  

b i l i t y .  A s  can  be  deduced from t h e  f l o w s h e e t  i n  F i g .  1 0 ,  t h i s  e n t a i l s  

t h e  u s e  o f  abou t  o n e - t h i r d  of t h e  a i r  d i s c h a r g e d  from t h e  compressor a s  

combustion a i r  f o r  t.he f l u i d i z e d  bed,  w h i l e  t h e  o t h e r  two- th i rds  p a s s e s  

th rough  t u b e s  i n  t h e  f l u i d i z e d  bed t o  remove about  two- th i rds  of t h e  h e a t  

o f  combustion.  The combustion g a s e s  a r e  c leaned  up and recombined w i t h  

t h e  c l e a n  a i r  h e a t e d  by t h e  bed and f e d  t o  t h e  t u r b i n e .  T h i s  approach 
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Fig. 10. Simplified flowsheet for the Curtiss-Wright pressurized 
fluidized Se-s turbin-team turbine combined zycle power system.e2 
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g r e a t l y  reduces both t h e  s i z e  and t h e  required e f f i c iency  of the  p a r t i c l e  

separa t ion equipment. 

The crux of t h e  problem is t o  ob ta in  a p a r t i c u l a t e  removal system 

t h a t  w i l l  opera te  a t  a temperature of approximately 1600°F (870°C) f o r  

long periods of time without e i t h e r  clogging t o  g ive  an excessive pres- 

s u r e d r o p  o r  los ing  i ts  effec t iveness  i n  removing p a r t i c u l a t e  matter .  

The s t a t u s  of t h e  p r inc ipa l  experimental e f f o r t s  is out l ined below. 

Exxon Research and Engineering Company 

The Exxon Miniplant f l u e  gas e x i t s  from a 30-cm-diam fluidized-bed 

combustor and discharges through two s tages  of cyclone separa tors .  The 

s o l i d s  from t h e  f i r s t - s t a g e  cyclone a r e  returned t o  t h e  combustor, and 

those  from t h e  second-stage cyclone a r e  discarded by means of a lock hop- 

per  system. The discharge gases from t h e  second-stage cyclone a r e  f u r t h e r  

cleaned by a granular  bed f i l t e r  before enter ing the  test sec t ion  f o r  

t h e  simulated turbine.  The hot  gases e n t e r  t h e  f i l t e r  a t  approximately 

9 atm and 1200 t o  1550°F (650-843OC). 

A series of tests has been run with granular  bed f i l t e r s .  83,84 The 

f i r s t  s e t  of these  was  run with hot-gas downflow through a 50-mesh i n l e t  

screen and a bed of 250- t o  600-mesh p a r t i c l e s  of crushed quartz.  The 

i n l e t  screens clogged quickly, s o  t h a t  it was necessary t o  clear them a t  

i n t e r v a l s  of 5 t o  10 min by blowing back f i r s t  one and then another of 

severa l  u n i t s  operat ing i n  p a r a l l e l .  However, t h e  backflow opera t ion was 

only p a r t i a l l y  e f f e c t i v e  i n  c lea r ing  t h e  u n i t s  and reducing t h e  pressure  

drop t o  t h e  design range; t h e  pressure  drop became excessive wi th in  24 hr 

of running. The f i l t e r s  were then modified by removing t h e  i n l e t  screens; 

t h i s  helped but  led  t o  excessive l o s s e s  of t h e  f i n e  s i l i c a  p a r t i c l e s  i n  

t h e  f i l t e r  bed. This problem was corrected by changing t o  coarser  p a r t i c l e s  

of  crushed alumina (840-1400 m). Tes t s  with these  a t  t h e  time of wr i t ing  

i n d i c a t e  t h a t  when s t a r t i n g  with a c lean bed t h e  p a r t i c u l a t e  content  i n  

t h e  e x i t  gas stream can be held t o  t h e  EPA s p e c i f i c a t i o n  f o r  s t a c k  emis- 

s i o n s  of 0.05 g r a i n / f t 3  (gas volume a t  s tandard condit ions) .  However, 

t h e  f i n e  d u s t  tends t o  intermix with t h e  granular  bed when it is f lu id ized  



during the  blowback operation, and a f t e r  a few hours of running the par- 

t iculars .  content of the  gas leaving the  bed r i ee s  t o  the point where it 

exceeds the t a rge t  l i m i t  of 0.05 g r a i n l f t  3.  Effor ts  a r e  under way a t  the  

t3.m of wriktng Qo improve t h e  arrangements for  clearing out the f i nes  i n  

t h e  blowback operation. 

It should be noted t h a t  the  EPA l i m i t  of 0.05 g ra in / f t3  is  for  the 

s t ack  gas emissions t o  the  atmosphere. This value corresponds to  approxi- 

mately LOO ppm and is about 100 times a s  high as  can be tolerated i n  a 

gas  turbine designed t o  operate with an i n l e t  temperature of about 1550°F 

(843 O C) . 

Combustion Power Company 
- - 

Combustion Power Company is using a moving granular-bed f i l t r a t i o n  

system f o r  removal of pa r t i cu l a t e  material  from the  hot-gas stream supplied 

t o  a gas turbine.'= The bed is i n  the  form of a cyl indr ical  annulus about 

11.8 in. (30 cm) th i ck  contained between two sets of louvered p l a t e s  

with the  louvers sloped inward toward the bed so tha t  the granular ma- 

terial is contained (see Fig. l l ) .  The concept e n t a i l s  gradual movement 
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Fig. 11. Description of the  Combustion Power Co. design f o r  an 
granular-bed f i l t e r .  



of t h e  granular  mate r i a l  downward through the  bed so  t h a t  t h e  f i l t e r  cake 

on t h e  i n l e t  f a c e  is broken up and f i n e  p a r t i c l e s  t h a t  g e t  i n t o  t h e  bed 

can be removed i n  t h e  course of  recycl ing t h e  granular  material from t h e  

bottom t o  t h e  top of t h e  bed. A test with a fu l l - sca le  hot-flow u n i t  was 

terminated i n  t h e  i n i t i a l  shakedown by a creep buckling type of f a i l u r e .  

This led  t o  t h e  decis ion t o  run a reduced-scale cold-flow test as t h e  

next s tep .  A cold-flow model has been b u i l t  and t e s t e d  t o  determine t h e  

e f f e c t s  of bed thickness,  f i l t e r  media s i z e ,  and flow r a t e s  on f i l t r a t i o n  

performance. Data from these  experiments show t h a t  p a r t i c u l a t e  loadings 

of a s  low as 20 ppm can be obtained i n  t h e  e x i t  gas stream. 8 6  These da ta  

a r e  being used t o  design a system f o r  operat ion with a fluidized-bed coal  

combustor. 

NASA-Lewis Research Center 

The NASA-Lewis f lu id ized  bed is  a combination of a cylindrical and 

a conical  bed. 8 7  The f u e l  is burned i n  the  lower c y l i n d r i c a l  bed, while 

t h e  upper conical  bed serves  a s  a f ixed bed f i l t e r  f o r  t h e  f l u e  gases 

supplied t o  a tu rb ine  test sect ion.  The system became operable i n  1977, 

and a test program involving a tu rb ine  sect ion,  high-temperature cyclones, 

and a high-temperature ceramic f i l t e r  is scheduled t o  begin i n  e a r l y  1978. 

Westinghouse Research and Development Center 

A high-temperature, high-pressure test f a c i l i t y  is being constructed 

by t h e  Westinghouse R&D Center t o  test p a r t i c u l a t e  con t ro l  equipment. The 

f a c i l i t y  i s  designed t o  inves t iga te  t h e  e f f e c t s  of temperature, pressure,  

flow r a t e ,  p a r t i c l e  type, loading, and s i z e  d i s t r i b u t i o n  on t h e  performance 

of var ious  types of p a r t i c u l a t e  removal devices. 8 8  Shakedown runs a r e  ex- 

pected t o  begin i n  e a r l y  1978. 

Curties-Wright Corporation 

The Curtiae-Wright program t o  develop a pressurized fluidized-bed 

combustion system coupled t o  a gas turbine  has en ta i l ed ,  a s  a f i r s t  major 



step, the design and construction of a facility called the Small Gas Tur- 

binepressurized Fluidized Bed (SGT~PFB) rig. 82 This unit employs a 3-ft 

(0.8-m-dim) fluidized-bed furnace designed to operate at 6.5 atm. A 

portion of the combustion products passes through a series of cyclone 

separators a d  a granular-bed filter en route to a small gas turbine. The 

effectiveness of various designs for the particle removal equipment will 

be determined as a function of the principal variables. Concurrently, 

the effects of the particulate content of the combustion gas entering the 

gas turbine on curbine bucket erosion and deposits will be investigated. 

The test rig was undergoing shakedown tests as of January 1978. Test 

results should begin to be available by mid-1978. 

Deposits of Particulates Entering with the Inlet Air 

Commercial gas turbines have been troubled by deposits stemming from 

dust in the inlet air stream. As a consequence, the engine manufacturers 

recommend that air filters be incorporated in the installation to keep the 

dust content to less than %2 ppm, 8 9  and this is commonly found necessary 

in many urban environments. However, recent experience indicates that even 

tighter restrictions are required as the turbine inlet temperature is in- 

creased. One of the first strong; indicafSons of this was encountered in 

a 1974 gas turbine acceptance test at the Philadelphia Navy Yard. Sub- 

stantial deposits were noted after only a few hundred hours of operation 

under cycling conditions in which the average turbine inlet temperature 

was in the 2100°F (1150°C) range about half the time. The cooling air 

discharge ports in the first stage stator blades were affected and some 

blades were damaged by overheating (Fig. 12). Investigation disclosed 

that the bulk of the deposit consisted of submicron-size Fe209 particles 

that entered the engine with the inlet air that had a particulate content 

of only 0.06 ppm. Further investigation disclosed that Philadelphia air 

was not dirtier in this respect than the air in most localities and that 

the deposits did not form when the nornitla1 turbine inlet temperature was 

limited to Ql80O0F (982°C). Note that the melting point of the FenOs is 

2860°F (15 70°C) which implies a sintering temperature of Q2030°F (lllOO€) . 



Fig. 12. Photograph of two f i r s t - s t a g e  s t a t o r  vanes from an LM2500 
engine a f t e r  cycled operat ion a t  t h e  Philadelphia Navy Yard. Note t h a t  
depos i t s  on t h e  blades have p a r t i a l l y  blocked t h e  cooling a i r  discharge 
p o r t s  near t h e  leading edge of t h e  vane a t  the  l e f t  and t h e  blockage of 
p o r t s  near t h e  leading edge of t h e  b lade  a t  t h e  r i g h t  l e d  t o  severe over- 
heat ing and burning of a s l o t  through what w a s  the  cooling a i r  discharge 
p o r t  region (courtesy of t h e  Philadelphia Navy Yard). 

This appears t o  be t h e  reason t h a t  t h i s  type of d e p o s i t  did nat prove a 

problem u n t i l  opera t ions  a t  a tu rb ine  i n l e t  temperature of 2100°F (1150°C) 

w e r e  i n i t i a t e d .  Note, too,  t h a t  coa l  ash commonly conta ins  Q5X Fe2O3. 

Recent work by NASA, Westinghouse, 92-94 and UTC (United Technologies 

Corp.) seems t o  be cons i s t en t  with t h e  Navy experience. One of t h e  i n t e r -  

e s t i n g  analyses of t h e  problem was evolved by G. V e r m e s  a t  Westinghouse t o  

expla in  t h e  markedly heavier  depos i t s  found on both t h e  pressure  and suc- 

t i o n  surfaces  i n  engines with cooled blades. He has shown t h a t  t h e  tem- 

pe ra tu re  d i f f e r e n t i a l  between hot  p a r t i c l e s  i n  the  gas stream and the  

cooler  metal  blade surfaces  induces a fo rce  t h a t  d r ives  t h e  p a r t i c l e s  

toward t h e  blade su r face  and causes them t o  adhere, a phenomenon he c a l l s  

" t h e r m o p h o r e ~ i s . " ~ ~  H i s  a n a l y t i c a l l y  derived r e l a t i o n s  c o r r e l a t e  a sub- 

s t a n t i a l  amount of experimental da ta  su rpr i s ing ly  w e l l  and support h i s  

a n a l y t i c a l  r e l a t i o n s  ind ica t ing  t h a t  t h e  g r e a t e r  t h e  temperature d i f fe rence  

and t h e  smaller t h e  p a r t i c l e ,  t h e  g r e a t e r  t h e  deposi t ion  r a t e .  



Another ana ly t i ca l  study carr ied out a t  Westinghauee by chamber1 i n  94 

i nd i ca t e s  thattBrownian movement e f f e c t s  i n  the  boundary layer  alere tend 

t o  cause t he  deposit ion of submicran-size p a r t i c l e s  on both the  pressure 

and suct ion surfaces.  B u ~ n e r  r i g  t e a t s  both a t  NASA~' and a t  UTC have 

demonstrated t h a t  these  deposits  form a t  h2gh temperatures and tend to  

clog t h e  small cooling air discharge porte i n  the  b h d e e .  Note t h a t  the  

UTC tests were car r ied  out with AlzOs dust  with a melting point f a r  above 

t h e  gas temperature, yet: the deposits  formed were hard and adherent. Ap- 

parent ly ,  t r ace  clwunt~ of lower-melting-paint materialsl a c t  a s  binder@ t o  

f u s s  high-melting-point mater8als such a& FerBs a d  A 1 2 0 3  i n to  hard ceramic 

deposi ts .  These dl-te-&~f only adhazant, bat there seeins t o  be no simple 

method t o  remove them Pfom suction surfaces;  a water w a ~ h  with crushed 

nu t  s h e l l s  is  e f f ea t i ve  only f o r  removing depasi ts  on pressure surfacee. 

This test experience, together with the re la ted  stud%-, has ser ious  

implications f o r  both water-cooled blades and t ransp i ra t ion  air-cooled 

blades intended f o r  turbine i n l e t  tmpe ra tu r s s  i n  the 2500 t o  3Q0O0l? (1370 

t o  16508C) range. From this s t a d p o i n t ,  perhaps the  most s ign i f ican t  test 

pf6jected for che near future i m  a 1000-hr test planned by CurtBss-Wright 

Corp. In t h i s  test aria of t h e i r  engines w i l l  be run with a turbine i n l e t  

temperacure of $30006F (1650'C) using tratispiration-coaled blades designed 

t o  operate with a metal temperature of 1350'P (332'C). Flyash from a Cam- 

monwealth Ediean coal-flred steam plant  w i l l  be added t o  the combustion a i r  

with operation on clean d i s t i l l a t e  fuel.'' Three leve ls  of pa r t i cu l a t e  flow 

r a t e  w i l l  be investigated: %2 ppm with 80X smaller than 1 pm, $10 ppm with 

80% under 2 pm, and %20 ppm with 80% smaller than 2.5 urn, The a lka l i  m , t ~ 1  

content of the d i s t i l l a t e  f u e l  o i l  w i l l  be held t o  0.65, 3.4, and 6.5 ppm, 

respect ively .  

Summary 

The various pa r t i cu l a t e  removal systems presently being evaluated by 

DOE contractors a r e  designed t o  o f f e r  a workable method of removing par t i -  

c l e s  below 5 pm a t  temperatures i n  the  1600 t o  1900°F (870-104O0C) range 



and thus  c l e a n  up t h e  f luidized-bed c o a l  combustor f l u e  gas s t ream s u f f i -  

c i e n t l y  t o  permit  good gas t u r b i n e  ope ra t i on .  These va lues  r e p r e s e n t  ex- 

per imenta l  o b j e c t i v e s  and have no t  a s  y e t  been demonstrated. A thorough 

examination of t h e  many experiments t h a t  have been and a r e  being conducted 

i n d i c a t e s  t h a t  i t  is  doubt fu l  t h a t  any of t h e  concepts  being i n v e s t i g a t e d  

w i l l  g ive  t h e  low p a r t i c u l a t e  con ten t s  r equ i r ed  f o r  t h e  economical opera- 

t i o n  of 1500 t o  1600°F (816 t o  870°C) long-l ived gas  t u rb ines .  
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Appendix A 

SUMMARY OF LITERATURE CONCERNING THE RESEARCH AND DEVELOPMENT 
EFFORT ON OPEN-CYCLE COAL-FIRED GAS TURBINES 

The industrial application of gas turbine drives for process com- 

pressors and electric generators began in the early thirties and had gained 

general acceptance by the late forties. 5-7 These turbines usually operated 

with relatively clean fuels, such as natural gas or distillate oils. In 

the mid-forties and early fifties, investigations directed toward the indus- 

trial applications of gas turbines supplied with a gas containing a high 

solids loading were undertaken. 0-3 The solids were introduced into the 

gas stream by one of two methods. The first involved a gas turbine located 

in a process stream, such as a turbine receiving gas from a catalytic 

cracker. 3 7 9 3 8  The second method involved the direct firing of a high-ash 

fuel such as coal. 0-3 

The problems associated with the direct firing of coal in an open-cycle 

gas turbine were investigated over a 26-year period (1944-1970) by the 

Locomotive Development Committee of Bituminous Coal Research, Inc., in the 

United States and by the Aeronautical Research Laboratories in Austra- 

lia. 

Locomotive Development Committee 

Houdrv 5-stage reaction turbine 

A Houdry process turbine built by Allis-Chalmers Company during World 

War I1 for use in Russian refineries and transferred as war surplus to the 

U.S. Bureau of Mines was lent to the LDC to serve as the first full-scale 

coal-fired gas turbine plant. The unit was installed and began coal-fired 

operation on November 7, 1949. 

The Houdry plant consisted of an Allis-Chalmers type VA 820, 20-stage 

axial compressor rated at 39 psig (0.37 MPa) at 5180 rpm when handling 

46,600 cfm (22 m3/sec) of inlet air at 60°F (15.b°C) and 14.7 psia (0.1 

MPa) . , l 2  The compressor was driven by a 5-stage reaction turbine that 

produced 6200 hp (4625 kW) at 5180 rpm with an inlet temperature of 950°F 

(510°C). 



The fo l lowing  d e s c r i p t i o n  of t he  ope ra t ion  of t h e  Houdry p l a n t  was 

taken  from Ref. 12 : :k 

The compressor r a i s e s  t h e  p re s su re  of t h e  a i r  t o  about 53.5 
p s i  (0.37 MPa) a b s o l u t e ,  hea t ing  i t  i n  t he  process  t o  370°F (188OC). 
About 5600 hp (4175 kW) i s  r equ i r ed  t o  compress t h e  206,000 l b  
(93,400 kg) of a i r  taken i n t o  t h e  system each hour. 

A s  t h e  a i r  l e a v e s  t h e  compressor, t h e  s t ream i s  d iv ided  i n t o  
t h e  tempering a i r  l i n e ,  which t akes  113,000 l b / h r  (51,000 kg/hr)  
and t h e  combustion a i r  supply l i n e .  The mixture of combustion 
a i r  and c o a l  i s  hea ted  t o  1300°F (705°C) by burning approximately 
2000 l b  (907 kg) of pu lver ized  c o a l  per  hour i n  t he  coa l  combustor. 
This  s t ream then  pas ses  through the  louver  s e p a r a t o r ,  where t h e  
l a r g e r  ash p a r t i c l e s  a r e  concentrated i n t o  a  sma l l e r  a i r  s t ream 
[5000 l b / h r  (2300 kg) J and blown o u t  o i  t he  system.  'The l n u v ~ ?  
a l s o  e q u a l i z e s  t h e  temperature a c r o s s  t h e  s t ream. 

Sepa ra t ion  of t h e  f i n e  ash i s  accomplished by a b a t t e r y  of 
1 8  American Blower Corporat ion type  ST-361 tubes .  The a i r  and 
d u s t  a r e  r o t a t e d  by a  sp inne r  a t  t he  en t r ance  t o  each tube  which 
i s  used t o  c a r r y  ' the d u s t  away, whi le  t he  main s t ream, now f r e e  , 
of t h e  l a r g e  dus t  p a r t i c l e s ,  passes  on t o  t he  tu rb ine .  

The secondary a i r  s t ream must a l s o  be cleaned and re turned  
t o  t h e  t u r b i n e .  This  i s  accomplished by t ak ing  the  secondary 
f low from t h e  18  pr imary c o l l e c t o r  tubes through 3  secondary 
c o l l e c t o r s ,  where t h e  d u s t  i n  t h e  o r i g i n a l  10% secondary flow i s  
f u r t h e r  concent ra ted  t o  a  1% stream w h i c h - c a r r i e s  t h e  ash out  
through a  blowdown.nozzle. The remaining 9% w i l l  be re turned  
t o  t h e  main a i r  flow on i t s  way t o  t h e  t u r b i n e .  

The remaining 77,000 l b  (35,000 kg) of a i r  a t  1300UF (705°C) 
i s  now d i l u t e d  by t h e  a d d i t i o n  of t h e  113,000 l b  (51,000 kg) of 
3 7 0 ' ~  (18a0c) a i r  coming.through the  tempering l i n e .  The ue- 
s u l t i n g  mixture ,  190,000 l b / h r  (86,000 k g l h r ) ,  e n t e r s  t he  tu r -  
b ine  a t  740°F (394OC), where i t  does j u s t  enough work to  d r i v e  
the compressor a t  f u l l  speed. 

. 

Four 250-hr t e s t s  of t h e  Houdry u n i t  were conducted dur ing  t h e  1950- 

51 pe r iod .  The d e s c r i p t i o n  and a n a l y s i s  of t he  r e s u l t s  of t hese  tests 

given  below a r e  summaries of d a t a  given i n  Refs. 1 3  through 16 .  

Inopoct iod of t h e  tu rb ine  af ter  the lrisst 750 111- nf r .nal-f i red opera- 

t i o n  revealed e r o s i o n  i n  s e v e r a l  s e c t i o n s  of t h e  f i r s t  row of s t a t o r  

b l ad ing .  The e r o s i o n  was most pronounced i n  the upper h a l f  uf  he cas ing ,  

hetween 12 and 2 o 'c lock .  The r o t o r  b lades  s u f f e r e d  no damage of any i m -  

po r t ance  except  f o r  a  number of n i cks  on t h e  l ead ing  edges of t he  f i r s t  

Jc 
The me t r i c  equ iva l en t  of a l l  u n i t s  have been added t o  d i r e c t  quotes  

f o r  c l a r i t y  f o r  t h e  r eade r .  



b l a d e  row, i n d i c a t i n g  t h a t  many l a r g e  a s h  f ragments  had passed  t h r o u g h  t h e  

a s h  s e p a r a t o r .  

The f i r s t - r o w  s t a t o r  b l a d i n g  was a l s o  eroded bad ly  n e a r  t h e  l a s h i n g  

w i r e ,  abou t  1 i n .  from t h e  b l a d e  t i p .  Bends i n  t h e  i n l e t  gooseneck and 

t h e  s h a r p  changes  o f  d i r e c t i o n  a t  t h e  f i r s t - s t a g e  e n t r a n c e  a p p a r e n t l y  

c o n c e n t r a t e d  t h e  a s h  and c a u s e d . t h e  l o c a l i z e d '  e r o s i o n .  

A s h i e l d  was i n s t a l l e d  a t  t h e  t u r b i n e  i n l e t  t o  d e f l e c t  t h e  a s h  s t r e a m  

and d i s t r i b u t e  i t  more uniformly around t h e  t u r b i n e  i n l e t  f o r  t h e  second 

250-hr test .  The change w a s  i n e f f e c t i v e .  The e r o s i o n  con t inued  on t h e  

f i r s t - r o w  s t a t o r  b l a d i n g  and extended t o  t h e  f i r s t - r o w  r o t o r  b l a d i n g .  

The f i r s t - r o w  s t a t o r  (wi th  t h e  l a s h i n g  w i r e s  o m i t t e d )  and r o t o r  

b l a d i n g  were r e p l a c e d  a f t e r  t h e  second 250-hr t e s t .  Also t h e  a s h  sepa- 

r a t o r  d e s i g n  was changed i n  a n  e f f o r t  t o  improve t h e  q u a l i t y  of t h e  t u r -  

b i n e  i n l e t  g a s  s t ream.  The t h i r d  250-hr t e s t  r e s u l t e d  i n  much more s e v e r e  

e r o s i o n  t h a n  had been found p r e v i o u s l y .  The f i r s t - r o w  s t a t o r  b l a d i n g  was 

a g a i n  s e v e r e l y  eroded between 1 0  and 2  o ' c l o c k ,  and t h e  second and t h i r d '  

rows of s t a t o r  b l a d i n g  s u f f e r e d  s e v e r e  e r o s i o n  damage. The r o t o r  b l a d i n g  

showed no ev idence  of damage o t h e r  t h a n  p o l i s h i n g .  

For t h e  f o u r t h  250-hr t e s t ,  t h e  f i r s t  t h r e e  rows of s t a t o r  b l a d e s  

were r e p l a c e d .  The l a s h i n g  w i r e  was r e s t o r e d  t o  t h e  f i r s t  row of  s t a t o r  

b l a d e s  t o  avo id  t h e  v i b r a t i o n  which had been no ted  i n  t h e  t h i r d  250-hr 

run .  A new d e s i g n  a s h  s e p a r a t o r  was i n s t a l l e d .  C a r e f u l  i n s p e c t i o n  of 

t h e  b l a d e s  a t  t h e  end of t h e  t e s t  showed t h a t  o n l y  v e r y  s l i g h t  t r a c e s  o f  

e r o s i o n  e x i s t e d  i n  t h e  s t a t o r  b l a d i n g .  The r o t o r  b l a d i n g  ( t h e  f i r s t  row 

had 500 h r  of s e r v i c e  and rows two th rough  f o u r  had 1000 h r )  was i n  exce l -  

l e n t  shape ,  w i t h  t h e  o n l y  n o t i c e a b l e  change be ing  a  s l i g h t  t h i n n i n g  and 

s h a r p e n i n g  uf the b l a d e  t i p s .  

R e p r e s e n t a t i v e  s u b s i e v e  a n a l y s e s  of t h e  t u r b i n e  and s e p a r a t o r  i n l e t  

d u s t  samples  t a k e n  d u r i n g  t h e  f o u r  250-hr r u n s  a r e  g i v e n  i n  T a b l e  A . 1 . 1 3  

D e p o s i t s  were  encountered f o r  t h e  f i r s t  t ime  d u r i n g  t h e  f o u r t h  250-hr 

t e s t ,  when a  d e p o s i t  b u i l t  up on t h e  t r a i l i n g  edge of t h e  las t  row of r o t o r  

b l a d e s .  The d e p o s i t  cxtended from about  1 i n .  (2.5 cm) beyond t h e  r o o t s  o f  

t h e  b l a d e s  o u t  t o  abou t  1 . 5  i n .  ( 3 . 8  cm) from t h e  t i p s .  The d e p o s i t  was 

f i r s t  n o t i c e d  a f t e r  abou t  50 h r  of t h e  f o u r t h  test p e r i o d .  The d e p o s i t e d  

m a t e r i a l  was r e l a t i v e l y  s o f t  and e a s i l y  removed and c o n t a i n e d  7 2 %  carbon.  



T a b l e  A.1. S u b s i e v e  a n a l y s e s  of t u r b i n e  i n l e t  d u s t  from 
f o u r  250-hr coa l -burn ing  t e s t s  a t  740°F (393OC) 

P a r t i c l e  S e p a r a t o r  S e p a r a t o r  o u t l e t  
s i z e  i n l e t s  

(11 > 1 t h r u  4" 1 2  3 .  4a 

-1 0 47.0  57.7 69.1 40.7 8  4  
+10 -20 29.4 34.5 26.3 37.7 29.4 
+20 - 4 0  1 9 . 2  6 .5  2 .0  1 6 . 9  . 2.1  
+4 0  4.4 1 . 3  2.6 4.7 
Total .  +1.0 53.0 42.3 30.9 59.3  1 6 . 0  
T o t a l  +20 23.6 7.8 4 .6  21.6 2 .1  

"the d u s t  l o a d i n g  a t  t h e  s e p a r a t o r  and t u r b i n e  i n l e t s  
d u r i n g  t h e  f o u r t h  2.50-hr test was approx imate ly  900 and 88 
ppm, r e s p e c t i v e l y .  

~ l l i s - ~ h a l m e r s  6 - s tage  r e a c t i o n  t u r b i n e  

A coa l -burn ing  g a s  t u r b i n e  d e s i g n e d  by Al l is -Chalmers  f o r  r a i l r o a d  

s e r v i c e  was i n s t a l l e d  i n  t h e  LDC test  f a c i l i t y  a t  Dunkirk,  New York, i n  

l a t e  1951.  The f o l l o w i n g  d e s c r i p t i o n  of t h e  i n s t a l l a t i o n  was t a k e n  from 

Ref .  1 7 .  

The t u r b i n e  d e s i g n e d  and b u i l t  by Al l is -Chalmers  i s  a  s i x -  
s t a g e  r e a c t i o n  machine o p e r a t i n g  a t  5700 rpm w i t h  a maximum 
i n l e t  t e m p e r a t u r e  o f  1300°F ( 7 0 5 ' ~ ) .  The r o t o r  was machined 
from a  f o r g i n g  o f  Timken a l l o y  (16-25-6): t h e  c y l i n d e r  b l a d i n g  
was p r e c i s i o n  c a s t  from S-590, w h i l e  t h e  r o t o r  b l a d e s  were  
f o r g e d  and f i n a l  machined from t h e  same a l l o y .  The t u r b i n e  
c a s i n g  was f a b r i c a t e d  from 19-9-DL. At maximum l o a d ,  60°F 
(16°C) i n l e t  a i r ,  t u r b i n e  d e v e l o p s  16260 hp (12120 kW), com- 
p r e s s o r  t a k e s  11750 hp (8760 kW), p l a n t  d e l i v e r s  4350 hp (3240 
kW) a t  s h a f t .  T u r b i n e  e f f i c i e n c y  averaged 87.5% from i d l i n g  
t o  f u l l  l o a d .  

The compressor  i s  a 21 s t a g e  a x i a l  f l o w  machine,  des igned  
and  b u i l t  by Al l is -Chalmers .  T e s t s  show fi.l.11 speed c a p a c i t y  
o f  65,000 cfm (30.7 m 3 / s e c ) ,  w i t h  test e f f i c i e n c y  r a n g i n g  from 
82  t o  86%. 

F i g u r e  A . l  shows t h e  t u r b i n e  i n l e t  and o u t l e t  t e m p e r a t u r e s  as a 

f u n c t i o n  of t h e  t u r b i n e  s h a f t  horsepower.16 The compos i t ions  of t h e  ' 

a l l o y s  used i n  t h e  t u r b i n e  a r e  g i v e n  i n  T a b l e  A.2, l 5  and g a s  v e l o c i t i e s  

r e l a t i v e  t o  t h e  t u r b i n e  b l a d e s  are g i v e n  i n  Tab le  A.3. 3 1 



ORNL-DWG 78-7585 

(kW) 750 1500 2250 3000 
TURBINE SHAFT POWER 

Fig. A . 1 .  Locomotive Development Committee six-stage turbine inlet 
and outlet temperatures. Compressor inlet 80°F (300°K) at 14.7 psia (0.1 
MPa) (Ref. 16). 

Table  A.2. Composition of a l l o y  s t e e l s  used i n  t h e  
c o a l - f i r e d  gas t u r b i n c  (Ref.  1 5 )  

P e r c e n t  element i n  a l l o y  - 

Element Timken 
S-990 f 9-9-DL 16-25-6 113-31 

I r o n  24.6 67.2 49.0 2.00 max 8.0-12.0 
Chromium 20.0 19.0  16 .0  23.0-28.0 14.0-17.0 
Nicke l  20.0 9.0 25.0 94-12.0 Balance 
Cobal t  20.0 Balance 
Molybdenum 4.0 1 .25 6.5 4.5-6.0 
Tungsten 4.  U 1 .25  6.0-9.0 
Manganese 0.75 0.75 1 .5  0.25 max 
S i l i c o n  0.65 0.5 0 .75  0. hQ max 
Columbium 4 .0  0.4 
Ti tanium 0.35 1.5--2 . 5  
Carbon 0.4 0.3 0.09 0 . 4 5 4 . 6 0  0 . 1 0 4 . 2 0  
Aluminum 1.64 2.1-3.5 
Ni t rogen  0.15 
Boron 0 . 0 2 ~ . 1 0 0  
-- 



Table  A.3. Gas v e l o c i t i e s  r e l a t i v e  t o  b l a d i n g  f o r  LDC d e s i g n  (Ref.  31) 

[ S i x - S L ~ ~ C !  t u r b i n e ,  5700 rpm, 13UU°F (705°C) i n l e t  t r l l lperal l l re ,  
71 .0  p s i a  (0.47 MPa) i n l e t  p r e s s u r e ,  15.06 p s i a  (0 .1  MPa) 

e x h a u s t  p r e s s u r e ,  233,220 l b l h r  (28 k g l s e c )  f low] 

Blade  r o o t  Blade m i d s e c t i o n  Blade t i p  

D i s t a n c e  
S t a g e  

D i s t a n c e  D i s t a n c e  
V e l o c i t y  f r o m . c e n t e r  V e l o c i t y  from c e n t e r  V e l o c i t y  from c e n t e r  

( f p s )  of r o t o r  ' ( f p s )  of r o t o r  ( f p s )  of  r o t o r  
( i n . )  ( i n .  ) ( i n . )  

1. S t a t o r  i n l e t  430 1 0 . 0  4  28 11.79 426 13 .58  
S t a t o r  e x i t  1000 893  804 
Rotor  i n l e t  585 465 405 
Rotor  e x i t  7  64 826 892 

2 .  S t a t o r  i n l e t  4  30 109.0 427 12.14 425 14 .28  . 
S t a t o r  e x i t  1000 872 711U 
Rntnr  i.nl P T  585 441 002 
Kotor ex i . t  7  hL 839 913 

3 .  S t a t o r  i n l e t  430 1 0 . 0  427 12 .51  422 15 .01  
Sta tor  axas 1000 853 1 SH 
KO t o r  i n l e t  5U5 432 405 
Rotor  e x i t  764 853 , P37 

' .  
' I .  S t a t o r  i n l e t  430 1 0 . 0  427 12.93 419 15.85 

S t a t o r  e x i t  1000 834 733 
Rotor  i n l e t  585 417 419 
Rotor  e x i t  7  64 869 963 

5 .  S t a t o r  i n l e t  430 1 0 . 0  426 13.42 415 1 6 . 8 3  
S t a t o r  e x i t  1000 812 710 
Rotor  i n l e t  385 407 443 
Rotor  e x i t  7  64 887 983 

6 .  S t a t o r  i h l e t  430 1 0 . 0  425 14.00 410 1 8 . 0  
S t a t o r  e x i t  1000 7  90 680 
Rotor  i n l e t  585 400 490 
R o t o r  e x i t  7 64 905 1030 

- ."  - - 

The t u r b i n e  was f i r s t  r un  on c o a l  i n  September 1951. A d e s c r i p t i o n  

o f  t h e  tes t  is  t aken  from Ref.  '17: 

As soon as t h e  acccptancc  t e a t  had beer1 successfully com- 
p l e t e d ,  t h e  f u e l  c o n t r o l s  were turned from " O i l "  t o  "Coal" and 
t h e  p l a n t  was ope ra t ed  f a r  a t o t a l  of 178 hours  on P i t t s b u r g h  
seam high  v o l a t i l e  bituminous c o a l .  The machine opera ted  a s  
w e l l  wi th  c o a l  as w i t h  o i l ,  and, i n  gene ra l ,  i t  was impossible  
f o r  a  c a s u a l  obse rve r  t o  t e l l  whe t . h~ r  the  p l a n t  wac burning 
o i l  o r  c o a l .  The s t a c k  was r e l a t i v e l y  c l e a r  and t h e  a sh  d i s -  
p o s a l  system worked s a t i s f a c t o r i l y .  Combustion e f f i c i e n c y ,  as 
determined by a s h  a n a l y s i s ,  was c o n s i s t e n t l y  above 95 percent .  
Trouble  was encountered wi th  damp c o a l  and a  number of a l t e r a -  
r.inns had t o  be made i n  t h e  c o a l  systeril. T l ~ e  wld th  of che c o a l  
feed-pump r o t o r  had t o  be increased  t o  5.0 i n .  (12.7 cm), and 
t h e  method of v e n t i n g  t h e  pump was a l t e r e d .  The d u r a t i o n  of t h e  
coa l - f i r ed  tests ranged from a  few hours  t o  a  maximum of 43 hours .  



This preliminary 178 hr  of operation was carr ied out with a p i l o t  

o i l  burner i n  each combustor, and the maximum load carried fo r  any s ign i f i -  

cant period of time was 2000 hp (1492 kW) a t  a turbine i n l e t  temperature 
~;<J-F.- F; ;+ 

of 1060°F (571°C). 
qgp&- h ;q~;;-;:;~y;+y[ ;;m 

A .  2 r./ 8.5 .;i' 
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Figures A.2 and A.3 a re  photographs of the turbine ro tor  which were 

taken as  soon a s  the cover had been l i f t e d .  ' The blades a r e  en t i r e ly  f r ee  

from deposits  and erosion. A s l i gh t  discoloration of the l a s t  row of 

blades, extending inward about 0.5 Zn, from the t i p s ,  was the only indi- 

cation tha t  the turbine had been running on heated a i r .  2 0 

Experience with the Houdry un i t  had led t o  the expectation t h a t  ero- 

s ion  might be encouatered i n  the  s t a t o r  blading, but a careful  examination 

of the e n t i r e  turbine showed only one very small spot of erosion. Figure 

A.4 shows the appearance of the upper half of the f i r s t  row s t a t o r  blading 

a s  seen from the i n l e t  end. There is some brightening of the  leading edges, 

but the only erosion was tha t  on the two blades located a t  12 o'clock, a s  

shown i n  Fig. A.5. There were no deposits of ash anywhere i n  the turbine, 

and the labyrinth s ea l s  were a l l  perfectly clean. 1 7  

The combustor was modified t o  eliminate the o i l  p i l o t  flame, and 

the  turbine was operated fo r  an addit ional 757 h r  a t  an average turbine 

i n l e t  temperature of 1225OF (663'C). 21 During the f i r s t  71 h r  of opera- 

t ion ,  a leak developed within the flyash separator and resulted i n  a large 

amount of coarse ash passing through the  turbine,  ser iously eroding the 

first-row s t a t o r  blading, ' The leak was repaired and the t e s t  continued, 

but the  turbine gradually l o s t  power and there was a major reduction i n  

power output from 625 to  757 hr.  The t e s t  was terminated and the equipment 

dismantled for  inspection. Erosion was noted on the t r a i l i n g  edges of the  

first f i ve  rows of rotor  and s t a t o r  blading, being progressively less to- 

ward the low-pressure end of the  turbine. The s ix th  row of blading was 

only s l i gh t ly  eroded. No s ign i f ican t  ash deposition was found on the 

turbine blading. 2 2 , 2 3  - '  . .J,:%..+ - .- , - - -  
~..PL$ . . '; .. 2 A'!-.- T ~ ,  . & 

Ash i n  the combustion gases driving the turbine was sampled a t  the 

turbine i n l e t  and a t  the  exhaust. About 40 lb /h r  (18.2 kg/hr) of ash 

entered the turbine when the separation system was functioning a t  maximum 

effectiveness.  The s i z e  d i s t r ibu t ion  of the ash was approximately 2% plus 



Fig .  A . 2 .  General view of locomotive turbfne rotor, left side ( R e f .  18). 



Fig .  A. 3. General view "of locomotive turbine rotor, rlght srae (~ef. 18) .  





Fig. 8 . 5 .  Closeup of  .: first-row s ta tor  blading, upper half (Ref. 18) . 



20 pm and 15% p l u s  1 0  pm. Performance of t h e  separa tor  f requent ly  de- 

t e r i o r a t e d  during t h e  757-hr t e s t ,  increas ing both t h e  amount and s i z e  of 

t h e  a s h  enter ing t h e  tu rb ine .  Gas from t h e  exhaust contained v i r t u a l l y  

no p lus  10-ym a s h  p a r t i c l e s ,  ind ica t ing  t h a t  t h e  tu rb ine  had pulverized 

t h e  p a r t i c l e s  a s  they s t r u c k  t h e  blades.22,  3 1  

Afte r  t h e  757-hr test, t h e  f i r s t  four rows of r o t o r  blades were re- 

placed wi th  b lades  of 19-9DL s t e e l  (Table A.2). The f i r s t  four rows of 

s t a t o r  blades were replaced with S-590 a l l o y ,  but  t h e  l a s t  two rows of 

r o t o r  and s t a t o r  b lades  were not changed. The regenerator  was removed, 

and t h e  combustor-to-separator path was lengthened by about 8 f t  (2.44 m ) .  

The t u r b i n e  w a s  operated a t  1060°F (571°C) i n l e t  temperature and 4500 rpm 

f o r  runs t o t a l i n g  301 h r ,  and t h e  ash  separa tor  functioned e f f e c t i v e l y  

throughout. Ash p a r t i c l e s  were r a r e l y  preseet  i n  amounts g r e a t e r  than 1% 

p l u s  20 pm and 10% p lus  1 0  pm. The f i r s t  four  s t ages  of r o t o r  blades d id  

n o t  erode, and eros ion of t h e  l a s t  two rows of r o t o r  blades d id  not  ad- 

vance beyond t h a t  noted a t  t h e  end of thed57-hr  t e s t .  The s t a t o r  blades 

were a l s o  f r e e  of erosion.  2 5 

Figures A.6 and A.7 a r e  photographs of the  tu rb ine  r o t o r  taken as 

soon a s  t h e  cover had been l i f t e d .  No ash  deposi ts  can be seen, although 

t h e r e  is a t h i n  l a y e r  of s c a l e  on t h e  convex su r faces  of t h e  f i r s t  row of 

blades.  Figure A. 8 is a f r o n t  view of the  f irst-row s t a t o r  bl a d ~ s .  The 

i n s e r t  i s  a closeup of t h e  blades a t  12 o'clock, which shows two small  

n i c k s  t h a t  represent  t h e  only measurable eros ion i n  the e n t i r e  turbine ,  2 5 

Comparison of Fig. A.5, taken a t  t h e  same loca t ion  a f t e r  t h e  178-hr tests, 

wi th  Fig. A.8 i n d i c a t e s  an  almost i d e n t i c a l  n ick  t h a t  a l s o  represented t h e  

only  measurable eros ion i n  t h e  e n t i r e  turbine.  

For comparison of the eroeion i n  the  f i r s t  316 h r  of the 757-hr too t  

wi th  t h e  300-hr t e s t ,  photographs of t h e  f i r s t  row s t a t o r  blading taken 

a t  va r ious  times are shown i n  Fig. ~ . 9 . ~ '  P a r t s  a ts c apply t n  the  757- 

h r  test, and p a r t s  d t o  f apply t o  t h e  300-hr test. Figure A.9a was taken 

a f t e r  71 h r  of opera t ion a t  an average turbine  i n l e t  temperature of 1050°F 

(546" C) . ' AS mentioned e a r l i e r ,  during t h i s  period of operat ion a l eak  

developed within t h e  f lyash  separa tor  and l a r g e  q u a n t i t i e s  of coarse ash 

entered t h e  turbine ,  r e s u l t i n g  i n  se r ious  erosion.25 Figure A.9b was taken 

124 h r  later. During t h i s  period t h e  tu rb ine  was operated with an average 



Fig. A. 6 .  Tuxbhe rotor after 330-hr m ~ t ,  view %ran fef f sPde (Ref .  231. 



;:$&- 
..it.." f,,, ' 

ORN !.-PHOTO 5036-78 - 1 

Fig, A,?* . Turbine rotor after 300-hr teat,  v&en from right sfde (Ref. 23). 
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i n l e t  temperature of 1 1 6 0 " ~  (627'C). Figure A.9c was taken 121 h r  a f t e r  

t h e  view shown i n  Fig. A.9b. The tu rb ine  was operated at  an  average i n l e t  

temperature of 1240°F (671°C) during t h i s  t h i r d  period. The eros ion 

noted a f t e r  71 hr  of operat ion became progressively more severe,  a s  can 

be seen from Figs. A.9b and A.9c. rhe extent  of t h e  eros ion shown i n  

Fig. A.9c was such t h a t  t h e  performance of the turbine had begun t o  suf- 

f e r .  2 5 

Figures A.9d t o  A.9f are photographs taken a t  100-hr i n t e r v a l s  during 

t h e  300-hr tes taa5 During t h i s  test ,  t h e  tu rb ine  was operated with an  

average i n l e t  temperature of 1060°F (571°C) . Inspect ion of these  th ree  

f i g u r e s  ind ica tes  t h a t  t h e r e  was no v i s i b l e  eros ion of t h e  f i rs t - row s t a t o r  

blading. 

Figure A . l O a  is a photograph of the discharge s i d e  of t h e  third-row 

s t a t o r  blading taken a t  t h e  end of t h e  757-hr test, and Fig. A.lOb is a 

photograph of t h e  same loca t ion  taken at t h e  end of t h e  300-hr test. 2 5 

Figure A . l k  shows t h e  extent  t o  which t h e  third-row s t a t o r  was eroded. 

Apparently, t h e  l a r g e  particlea t h a t  entered t h e  t u r b i n e  had not  been 

reduced i n  s i z e  a t  t h i s  point  i n ' t h e  turbine.  The th4rd-row s t a t o r  blading 

shown i n  Fig. A.lOb a f t e r  t h e  300-hr test was found by micrometer measure- 

ments t o  be virtually unchanged from t h e  o r i g i n a l  i n s t a l l a t i o n .  9 5 

After  t h e  300-hr test, t h e  regenerator  was r e i n s t a l l e d .  Replacing t h e  

regenerator  moved t h e  combustors back t o  t h e i r  o r i g i n a l  pos i t ion  h e d 5 a t e l y  

ahead of t h e  f lyash  separa tor  and shortened t h e  combustion path by approxi- 

mately 12 f t  (3.66 m) as compared t o  t h e  300-hr test arrangement. 2 6  me 
system was operated on rnal f o r  a t o t a l  of 1421 hr. The t e s t i n g  pcogram 

consis ted  of two par t s .  F i r s t ,  t h e  system w a s  run cont inual ly  at high 

power f o r  a period of 852 h r ,  and then it w a s  run 569 h r  at  d i f f e r e n t  power 

levels t o  simulate var ious  locomotive load cycles.  2 7 

The turbine  i n l e t  temperature during t h e  high-load test averaged ap- 

proximately lZIOeF (655"C), with b r i e f  periods of operat ion a t  1250°F 

(677OC). The tu rb ine  i n l e t  temperature during t h e  simulated locomotive 

load cycles  averaged approximately llOO°F (594OC), with approximately 50% 

of t h e  simulated load cycle  having a tu rb ine  i n l e t  temperature of approxi- 

mately 1230°F (666OC) . 2 6  The tu rb ine  i n l e t  temperature during t h e  simu- 

l a t e d  locomotive load cycles averaged approximately llOOOB (594OC), with 



Fig. 8.10. Discharge s ide ,  third-row s t a t o r  blading. (a) AC end of 
750 hr;  (b) a t  end of 300 hr t e s t  (Ref. 23). 

approximately 50% of the s h u l a t e d  load cycle having a turbine i n l e t  tem- 

pera ture  of'  approximately 1230°F (666%).  26 The s i z e  of the  ash entering 

t h e  turbine ran a s  high as 12% plus 20 m and 32% plus 10 urn. 

During the  first 907 hr  of the 1421-hr t e s t  of the  turbine,  ,erosion 

tests were conducted t o  obtain information 9s t o  the  s u i t a b i l i t y  of an 



impulse t u r b i n e  f o r  ope ra t i on  i n  t h e  LDC system. A nozz le  and a  bucket 

test  r i g  were each suppl ied  w i th  3000 l b / h r  (380 g / s )  of combustion prod- 

u c t s  from t h e  s e p a r a t o r  o u t l e t  flow. The approach v e l o c i t y  f o r  t h e  noz- 

z l e  r i g  was approximately 3 4 0 , f p s  (104 m/s ) ,  and t h e  d i s cha rge  v e l o c i t y  

a t  t h e  nozz le  t h r o a t  was 1900 f p s  (579 m/s) .  An approach v e l o c i t y  of 

1400 f p s  (427 m/s) was maintained i n  t h e  bucket test r i g .  

Af t e r  t h e  907-hr t e s t ,  t h e  nozz le  p a r t i t i o n s  and t h e  r o t o r  b l ades  

were inspec ted  and weighed. There was v i r t u a l l y  no change i n  t h e  weight 

of t h e  nozz le  p a r t i t i o n s .  The r o t o r  b l ades ,  however, were s e v e r e l y  eroded, 

e s p e c i a l l y  t h e  concave s i d e .  

The conc lus ion  drawn from t h e s e  tests by t h e  LDC and which i s  v a l i d  

on ly  f o r  t h e  p a r t i c u l a r  t e s t  cond i t i ons  is  taken  from Ref. 26. 

The q u a l i t y  of a i r  e n t e r i n g  t h e  LDC t u r b i n e  i s  r e l a t i v e l y  
harmless  a t  t h e  340 f p s  v e l o c i t y  which p r e v a i l e d  i n  t h e  
nozz l e  test r i g .  Extremely r ap id  a c c e l e r a t i o n  t o  a  v e l o c i t y  
a s  h igh  a s  1900 f p s  (579 m/s) a l s o  caused very  l i t t l e  wear on 
t h e  concave s u r f a c e  of t h e  p a r t i t i o n .  I n  t h e  b l ade  test r i g ,  
a i r  of t h e  same q u a l i t y  proved t o  be very  e r o s i v e  a t  an  ap- 
proach v e l o c i t y  of 1400 f p s  (427 m/s).  These f a c t s  l e a d  t o  
t h e  conc lus ion  t h a t  a  mul t i - s tage  r e a c t i o n  t u r b i n e  has  a  f a r  
b e t t e r  chance of ope ra t i ng  s u c c e s s f u l l y  w i t h  c o a l  a s  i t s  f u e l  
t han  does an impulse t u r b i n e  w i th  very h igh  v e l o c i t i e s .  

Af t e r  t h e  1421-hr t e s t ,  t h e  t u r b i n e  was opened f o r  i n spec t ion .  The 

f i r s t - r o w  r o t o r  b l ades  were no t  s e r i o u s l y . e r o d e d ,  but  t h e  second row suf-  

f e r e d  wear i n  a  narrow band nea r  t h e  r o t o r .  I n  a d d i t i o n ,  small  notches 

w e r e  c u t  i n  t h e  t r a i l i n g  edges of some b l ades ,  and stresses a t  t h e s e  

no tches  formed cracks .  Semic i rcu la r  notches were c u t  i n  t h e  t h i r d  row' 

of r o t o r  b l ades ,  nea r  t h e  b lade  r o o t s ,  and t h e r e  were c racks  near  t h e  

no tches  i n  many of t h e  b lades .  Wear of t h e  fourth-row b l ades  was s i m i -  

l a r  t o  t h a t  of t h e  t h i r d  row. Rotor b l ades  i n  t h e  f i f t h  and s i x t h  rows 

s u f f e r e d  somewhat more wear than  they had du r ing  t h e  f i r s t  test run ,  but 

t h e r e  was no marked change i n  t h e i r  cond i t i on .  

Wear on t h e  s t a t o r  b lades  followed approximately t h e  same p a t t e r n  

a s  t h a t  on t h e  r o t o r  b lades  - a  narrow band nea r  t h e  t u r b i n e  r o t o r .  A 

second zone of l o c a l i z e d  wear occurred i n  a  narrow band extending r a d i a l l y  

inward f o r  approximately 118 i n .  (0.32 cm) a t  t h e  o u t e r  diameter  of t h e  

s t a t o r  b l ades  i n  t h e  l a s t  f o u r  s t a g e s .  



Ligh t  ash d e p o s i t s  were found on t h e  backs of some of t h e  s t a t o r  

b l a d e s ,  b u t  only t h e  t h i r d  s t a g e  had a sh  coa t ings  t h i c k e r  than 0.005 i n .  

(0.13 nun). 2 7  Normal b l ade  wear was confined t o  approximately 0.0053 i n .  / 

1000 h r  (0.135 mm/1000 h r )  on t h e  concave s u r f a c e s  of bo th  t h e  s t a t o r  and 

r o t o r  b lad ing .  2 6 

A f t e r  t h e  1421-hr t e s t ,  t he  t u r b i n e  was recondi t ioned  and operated on 

c o a l  f o r  1103 h r .  The r econd i t i on ing  of t h e  t u r b i n e  included t h e  i n s t a l -  

l a t i o n  of a  d e f l e c t o r  r i n g  i n  f r o n t  of t h e  base of t h e  f i r s t - r o w  s t a t o r  

b l a d e s  t o  block t h e  f low of  t h e  concent ra ted  s t ream of d u s t  a t  t h i s  po in t .  

Skimmers were i n s t a l l e d  i n  t h e  t u r b i n e  i n l e t  t o  remove d u s t  concent ra ted  

a t  t h e  concave s u r f a c e  of t h e  t u r b i n e  i n l e t .  - 
The f i r s t  f o u r  s t a g e s  of r o t o r  blad'es were rep laced  wi th  new blades  

made of HS-31 and GMR-235  a able A.2). The l a s t  two s t a g e s  of b lades  were 

unchanged, and t h e  s t a t o r  b lad ing  was t h e  same a s  used i n  t h e  preceding 

run ,  except  t h a t  t h e  i n n e r  s t a g e  shroud and s e a l  r i n g s  f o r  rows two, t h r e e ,  

and f o u r  were r moved. 2 8 

During t h e  1103-hr t e s t ,  t h e  t u r b i n e  opera ted  wi th  a n  average load 

of 2960 hp (2200 kW), which probably corresponds t o  an average t u r b i n e  

i n l e t  temperature of approximately 1200 t o  1 2 3 0 ' ~  (649 t o  666OC). The 

s i z e  of t h e  ash  e n t e r i n g  t h e  t u r b i n e  i n l e t  and pass ing  through t h e  t u r b i n e  

was s i m i l a r  t o  t h a t  of t h e  1421-hr test. 

A f t e r  completion of t h e  t e s t  t h e  t u r b i n e  was opened f o r  i n spec t ion .  

The f i r s t - s t a g e  r o t o r  b l ades  were f r e e  from eros ion .  The second, t h i r d ,  

and f o u r t h  s t a g e s  were s e r i o u s l y  undercut a t  t h e  base of t h e  l ead ing  

edge of  t h e  blade,  bu t  no o t h e r  s e r i o u s  e ros ion  was noted on t h e  t u r b i n e  

r o t o r  b lades .  The p r e s s u r e  s u r f a c e s  u f  the s t a t o r  b lad ing  were i n  good 

cond i t i on .  The t r a i l i n g  edge of t h e  b lades  i n  rows 3  t o  6  s u f f e r e d  some 

e r o s i o n ,  and t h e  a s h  a l s o  c u t  notches a t  t h e  o u t e r  s idewa l l  base of t h e  

l e a d i n g  edges of t h e ~ e  bladea.  3 1 

United S t a t e s  Bureau of Mines 

w i t h  t h e  completion of t h e  1103-hr t e s t ,  t h e  Locomotive Development 

Committee (LDC) ended i ts  exper imenta l  program i n  1959. The U.S. Bureau 

of Mines under a  coope ra t ive  agreement wi th  Bituminous Coal Research, Inc . ,  



obta ined  t h e  LDC t u rb ine  and a s s o c i a t e d  equipment f o r  f u r t h e r  development. 

The equipment was moved from Dunkirk, New York, t o  Morgantown, West V i r -  

g i n i a .  

The Bureau of Mines con t r ac t ed  wi th  the  Gas Turbine Div is ion  of the  

General E l e c t r i c  Company t o  review t h e  LDC t e s t s  and develop a  new blade 

des ign  s p e c i f i c a l l y  t a i l o r e d  f o r  a  coa l - f i r ed  t u r b i n e  p l a n t .  A descr ip-  

t i o n  from t h e  t u r b i n e  modi f ica t ion  recommended by General E l e c t r i c  i s  ex- 

ce rp t ed  from R e f .  31. 

While no s i n g l e  theory uniquely explained the  e ros ion  p a t t e r n  
observed i n  t he  LDC t e s t s ,  s i g n i f i c a n t  f e a t u r e s  of t h e  e ros ion  
problem were uncovered and descr ibed .  Two changes were recommended 
t o  reduce the  r a t e  of e ros ion .  One change was t o  encourage ash 
t o  concent ra te  a t  t he  o u t e r  s idewa l l ,  r a t h e r  than  a t  t h e  r o o t s  
of t h e  r o t o r  blades.  Wear a t  t h e  r o t o r  b l ade  t i p s  and o u t e r  s ide-  
w a l l  base of t h e  nonro ta t ing  s t a t o r  b lades  is  l e s s  damaging than 
wear a t  t h e  base of t h e  h igh ly  s t r e s s e d  r o t o r  b lades .  The second 
recommendation was t h e  use  of t i t an ium ca rb ide  wear s t r i p s  ( t i t a -  
nium ca rb ide  wears a t  1 / 9  the  r a t e  of t he  Hastelloy-31 blade 
meta l )  a t  t h e  o u t e r  s idewa l l  base of c e r t a i n  s t a t o r  b lades  t o  
minimize e ros ion .  Wear s t r i p s  a l s o , w e r e  s p e c i f i e d  f o r  t h e  base  
of c e r t a i n  r o t o r  b lades ,  i n  ca se  ash  s t i l l  concent ra ted  a t  t h e  
i n n e r  s idewal l .  

De ta i l ed  changes recommended f o r  t h e  new design contem- 
p l a t e d  t h e  use of t he  e x i s t i n g  t u r b i n e  r o t o r ,  cas ing ,  and i n l e t  
hood t o  minimize the  need f o r  ex t ens ive  modi f ica t ions  t o  t h e  
t u r b i n e .  Skimmers and d e f l e c t o r s  i n s t a l l e d  i n  t he  i n l e t  hood 
p r i o r  t o  t h e  1103 h r  t e s t  were r e t a i n e d  s i n c e  they appeared t o  . 
have a b e n e f i c i a l  e f f e c t  of t h e  e x i s t i n g  i n l e t  a s  a  cond i t i on  
of t h e  new des ign .  

The f i r s t  major change was t h e  p rov i s ion  of an  a x i a l  space  
between t h e  f i r s t - s t a g e  s t a t o r  and r o t o r  b lades  t o  c e n t r i f u g e  
a sh  p a r t i c l e s  toward t h e  o u t e r  ca s ing  by main s t ream gas flow. 
This space was provided by removing r o t o r  row 1 and s t a t o r  row 
2  from t h e  s ix-s tage  t u r b i n e ,  conver t ing  t h e  u n i t  t o  a  f i ve -  
s t a g e  tu rb ine .  Ca lcu la t ions  ind ica t ed  t h a t  t h i s  would c l e a r  
t h e  inne r  1.8 inches  of t h e  annulus a t  t h e  en t r ance  t o  t h e  
f i r s t - s t a g e  r o t o r  blade of a l l  p a r t i c l e s  l a r g e r  than  12  p. The 
second change involved t h e  des ign  of s t a t o r  b lades  t o  minimize 
flow sepa ra t ion  and end w h i r l s  (passage v o r t e x  bui ldup)  by t h e  
use  of new p r o f i l e  shapes and a  h igher  s o l i d i t y .  Blade chords 
were not  changed, bu t  t h e  t r a i l i n g  edges of t h e  b lades  were re -  
duced t o  t h e  minimum p r a c t i c a b l e  t h i ckness  [.035 i n .  (0.89 mm)]. 
These changes were designed t o  minimize t h e  r a d i a l  in f low of 
a s h  t o  t h e  inne r  diameter;  None of t h e  s t a t o r s ,  except  f o r  
t h e  f i r s t  and f i f t h  s t a g e s ,  were t o  have i n n e r  s idewa l l s  (as  
i n  t h e  1103 h r  t e s t ) .  S t a t o r  b lade  t i p s  were s p e c i f i e d  a s  



so l id . ,  wi thout  rub  s t r i p s ,  wi th  t i p  c l ea rance  the  same a s  i n  
t h e  1103 h r  t e s t .  This  dup l i ca t ed  t h e  condi t ions  of the 11.03 
h r  t e s t ,  i n  t h a t  t h e r e  would be t h e  same leakage under t h e  
s t a t o r  t i p s .  The s o l i d  t i p  des ign ,  however, was expected t o  
reduce  t h e  r a t e  a t  which the  t i p  c learance  increased  due t o  
e ros ion .  

The t h i r d  change c a l l e d  f o r  t he  inne r  and o u t e r  s idewa l l s  
t o  be  s tepped ,  and f o r  t i t an ium ca rb ide  wear s t r i p s  t o  be in-  
s t a l l e d  t o  t ake  t h e  impact of ash  flowing through t h e  c l ea rance  
a t  t h e  t i p s  of t h e  s t a t o r  and r o t o r  b lades .  

The f o u r t h  des ign  f e a t u r e  was t h a t  t he  r o t o r  b lades  have 
approximately t h e  same c r o s s  s e c t i o n s  a s  used be fo re ,  except  
t h e  th i ckness  of t h e  t r a i l i n g  edge w a s  increased  t o  t h e  maxi- 
mum va lue  l0.120 i n .  (3.0 mm)] c o n s i s t e n t  wi th  t u r b i n e  e f f i -  
c i ency  t o  encourage ash  f l o w  r a d i a l l y  nutward frnm t h e  i n n e r  
d i a u l e ~ e ~ .  

Table A . 4  from Ref. 31 shows t h e  gas v e l o c i t i e s  r e l a t i v e  t o  t h e  blad- 

i n g  f o r  t h e  new des ign .  

Table A.4. Gas v e l o c i t i e s  r e l a t i v e  t o  blading fo r  new design (Ref. 31) 

[Five-stage t u rb ine ,  5700 rpm, 1300°F (705OC) i n l e t  temperature, 
79.2 p s i a  (0.5 MPa) i n l e t  pressure,  15.64 ps ia  (0.1 MPa) 

exhaust p ressure ,  288,000 l b /h r  (36 kglsec)  flow] 

-- - 

Blade roo t  Blade midsection Blade t i p  

S tage  Distance Distance Distance 
Veloci ty from center  Veloci ty from r en t e r  V ~ b ~ r i t y  f r n m  renter 

( i p s )  uf  r u ~ u r  ( P P ~ )  u l  L U L U L  (Lps) u t  L U L U L  

( i n . )  ( i n . )  ( i n . )  

1. S t a t o r  i n l e t  
S t a t o r  e x i t  
Rotor i n l e t  
Rocor e x i t  

2 .  S t a t o r  i n l e t  
S t a t o r  e x i t  
Rotor i n l e t  
RoCur exit 

3. S t a t o r  i n l e t  
S t a t o r  e x i t  
Rotor i n l o t  
Rotor e x i t  

4 .  S t a t o r  i n l e t  
S t a t o r  e x i t  
Rotor i n l e t  
Rotor e x i t  

5. S t a t o r  i n l e t  
S t a t o r  e x i t  
Rotor i n l e t  
Rotor e x i t  

10.3 
10.3 
10.3 

L O .  3 
10.3 
10.3 
10.3 

10.3 
10.3 
10.3 
10.3 

10.3 
10.3 
10.3 
10.3 

10.3 
10.3 
10.3 
10.3 



The tu rb ine  was operated 1963 h r  cumulative i n  two t e s t s  wi th  'an 

i n l e t  temperature of approximately 1230°F (666°C). The f i r s t  t e s t  ran  

f o r  878 h r  and was ended by bui ldup of depos i t s  on the  f i r s t - s t a g e  s t a t o r  

b lad ing .  The bui ldup caused surg ing  i n  t he  compressor which prevented 

r e s t a r t  a f t e r  a  shutdown. The tu rb ine .was  disassembled, i n spec t ed ,  

c leaned,  and re turned  t o  s e r v i c e .  The second t e s t  of t h e  t u r b i n e  con- 

t inued  f o r  1085 h r  and-shutdown was voluntary  f o r  eva lua t ion  of t h e  ero- 

s i o n  damage t o  t h e  b lad ing .  

A d e s c r i p t i o n  of t h e - c o n d i t i o n  of t h e  t u r b i n e  b lad ing  a f t e r  t he  two 

t e s t s  is  excerpted from Ref. 31. 

The f i r s t - s t a g e  s t a t o r  b lades  showed l i t t l e  v i s i b l e  evidence 
of e ros ion .  Blades i n  s t a g e s  2 t o  5 were s i g n i f i c a n t l y  eroded a t  
t h e  o u t e r  s idewa l l  bases .  Except f o r  t he  f i r s t  s t a g e ,  ash deposi- 
t i o n  on the  b lades  was minimal. Pressure  f aces  of t h e  f i r s t - s t a g e  
s t a t o r s  were r e l a t i v e l y  c l ean ,  b u t  t h e i r  backs were coated wi th  
ash .  Also, l a r g e  c u r l i c u e s  of hard ,  bonded ash  g radua l ly  b u i l t  
up between t h e  bases  of t h e  f i r s t - s t a g e  s t a t o r  b l ades ,  eventu- 
a l l y  blocking t h e  gas flow and f o r c i n g  an end t o  t h e  t e s t .  Light  
d e p o s i t s  of ash  formed on t h e  second-stage s t a t o r s ,  and they were 
s l i g h t l y  eroded a s  i nd ica t ed  by a  pol i shed  a r e a  a t  t h e  base  of 
t h e  l ead ing  edge. 

Only very  l i g h t  d e p o s i t s  of ash  formed on t h e  l a s t  t h r e e  
s t a g e s  of s t a t o r  b lades .  Ash eroded notches i n  t h e  pol i shed  
a r e a s  a t  t h e  base of t h e  l ead ing  edges of t h e s e  b lades ,  j u s t  
above t h e  t i t an ium ca rb ide  i n s e r t s ,  and thinned t h e  edges of 
t h e s e  b lades  near  t h e  bases .  

The r o t o r  b lades  were i n  e x c e l l e n t  cond i t i on  fu l lowing  t h e  
f i r s t  t e s t .  Although n o t  s e r i o u s l y  eroded, po l i shed  s p o t s  on 
t h e  l ead ing  edges and s i d e s  of t h e  base of r o t o r  b lades  i n  rows 
3 ,  4 ,  and 5 i nd i ca t ed  minor e ros ion  caused by concen t r a t ion  of 
a s h  near  t h e  r o t o r .  The r o t o r  b lades  were l i g h t l y  coated wi th  
ash ,  p r imar i ly  on t h e  backs; t h e  coa t ing  was heav ie s t  on t h e  
f i r s t  s t a g e  and p rog res s ive ly  l i g h t e r  on succes s ive  s t a g e s .  

In spec t ion  a f t e r  t h e  second t e s t  i nd ica t ed  t h a t  t h e  a sh  
depos i t i on  and e ros ion  followed t h e  same p a t t e r n  a s  i n  t h e  
f i r s t  t e s t ,  a l though t h e  ash  bui ldup on t h e  f i r s t - s t a g e  b lades  
was no t  a s  heavy a s  before .  The s t a t o r  b lades  were eroded i n  
t h e  same a r e a s  a s  i n  t h e  f i r s t  t e s t ,  bu t  e ros ion  w a s  more seve re .  
Much l a r g e r  notches were c u t  i n t o  t h e  bases of t h e  l ead ing  edges, 
p r imar i ly  i n  rows 2 ,  3 ,  and 4 .  Also, a sh  eroded t h e  t r a i l i n g  
edges of t he  b lades  i n  t h e s e  rows much more than i n  t h e  f i r s t  
t e s t .  

. The . ro to r  b lades  a f t e r  t h e  second t e s t  showed l i t t l e  dam- 
age, wi th  t h e  ex t en t  and p a t t e r n  of ash  depos i t i on  approximately 



t h e  same a s  a f t e r  t h e  f i r s t  t e s t .  The r o t o r  b l ades  were v i s i b l y  
f r e e  of wear a f t e r  t h e  second t e s t ,  a l though s l i g h t  wear was 
v i s i b l e  a long  113 t h e  l eng th  of t h e  leading  edge of each b lade ,  
measured from t h e  t i p .  A l l  r o t o r  b lades  were weighed be fo re  
and a f t e r  t h e  second t e s t .  The weight l o s s  f o r  each b lade  was 
a lmost  cons t an t  a t  9 grams. A l l  i n  a l l ,  t h e  r o t o r  b lades  were 
i n  good c o n d i t i o n  fo l lowing  t h e  second t e s t ,  and without  notches 
a t  t h e  r o o t s  of t h e  b l ades  - t h e  most s e r i o u s l y  eroded a r e a  i n  
t h e  l a s t  LDC t e s t .  

The s i g n i f i c a n t  i n c r e a s e  i n  s t a t o r  b lade  e ros ion  i n  t h e  
second t e s t  was unexpected because both ope ra t ing  cond i t i ons  
and running t ime were v i r t u a l l y  t h e  same a s  i n  t h e  f i r s t  t e s t .  
Th i s  marked i n c r e a s e  i n  e ros ion  i s  a t t r i b u t e d  t o  f a l s e  i n f o r -  
mation from improperly connected thermocouple l e a d s .  Thermo- 
coup le  readings  served t o  i n d i c a t e  ach plugging of t h e  d i s -  
cha rge  l i n e s  of t h e  cen t r i fuga l - type  ash  s e p a r a t o r s  - 26 i n  
two banks of 1 3  tubes  each. Thermocouple l e a d s  from each bank 
were connected t o  s e p a r a t e  r eco rde r s .  For t h e  f i r s t  185 hours  
o f  t h e  second t e s t ,  t h e s e  l e a d s  were connected t o  oppos i t e  
banks, plugging of s e p a r a t o r s  i n  t h e  r i g h t  bank being ind ica t ed  
on  t h e  l e f t  bank r eco rde r .  The  thermocouples were be l ieved  
f a u l t y  when plugging was not  v e r i f i e d  by examination; t h e r e f o r e ,  
o p e r a t i o n s  were c a r r i e d  on wi th  s e v e r a l  plugged s e p a r a t o r s  i n  
one  bank. Thus, t h e  concen t r a t ion  and s i z e  of ash  en te r ing  
t h e  t u r b i n e  probably was markedly higher  during t h e  f i r s t  185 
hours  of t h e  second t e s t .  

Rotor b l ade  p r o f i l e s ,  measured wi th  a  probograph before and 
a f t e r  each t e s t  t o  determine t h e  l o s s  of metal  from e ros ion ,  in-  
d i c a t e d  t h e  r o t o r  s u f f e r e d  comparible wear. S imi l a r  measurements 
could  not  be made on t h e  s t a t o r  b l ades ,  because they were welded 
t o g e t h e r  inCu segments. These measurements showed t h a t  70 per-  
c e n t  of t h e  wear on t h e  p re s su re  f aces  of t h e  r o t o r  blades oc- 
c u r r e d  dur ing  t h e  1085-hour second t e s t .  Thus, t h e  average ero- 
s i o n  r a t e  dur ing  t h e  second t e s t  was almost twice  t h a t  of t h e  
f i r s t  t e s t .  

Blade e r o s i o n  was e f f e c t i v e l y  reduced by t h e  blade des ign .  
Aerodynamic f e a t u r e s  of t he  new blades  reduced the  concen t r a t ion  
of  ash a6 tho  rotor -- t h o  r o t o r  b lade  roo ta  and o t a t o r  b ladc  t i p s  
were not  s e r i o u s l y  eroded. Small q u a n t i t i e s  of ash ,  however, 
s t i l l  concent ra ted  nea r  t he  r o t o r ,  a s  evidenced by shiny a r e a s  
a t  t h e  bases  of the r o t o r  blades i n  t h e  last t h r e e  rows. Also, 
a s  expected, ash  concent ra ted  heav i ly  a t  t h e  t u r b i n e  cas ing ,  
e roding  t h e  r o t o r  b l ade  t i p s  and s t a t o r  b lade  bases .  

E f fec t iveness  of another  des ign  f e a t u r e ,  t h e  stepped-side- 
w a l l s  and t i t a n i u m ' c a r b i d e  wear s t r i p s ,  is  ques t ionable .  Erosion 
of s t a t o r  b l ade  roo t$  was not  prevented,  and i t  is  no t  c l e a r  i f  
t h e  reduced e r o s i o n  of t h e  r o t o r  b lade  r o o t s  was due t o  t h e  wear 
s t r i p s  o r  t h e  aerodynamic des ign  f e a t u r e s  intended t o  concent ra te  
a s h  a t  t h e  cas ing .  None of t he  wear s t r i p s  were s i g n i f i c a n t l y  
eroded.  S i g n i f i c a n t  q u a n t i t i e s  o f ' a s h  niay have s t r u c k  t h e  r o t o r  



blade wear st.rips, but with insufficient velocity to erode the 
titanium carbide. 

Manufacturers of industrial gas turbines (who inspected the 
blades) and Bureau of Mines engineers estimate the effective life 
of the rotor blades as 20,000 hr and the stator blades at 5,000 
hr. These estimates assume a uniform erosion rate, and are based 
on the condition of the blades after 1963 hr. If these figures 
are adjusted to compensate for the plugged ash separator discharge 
lines in the second test, the estimated life for the rotor blades 
would be 30,000 hr and for the stator blades 7500 hr. 

A summary of the operating experience by both the Locomotive Develop- 

ment Committee and the U.S. Bureau of Mines on the five-stage Houdry tur- 

bine and six-stage Locomotive turbine is given in  able A.5. It should be 

noted that the 757-hr test in 1952 and the 1085-hr test in 19.64 were con- 

ducted under conditions of unknown ash separator efficiency at.the start of 

the experiments. For the remaining data given in Table A.5, the flyash 

separation system was functioning as designed throughout the test. Exami- 

nation of these data indicate that satisfactory operation (minimal depos- 

its and erosion) for a direct coal-fired gas turbine could be obtained 

for a particulate loading of approximately 100 .ppm with a size range of 

10 to 15% plus 10 pm and 1 to 2% plus 20 um at a turbine inlet temperature 

of 740 to 1060°F (394-571°C). 

, Aeronautical Research ~aboratori'es 

Rus ton and Hornsby "TAW turbine 

During the period between.1948 and 1970, the Aeronautical Research 

Laboratories (ARL), Department of Supply, Melbourne, Australia, investi- 

gated the technical feasibility of the direct-fired operation of a coal- 

burning gas turbine. The follbwing description of their work is excerpted 

from Ref. 33. 

In the earlier stages.of the investigation (194&1958), rig 
scale experiments were conducted on three aspects of the general 
problem: 

a. coal pulverizing and handling, 
b. high intensity combustion and combustor development, 
c. ash fouling and erosion. 



Table  A.5. Locomotive Dwelopment Committee o p e r a t i n g  expe r i ence  wi th  open-cycle cca l - ju rn ing  g a s  t u r b i n e s  

P a r t i c l e  
Turb i r e  i n l e t  Maximum l e n g t h  T o t a l  running ? a r t i c u l a t e  Erosion a Fea r  of Power A i r  f low Tip speed s i z e  

Engine tempera ture  of runb t ime con ten t  and 
t e s t  [kW :e) 1 .  

(OF) 
(lb,*sec) ( f p s )  

(hr )  
(% + lo PI deposits C (h r )  (ppm) % + 2 0 p )  

n e g l i g i b l e  e r o s i o n  and d e p o s i t s  

Se r ious  e r o s i o n  and d e p o s i t s  

E-N, D-S 
E-N, D-N 
E-N, D-N 

E-H, 0-N 
E-H, D-N 
E-M, D-N 4 

10 
E-H, D-N 
E-M, D-S 
E-M, D-S 
E-M, D-R 
E-M, D-M 

a 
A, Allis-Chalmers 5-s-age H ~ u d r y  t u r b i n e ;  B,  Allis-Chalmers 6-stage locomotive t u r b i n e ;  C ,  Ailis-Chalmers 5-s tage  t u r b i n e  ( t u r b i n e  

B modified and ope ra t ed  ~y :he U . 3 .  Bureau of Mines). 

b ~ u n s  n o t  te rminated  because of t u r b i n e  d i f  f i r u l t y .  

' ~ e ~ o s i t s :  D-N, n e l l i g i b l e ;  D-S, s l i g h t ;  D-M, moderate;  D-H, heavy. Erosion: E-N, n e g l i g i b l e ;  E=S, s l i g h t ;  E-M, moderate;  E-H, 
heavy. 

d ~ u n  terminated  because oE major  r educ t ion  i n  ou tpu t  power. 

e ~ e p a r a t o r  i n o p e r a t i v e  f i r s t  71 h r  and d e t e r i c r a t i o n  throcghout  t e s t .  

f ~ u n  terminated  because o f  b l a d e  d e p o s i t s  p r e i e n t i n g  r e s t a r t .  

' ~ a l f  of s e p a r a t o r s  i n o p e r a t l v e  f i r s c  185 h r  c f  tes:. 



By mid-1953 t h e  research  program had reached t h e  s t a g e  where i t  
was lbe l ieved  t h a t  most of t h e  d i f f i c u l t i e s  t o  be encountered wi th  
f u e l  p repa ra t ion  and combustion had been revea led .  

The r e s u l t s  of t e s t s  on a coa l - f i r ed  r i g  t u r b i n e  based on an 
a i r c r a f t  supercharger  produced l i t t l e  evidence of e ros ion  bu t  re -  
vealed a s e r i o u s  ash depos i t i on  problem. The r e a l  magnitude of 
t h e  ash depos i t i on  problem was no t  known, because the  r i g  t u rb ine  
b lad ing  was aerodynamically crude a s  compared t o  t h e  c u r r e n t  gas 
t u r b i n e  technology; and i t  was be l ieved  t h a t  t h e  r a t e  of ash  depo- 
s i t i o n  would be a s t r o n g  func t ion  of t h e  b l ade  conf igu ra t ion .  

A  usto ton and Hornsby "TA" gas t u r b i n e  system was obta ined  and commis- 

s ioned i n  1958. The system cons i s t ed  of a 13-stage a x i a l  compressor d r iven  

by a 2-stage tu rb ine .  The gas exhaust from t h e  compressor d r i v e  tu rb ine  was 

used t o  d r i v e  a 2-stage power tu rb ine .  The engine was designed f o r  opera- . 
t i o n  on d i s t i l l a t e  f u e l  wi th  a maximum t u r b i n e  i n l e t  temperature of 1340°F 

(727°C). For ope ra t ion  wi th  d i r e c t  c o a l  f i r i n g ,  t h e  maximum t u r b i n e  i n l e t  

temperature was reduced t o  1202°F (650°C). 

Comparative ope ra t ing  d a t a  on o i l  and c o a l  a r e  l i s t e d  i n  Table A.6. 

For t he  i n i t i a l  t e s t i n g  machine, t h e  f u e l  o i l  combustor was replaced 

wi th  a close-coupled coal-burning combustion chamber us ing  Yalbourn brown 

Ta.ble A.6. Operating dat.a f o r  Ruston and. Hornsby 
tu rb ine  fueled with o i l  and coa l  

O i l  Coal 
operat ion opera t  ion 

Compressor turb ine  i n l e t  temperature, 1,340 (727) 1.202 (650) 
max "F (OC) 

Power output ,  hhp (k.W) 1,300 (970) 900 (671) 

A i r  flow, Ib l sec  (kglsec) 23 (10.46) 20 (3.03) 

Compressor pressure r a t i o  4.15 3.33 

Compressor speed, rpm 11,500 10,200 

Power turb ine  i n l e t  temperature, OF ("C) 1,024 (551) 946 (507) 

Puwer turb ine  exhaust temperature, Oh'. i°C) 844 (451) 800 (427) 

Power turb ine  speed, rpm 6,000 5,000 

F i r s t - s t age  s t a t o r  mean e x i t  ve loc i ty  
Compressor turb ine ,  f ps (mlsec) 1,265 (386) 1,100 (335) 
Power turb ine ,  fp s  (mlsec) 902 (275) 784 (239) 

. . --.- 



c o a l  a s  t h e  f u e l .  Typ ica l ly  t h i s  coa l  con ta ins  15% mois ture ,  1 .5% ash ,  

and 44% v o l a t i l e  ma t t e r  and has a h igher  h e a t i n g  va lue  of 9290 ~ t u / l b  

(2.16 x l o 7  J /kg )  . - 
The ash  from t h e  combustion of t h e  c o a l  f u e l  was f e d  d i r e c t l y  t o  t h e  

compressor t u r b i n e  wi th  t h e  combustion a i r  without  any a t tempts  t o  reduce 

t h e  a s h  content  by means of an ash  s e p a r a t o r .  

During t h e  p re l imina ry  t e s t s  wi th  s o l i d  f u e l ,  low combustion e f f i -  

c i ency  and l a r g e  c o a l  p a r t i c l e  s i z e s  (30 t o  40% g r e a t e r  than 53 pm) re -  

s u l t e d  i n  h igh  b l a d e  e r o s i o n  r a t e s  and heavy s i n t e r e d  d e p o s i t s  on t h e  

convex s u r f a c e  of a l l  b l ade  rows i n  t h e  compressor t u r b i n e .  

Modif ica t ions  t o  t h e  c o a l  pu lve r i ze r  produced. a  coa l  feed  80% sma l l e r  

t h a n  53 pm. The system was operated a t  a  compressor t u r b i n e  i n l e t  tempera- 

t u r e  of 1202°F (650°C) f o r  a period of 20 hr. 

The t u r b i n e  was opera ted  wi th  d i s t i l l a t e  f u e l  f o r  s h o r t  per iods  dur ing  

t h e  t e s t  t o  o b t a i n  a measure of t h e  engine performance. These t e s t s  showed 

a  dec rease  i n  t h e  power output  of 2.5% over  t h e  20-hr per iod .  Inspec t ion  

a f t e r  t h e  20-hr t e s t  showed a severe  bui ldup of ash  on the  s t a t o r  l ead ing  

edge which probably r e s u l t e d  i n  a r educ t ion  i n  t h e  "swallowing" c a p a c i t y  

of t h e  engine.  

Erosion of t h e  s t a t o r  and rocor  b lades  occurred I n  but11 sLages ul: the 

compressor and t h e  power tu rb ine .  The meta l  l o s s  r a t e s  f o r  t h e  s t a t o r  

b l ad ing  a r e  given i n  Tab12 A.7 .  The e ros ion  rates a r e  Lased upon the  b lade  

wetted a r e a .  

Table A . 7 .  Stator blade weight loss - 20-hr test 
without ash separation (Ref. 33) 

Erosion rate (mg/cm/hr) 
. . .. .,- .., .,. .. .. -.. - .  

Maximum Mi.n imum Average 

Compressor turbine 

First row 1.2 0.34 0.62 
Second 2.73 1.34 2.15 

Power turbine 

First row 0.16 0.09 0.13 
Second row 0.21 0.16 0.20 



The fo l lowing  d e s c r i p t i o n  of t h e  a sh  d e p o s i t i o n  is  taken from Ref. 33: 

The magnitude of t h e  ash  d e p o s i t i o n  problem was i n d i c a t e d  i n  
t h e  t e s t s .  The b lades  most s e r i o u s l y  a f f e c t e d  were i n  t h e  f i r s t  
s t a t o r  row of t h e  compressor t u r b i n e  which rece ived  gases  from the  
combustor a t '  t h e  h ighes t  temperature ,  and a t  t h e  r e l a t i v e l y  low 
v e l o c i t y  of 540 f p s  (165 m/s) .  Two types  of ash  depos i t  were ev i -  
den t  : 

(a)  A dense,  s i n t e r e d  m a t e r i a l  i n  t h e  r eg ion  of t h e  lead-  
i n g  edge of t h e  b lade ,  and, depending on t h e  p o s i t i o n  
of t h e  b lade  i n  t h e  s t a t o r  r ing , .  extending over  a  por- 
t i o n  of t h e  concave o r  convex f ace .  It appeared t o  
b u i l d  up i n  t h e  a r e a s  of a t tached .  flow, was very br i - t -  
t l e  and o f t e n  s p a l l e d  away from t h e  b lade  on cool ing ;  
p o l i s h i n g  of t h e  b lade  s u r f a c e  increased  t h e  tendency 
f o r  t h e  depos i t  t o  break away. 

(b) A l i g h t  brown, powdery d e p o s i t ,  which b u i l t  up t o  a  
depth  of about  1/16 i n .  (1.6 mm) downstream of a  
r eg ion  of flow s e p a r a t i o n ,  mainly on the  convex su r -  
f ace .  P a r t i c l e s  from t h i s  d e p o s i t  w e r e  i n  t h e  sub- 
micron range and could be  e a s i l y  removed from t h e  b l ade  , 

s u r f a c e  by water  washing. 

The dense,  s i n t e r e d  d e p o s i t  was confined t o  t h e  f i r s t  row 
of s t a t o r  b l ades ;  t h e  remaining rows of s t a t o r s ,  and t h e  r o t o r  
b l ades  i n  t h e  compressor and power t u r b i n e s ,  exh ib i t ed  a  l i g h t  
powdery d e p o s i t  on ly  i n  r eg ions  of s epa ra t ed  flow. 

Examination of t h e  hard d e p o s i t  under a  microscope revea led  
a  porous ma t r ix ,  but i t  was no t  p o s s i b l e  t o  i d e n t i f y  i n d i v i d u a l  
p a r t i c l e s .  An X-ray d i f f r a c t i o n  a n a l y s i s  showed t h a t  t h e  pr in-  
c i p a l  c o n s t i t u e n t  was magnesium oxide ,  t o g e t h e r  w i th  i r o n  oxide  
and calcium su lpha t e .  A chemical a n a l y s i s  confirmed t h e s e  f ind-  
i n g s  and i n d i c a t e d  a l s o  t h e  presence  of smal l  smounts of sodium, 
presumably i n  t h e  form of sodium su lpha t e .  The r e l a t i v e  con- 
c e n t r a t i o n s  of t h e  c o n s t i t u e n t s  of t h e  d e p o s i t  were s imilar  t o  
t hose  e x i s t i n g  i n  t h e  o r i g i n a l  c o a l  ash .  

These tes ts  sl~owrd t h a t  b l ade  e ros ion  would be a  s e r i o u s  
problem. With t h e  e x i s t i n g  engine arrangement t h e  h igh  r a t e  
of me ta l  removal, p a r t i c u l a r l y  i n  t h e  second s t a g e  of t h e  com- 
p r e s s o r  t u r b i n e ,  would n o t  be i n d u s t r i a l l y  accep tab l e ;  i t  was 
es t imated  t h a t  t h e  l i f e  of t h e  more heav i ly  eroded b l ades  would 
be of  t h e  order '  of 100 h r .  

The o p e r a t i o n ' o f  t h e  engine was s a t i s f a c , t o r y ,  a l though t h e  
power ou tput  a t  t h e  t u r b i n e  i n l e t  temperature  of 650°C (1,202"F) 
decreased  by t h e  o rde r  of 2.5 percent  over  t h e  20-hour per iod .  
The p rog re s s ive  depos i t i on  of t h e  hard a sh  on t h e  concave f a c e  
of t h e  f i r s t  row of s t a t o r  b l ades  would c o n s t i t u t e  an o b s t a c l e  
t o  extended running even i f  b l ade  e ros ion  could be prevented.  



E a r l y  bench-scale a s h  depos i t i on  experiments conducted by ARL indi -  

c a t e d  t h e  importance of t h e  e f f e c e s  of incomplete combustion of t h e  f u e l  

upon t h e  formation of d e p o s i t s .  3 3  One of t h e s e  experiments involved t h e  

impingement of ash-char and ash-coal mixtures  on a f l a t  specimen placed 

518 i n .  (1.59 cm) from and a t  90 deg t o  t h e  supply nozz le .  A d e s c r i p t i o n  

of t h e  r e s u l t s  of t h i s  experiment i s  taken from Ref. 33: 

Impingement t e s t s  were made wi th  compositions conta in ing  25, 
50, 75 and 100 pe rcen t  of c o a l  o r  cha r ,  t h e  remainder being a sh ,  
prepared by burning a r e p r e s e n t a t i v e  sample of c o a l  and then  
g r ind ing  i t  t o  l e s s  chaxl 10 1.1 ia s i z e .  

The r a t i o  of c o a l  o r  cha r  t o  a sh  i n  t h e  mixture a t  t h e  
i n s t a n t  of impingement d i f f e r s  from t h a t  of t h e  o r i g i n a l  mix- 
t u r e  introduced i n t o  t h e  a i r l i n e ;  some of t h e  c o a l  o r  char  
p a r t i c l e s  burn i n  pass ing  through t h e  hea t ing  c o i l  thus  reduc- 
i n g  t h e  e f f e c t i v e  r a t i o  of carbon t o  ash. 

No t r a c e  of unburnt  car'bon was de t ec t ed  i n  t h e  depos i t .  
It would seem t h a t  ally carbon p a r t i c l e s  which reached and ad- 
hered t o  t h e  specimen were burned i n  t h e  presence of excess  
oxygen. However, t h e  a d d i t i o n  of c o a l  o r  cha r  t o  t h e  ash  
could  i n c r e a s e  t h e  weight of t h e  depos i t  by a s  much a s  t e n  t imes.  

The maximum weight of d e p o s i t  occurred wi th  concen t r a t ions  
of c o a l  o r  cha r  i n  t h e  mixture of between 25 and 50 percent .  In  
gene ra l ,  t h e  weight of depos i t  was g r e a t e r  wi th  c o a l  than wi th  
c h a r ,  p a r t i c u l a r l y  f o r  t he  l a r g e r  p a r t i c l e  s i z e s .  

Figure A . l l  shows t h e  weight of depos i t  expressed a s  a per- 
cen tage  of t h e  t o t a l  a sh  fed i n t o  t h e  system. The t o t a l  ash  fed  
i s  t h e  sum of t h e  ash  c o n s t i t u e n t  p l u s  t he  ash  content  of the  coa l  
o r  char .  Therefore  a s  t he  p ropor t ion  of c o a l  o r  cha r  i n  t h e  mix- 
t u r e  i n c r e a s e s ,  t h e  t o t a l  weight of ash fed  i n  a given time de- 
c r eases .  

It was s i g n i f i c a n t  t h a t  t h e  percentage build-up w a s  gene ra l ly  
g r e a t e r  f o r  t h e  coa r se  p a r t i c l e  s i z e s  of borh cool  ; I I I ~  c l ~ a i ,  and 
increased  a s  t h e  percentage of carbon i n  t h e  mixture increased .  
Th i s  may be expla ined  by t h e  burning of t h e  coa l  o r  char  p a r t i c l e s  
w i t h i n  t h e  furnace .  This  a c t i o n  would r e l e a s e  ash a t  temperatures  
c l o s e r  t o  t h e  combustion temperature of c o a l  o r  char  than t h e  am- 
b i e n t  temperacure of the  ca r ry ing  a i r .  C e r t a i n  c o n s t i t u e n t s  would 
probably be  q u i t e  s t i c k y  and a b l e  t o  form a coherent  s t r u c t u r e  i n  
which t h e  more r e f r a c t o r y  p a r t i c l e s  could be r e t a i n e d  upon im-  
p ingement . 
The r e s u l t s  of t h i s  experiment c l e a r l y  i n d i c a t e  t h e  importance of 

complete combustion of t h e  carbon ahead of t he  t u r b i n e  upon t h e  formation 

of  d e p o s i t s  i n  a coa l - f i r ed  gas t u rb ine .  



ORN L-DWG 77-2923A 

x 100-200 '1 
El 2 0 0 - 3 0 0  11 

CONCENTRATION OF CHAR IN  MIXTURE - % 

CONCENTRATION OF COAL IN MIXTURE - O/o 

F i g .  A . l l .  Deposi t ion of ash-coal and ash-char mixtures  (Ref. 3 3 ) .  



The effects of gas velocity and temperature upon the deposition rate 

of flyash produced by coal combustion without ash separation were investi- 

gated by ARL. TWO experiments were conducted: one measured the effects 

of temperature at a constant velocity of 350 fps (107 m/s), and the second 

measured the effects of velocity at a constant temperature of 1290°F 

(700°C). Two distinct types of deposit were observed: a dense sin- 

tered deposit formed in the region of direct impingement and a light 

soft deposit in the region of separated flow. Both of these experi- 

ments were conducted with a close-coupled combustor that allowed incan- 

descent particles (determined by visual observation) to strike the target. 

An erosion experiment conducted by Fisher and Davis" with raw flyash 

obtained from several power plants operating on pulverized coal resulted 

in both dense and light soft deposits similar to those described in the 

ARL work. 

A carpet plot employing these data is shown in Fig. A.12. The extrap- 

olation of the data in the figure indicates the interrelationship of the 

gas temperature and velocity on the ash deposition. The deposition varies 

directly with the fifth to seventh power of the absolute gas temperature 

and inversely as the first power of the gas velocity. 

Another experiment was conducted by A R L ~ ~  to determine the effect of 

combustion residence time upon the ash deposition. A target was placed 

20 ft (6.1 m) from the exit of the combustor. At an operating temperature 

of 1292°F (700°C), a.threefold reduction in dense deposit was measured as 

compared to a target placed at the combustor exit. 

These experiments indicate the importance of complete combustion in 

avoiding deposits of ash in the turbine system. It was considered rhar 

deposition could be reduced by one of three methods. A description of 

the methods is taken from Ref. 33: 

(a) removal of the larger particles prlor eo entering the 
combustor; 

(b) increasing the residence time in the combustor to en- 
sure complete burnout; 

(c) removal of the larger particles after combustion but 
prior to entering the turbine. 

Based on the experience gained in combustor development, it 
was considered that unless fine grinding combined with classifi- 
cation ensured 100 percent rejection of coal particles greater 



Fig. A.12. Effects of temperature and velocity on ash deposition. 



t h a n  300 B.S.S.  s i e v e  s i z e  (53 p), t h e  b e n e f i t s  from t h i s  source 
a l o n e  would be marginal .  Apart from t h i s ,  t h e  c o s t  of g r ind ing  
and c l a s s i f y i n g  t o  t h i s  s tandard  would be p r o h i b i t i v e .  

A s u b s t a n t i a l  i n c r e a s e  i n  t h e  res idence  time i n  t he  combustor 
and t h e  t u r b i n e  i n l e t  appeared t o  be t h e  most r e l i a b l e  arrangement. 
The e l i m i n a t i o n  of t h e  l a r g e r  p a r t i c l e s  from the  gas s t ream would 
be  expected t o  reduce both t h e  r a t e  of depos i t i on  and t h e  r a t e  of 
e r o s i o n .  

The exper imenta l  arrangement was modified t o  inc lude  a  mult icyclone 

a s h  s e p a r a t o r  c o n s i s t i n g  of 48 cyclone s e p a r a t o r s  of 6 i n .  (15.2 cm) 

d iameter .  The c o a l  combustor was close-coupled t o  t h e  ash  s e p a r a t o r  and 

t h e  c l e a n  gas f e d  t o  t h e  compressor t u r b i n e  through approximately 40 f t  

(12.2 m) of 18-in. (45.7-cm) pipe. The increased  sepa ra t ion  of t h e  coa l  

combustor from t h e  t u r b i n e  i n l e t  should provide a d d i t i o n a l  time f o r  a f t e r -  

burning and r e s u l t  i n  lower unburned f u e l  fed  t o  t he  tu rb ine .  

Table A.8 g ives  t h e  compus i~ ions  of t h e  b lade  m a t e r i a l  used i n  the  

tests of t h e  Ruston and Hornsby "TA" gas t u rb ine .  A l l  t he  b lad ing  used 

i n  t h e  20-hr t e s t  wi thout  an  ash sepa ra to r  was Nimonic 89A except  f o r  t h e  

compressor t u r b i n e  f i r s t - s t a g e  r o t o r  where Nimonic 90 was used. 

Prior t o  a 20-hr test of t h e  system wi th  an  a sh  s e p a r a t o r ,  samples 

of  s t a t o r  b lades  f a b r i c a t e d  from C.242 and H.R. Crown Max. a l l o y s  ( s ee  

Table  A.8) were f i t t e d  t o  t h e  two s t a t o r  SOWS of t h e  compressor t u r h i n e ,  

Seve ra l  of t h e  C.242 b l ades  were given a  sprayed alumina s u r f a c e  coa t ing .  

During t h e  20-hr t e s t  w i th  t h e  a s h  s e p a r a t o r ,  t h e  compressor t u r b i n e  

i n l e t  temperature was maintained a t  1202OF (650°C). Ma te r i a l  (ash p lus  

carbon)  en t e red  t h e  s e p a r a t o r  from t h e  combustor a t  a  r a t e  of 71.25 l b / h r  

(32.4 k g l h r ) .  Th i s  m a t e r i a l  contained approximately 50.9% carbon. Ma- 

t e r i a l  ( v i r t u a l l y  pure a sh )  l e f t  t h e  s e p a r a t o r  and en tered  t h e  compressor 

t u r b i n e  a t  a  r a t e  of 21.75 l b l h r  (9.9 kglhr )  a t  a  p a r t i c u l a t e  concent ra t ion  

of 340 ppm and p a r t i c l e  s i ze  range of 3 . 8 2  pl,us 20 llm and 26% p l u s  10  um. 

The fol lowing d e s c r i p t i o n  of t h e  ash  depos i t i on  and b l ade  e ros ion  

d u r i n g  t h e  20-hr t e s t  w i th  a s h  s e p a r a t i o n  i s  taken from Ref. 33: 

Examination of t h e  t u r b i n e  b l ades  a f t e r  t he  20-hour t e s t  
showed t h a t  removal of c e r t a i n  a s h  c o n s t i t u e n t s  by t h e  a sh  sep- 
a r a t o r  had markedly changed t h e  ba lance  between a sh  e ros ion  and 
depos i t i on .  



Table A.8. Blade composition (Ref. 33) 

Composition 

3lade m a t e r i a l  
( Z )  

C S i Fe Pln -Cr T i  A 1 Co llcl N i  W Cb 

Nimonic 90 0.13 1 . 5  5.0 1 .0  18-21 1.8-3.0 0.8-2.0 1%21 Bal. 
Nimonic 8014 0.10 1 .0  5.0 1 .0  18-21 1.8-2.7 0.5-1.8 2.0 Bal. 
Haynes s t e l l i t e  H.S. 31 0.45-0.6 2.0 2 3-2 8 Bal. 9-12 6-9 Cr, 

P 
N.155 0.2-0.4 0.5 30.0 1 . 5  21 2 0 - 3 2 0 2.5 1 . 0  
C. 242 0.27-0.35 0.2-3.5 0.75 0.2-0.5 20-23 0.3 0.3 9.5-11 10-11 Bal. 
M. R.  Crom Max. 0 . 1 5 0 . 2 5  0.75-2.0 Bal. 0 .01 20-25 10-15 2.5-3.5 

Max. 



The hard s i n t e r e d  depos i t  found on t h e  f i r s t  row s t a t o r  
b l ades  i n  t h e  t e s t  without  t h e  s e p a r a t o r  was no longer  i n  evi-  
dence ,  and had been rep laced  by a  l i g h t l y  bonded m a t e r i a l ;  a l -  
through t h e  t o t a l  weight of depos i t  on t h e  b lade  had been reduced, 
t h e  a r e a  of b l ade  covered by a sh  had increased .  The m a t e r i a l  on 
t h e  l ead ing  edge was gene ra l ly  f r i a b l e ,  bu t  showed no tendency 
t o  spa11 away from t h e  blade,  even under cond i t i ons  of r a p i d  
h e a t i n g  and quenching. 

The d i s t r i b u t i o n  of a sh  between t h e  compressor t u r b i n e  s t a t o r  
rows va r i ed  from t h a t  i n  t h e  e a r l i e r  t e s t ;  t h e  depos i t  on t h e  sec- 
ond row s t a t o r s  was now much g r e a t e r  than  on t h e  f i r s t  row, but  
t h e  m a t e r i a l  was of s i m i l a r  dens i ty .  The f i r s t  and second s t a g e  
r o t o r  b lades  now c a r r i e d  a d e p o s i t  on t h e i r  l ead ing  edges whereas 
former ly  t h e  me ta l  had been eroded i n  t h i s  p o s i t i o n ;  on a l l  b lades  
t h e r e  was a  l i g h t  f l u f f y  d e p o s i t  i n  r eg ions  of separa ted  flow. 
Table  A . 9  g i v e s  a  comparison of t h e  a sh  depos i t i on  r a t e s  on t h e  
b l a d e  rows i n  t h e  two t e s t s .  

With t h e  i n c r e a s e  i n  t h e  a r e a  of t h e  b lades  covered by t h e  
a s h  d e p o s i t ,  t h e  a r e a s  of e ros ion  were correspondingly reduced. 
Impact-type e r o s i o n  on t h e  l ead ing  edge of t h e  second row s t a t o r s  
and t h e  f i r s t  s t a g e  r o t o r s  of t h e  compressor t u r b i n e ,  and under- 
c u t t i n g  of t h e  l e a d i n g  edge of both r o t o r  s t a g e s  a t  t h e  b l ade  
r o o t ,  were e l imina ted  and replaced.  by a sh  depos i t i on .  S i m i l a r l y ,  

Table A . 9 .  Var ia t ion  i n  depos i t  r a t e  i n  
20 h r  running - t u r b i n e  i n l e t  gas  

temperature 650°C (1202 OF) 
( ~ e £ .  33) 

Average depos i t  
r a t e  pe r  b lade  

R1 ade (&/h r )  
row 

Without With 
separaf o r  ~ e p n r o t o r  

Compressor t u r b i n e  
1st 6 f  ator (l- 1.61 
2nd s t a t o r  0.064 
1st r o t o r  
2nd r o t o r  

Power t u r b i n e  
1st s t a t o r  0.013 - 
2nd s t a t o r  0.021 
1st r o t o r  
2nd r o t o r  



t h e  leading  edges of t h e  power t u r b i n e  s t a t o r s  were no longer  
pol i shed  but  had acquired a  t h i n  f i l m  of ash.  J 

Removal of meta l  from a l l  s t a t o r  and r o t o r  b lade  s t a g e s  w a s  
now confined t o  a  scouring process  over t h e  t r a i l i n g  h a l f  of t h e  
p re s su re  (conc.ave) f a c e  of t h e  b lade .  

Table A.10 g ives  t h e  measured weight l o s s  f o r  t h e  o r i g i n a l  
Nimonic-80A blades  over  t h e  20-hour t e s t  per iod  wi th  and wi thout  
gas  c leaning .  Weight l o s s e s  a r e  expressed on t h e  b a s i s  of u n i t  
b l ade  wetted a r e a .  

With t h e  i n c l u s i o n  of t h e  a sh  s e p a r a t o r ,  t h e  r a t e  of meta l  
l o s s  i n  t h e  compressor t u r b i n e  had been reduced by f a c t o r s  of 30 
and 70 r e s p e c t i v e l y  i n  t h e  success ive  s t a t o r  s t a g e s ;  t h e s e  f a c t o r s  
a r e  based on t h e  average va lue  over t h e  b lade  row. The wear r a t e  
between i n d i v i d u a l  b lades  i n  a  row va r i ed  by a  f a c t o r  of 4  and 3 
i n  t h e  f i r s t  two s t a t o r  rows r e s p e c t i v e l y ,  and 1 . 5  i n  t h e  l a t e r  
s t a g e s  due t o  t h e  asymmetric a sh  concen t r a t ion  caused by t h e  i n l e t  
duc t .  Owing t o  t h e  r e l a t i v e  d i f f i c u l t y  of removing r o t o r  b lades  
f o r  c leaning  and weighing, only one b lade  i n  each r o t o r  row was 
processed and t h e  weight l o s s  was much t h e  same a s  t h a t  of t h e  
ad j acen t  s t a t o r s .  (Table A.lO). 

I n  view of t h e  e l imina t ion  of impact e ros ion  on t h e  b lade  i n  
t h e  t e s t s  wi th  a sh  sepa ra t ion ,  i t  is of i n t e r e s t ,  when c o r r e l a t i n g  
changes i n  meta l  l o s s  r a t e s  wi th  v a r i a t i o n  i n  ash  q u a l i t y ,  t o  
modify t h e  s t a t o r  s t a g e  meta l  l o s s  f a c t o r s  quoted above t o  i nd i -  
c a t e  s p e c i f i c a l l y  t h e  v a r i a t i o n  i n  t h e  r a t e  of t r a i l i n g  edge 
e r o s i o n  caused by removal of ash  from t h e  working.gas.  It was 

Table A . l O .  Turbine b l ade  weight l o s s  wi th  
Ni.rn0n.i~-BOA blades  - 20-hr t e s t s  (Ref. 33) 

Erosion r a t e ,  av 
(mg/cm2-hr) 

. .. 

Without With 
sepa ra to r  s e p a r a t o r  

High-pressure t u r b i n e  
1st s t a t o r  0.62 0.020 
2nd s t a t o r  2.15 0.030 
1st r o t o r  0.047 
2nd r o t o r  0.035 

Low-pressure t u r b i n e  
1st s t a t o r  0.13 0.006 
2nd s t a t o r  .O. 20 0.007 
1st r o t o r  
2nd r o t o r  



computed from b l a d e  p r o f i l e  measurements i n  t h e  test without  t h e  
a s h  s e p a r a t o r  t h a t  t h e  r a t i o  of impact e ros ion  meta l  l o s s  on t h e  
l e a d i n g  edge t o  s cou r ing  l o s s  a t  t h e  t r a i l i n g  edge was 2:5 f o r  
t h e  second s t a g e  s t a t o r s .  It may t h e r e f o r e  be  a s se s sed  t h a t  t h e  
t r a i l i n g  edge me ta l  l o s s  a lone  f o r  t h i s  s t a g e  was reduced by a  
f a c t o r  of 50 by g a s  c l ean ing .  This  process  was no t  a p p l i c a b l e  
t o  t h e  f i r s t  s t a g e  s t a t o r s  where impact e ros ion  d i d  no t  t a k e  
p l a c e  i n  t h e  f i r s t  t e s t ,  so  t h a t  i n  t h e  second t e s t  e ro s ion  on 
t h e  concave f a c e  w a s  reduced by t h e  f u l l  f a c t o r  of 30 quoted 
above. 

The a b s o l u t e  rate of meta l  l o s s  from t h e  power t u r b i n e  was 
about  h a l f  t h a t  i n  t h e  compressor t u r b i n e ,  bu t ,  because of t h e  
l a r g e r  s i z e  of t h e  low p re s su re  b lad ing  t h e  metal l o s s  r a t e  based 

I on  t h e  u n i t  a r e a  of b l a d e  s u r f a c e  was about  one q u a r t e r .  

The wear performance of b lades  of a l t e r n a t i v e  m a t e r i a l s  f i t t e d  
i n  t h e  f i r s t  two s t a t o r  rows of t h e  compressor t u r b i n e  i s  g iven  
i n  Table  A . l l .  

There was a  cons ide rab l e  d i f f e r e n c e  i n  t h e  meta l  l o s s  r a t e  
between t h e  Nimonic 80A b lades  which had a l s o  been used i n  t h e  
p rev ious  test  wi thout  g a s  c l ean ing ,  and some new Nimonic b l ades  
f i t t e d  p r i o r  t o  t h e  twenty-hour t e s t  w i t h  gas  c l ean ing .  The 
weight  l o s s  of t h e  new b l ades  was about 0.4 t o  0 .5  t imes t h a t  of 
t h e  o r i g i n a l  b l a d e s  i n  bo th  s t a g e s .  Visua l  examination of t h e  
new b l ades  showed t h a t  t h e  o r i g i n a l  machining marks were s t i l l  
w e l l  de f ined ;  t h e r e  was no obvious c o r r o s i o n  o r  evidence of t h e  
ox ide  l a y e r  having f a i l e d .  Microscopic examination cvrlfir~ned 
t h e s e  f i n d i n g s  and showed no s i g n  of co r ros ion  a long  g r a i n  boun- 
d a r i e s  o r  sub-sur face  a l l o y  dep le t i on .  

I n  t h e  i n s t a n c e  of t he  o r i g i n a l  b l ades ,  however, t h e r e  was 
p o l i s h i n g  of t hose  areas t h a t  had been heav i ly  eroded i n  the 

Table A . l l .  V a r i a t i o n  i n  meta l  l o s s  r a t e  f o r  va r ious  
b l ade  m a t e r i a l s  having m a t e r i a l  compositions 

ahown i n  Table  A . 8  (ReF. 33)  

Erosion r a t e  
(mg/cm2-hr) 

Mat er i.al,. . -. -- 

Fi r s t - row Sernnd-row 
s t a t o r  b l ades  s t a t o r  b lades  

Nimonic 80A, new 0.008 0.015 
Nimonic 80A, o l d  0.020 - 0.030 
C. 242 0.121 0.037 
H.R. Crown Max. 0.037 0.026 
Alumina-sprayed s u r f a c e  0.027 

on C.242 



t e s t  without  ash sepa ra t ion ,  and p i t t i n g  of t h e  oxide l a y e r  and 
of t h e  b lade  su r f ace  i n  reg ions  of t r a n s i t i o n  from depos i t i on  t o  
e ros ion .  

The continued r e s i s t a n c e  of t h e  new b lades  t o  co r ros ive  
a c t i o n  could not  be guaranteed,  and the  a c t u a l  d i f f e r e n c e  i n  
o v e r a l l  l i f e  of a  new blade  a s  compared t o  an o ld  b lade  may not  
be a s  g r e a t  a s  t h e  weight l o s s  measured i n  t h i s  s h o r t  term t e s t  
would suggest .  

The higher  r a t e  of weight l o s s  of t h e  C.242 b lades  i n  t h e  
f i r s t  row s t a t o r s  was a t t r i b u t e d  mainly t o  t he  f a i l u r e  of t h e  
bond between the  oxide l a y e r  and the  pa ren t  metal  i n  a  p a r t i c -  
u l a r  a r e a  of t he  blade during c l ean ing  a f t e r  removal.from t h e  
engine.  This  a r e a  i n v a r i a b l y  coincided wi th  a  reg ion  of a  
t h i c k  depos i t  of s o f t  ash .  One of a  number of f a c t o r s  i n f l u -  
encing t h e  co r ros ion  o r  ox ida t ion  r e s i s t a n c e  of high n i c k e l ,  
r e l a t i v e l y  low chromium a l l o y s  is  the  molybdenum content  of t h e  
a l l o y .  This  element is  descr ibed  a s  an  ox ida t ion  a c c e l e r a n t  
f o r  t h e  parent  meta l ,  and maximum q u a n t i t i e s  of t h e  o rde r  of 1 .0  
percent  a r e  recommended; C.242 a l l o y  con ta ins  10 pe rcen t .  A s  
t h e  C.242 s t a t o r  b lades  i n  t h e  second s t a g e  d i d  not  show a s i m i -  
l a r  h igh  r a t e  of l o s s ,  bu t  were i n  f a c t  comparable t o  t h e  Nimonic 
and H.R. Crown Max. b lades ,  t h e  e f f e c t  of temperature and th ick-  
nes s  of ash coverage might a l s o  have an in f luence  on t h e  behaviour 
of t h e  oxide  l a y e r .  

The H.R. Crown Max. a l l o y  performed w e l l  i n  t h e  second s t a g e  
s t a t o r  row; t h i s  m a t e r i a l  l ends  i t s e l f  t o  r e l a t i v e l y  cheap p rec i -  
s i o n  c a s t i n g ,  and could be a  p o s s i b l e  a l t e r n a t i v e  t o  t h e  more 
expensive a l l o y s  when gas temperatures  a r e  s u i t a b l e .  

The alumina-sprayed b lades  showed a tendency t o  s u r f a c e  f a i l -  
u r e ,  and t h e  metal  l o s s  r a t e s  quoted i n  Table A . l l  r e f e r  only t o  
bl-ades which r e t a i n e d  t h e i r  s u r f a c e  coa t ing .  

Af t e r  t he  completion of t he  20-hr t e s t  w i th  t h e  ash  s e p a r a t o r ,  a  203- 

h r  t e s t  was conducted t o  e s t a b l i s h  f i rm  f i g u r e s  f o r  t h e  b lade  metal  l o s s  

r a t e s .  To avoid d i f f i c u l t i e s  due t o  blockage of t u r b i n e  passages by . a sh  

d e p o s i t s ,  a  c l ean ing  procedure was adopted c o n s i s t i n g  of t he  i n j e c t i o n  of 

15 g a l  (68.2 l i t e r s )  of water  i n  10-sec b u r s t s  through 36 nozz les  s i t u a t e d  

immediately before  t h e  s t a t o r s  while  concurren t ly  feeding  6 l b  (2.7 kg) of 

mi l led  a p r i c o t  s tones  i n t o  t h e  t u r b i n e  e n t r y  duc t .  The procedure was car-  

r i e d  out  over a  2-min period once every 10 h r  dur ing  the  203-hr t e s t .  

The fol lowing d e s c r i p t i o n  of t h e  ash  depos i t i on  and e ros ion  during 

t h e  203-hr t e s t  i s  taken from Ref. 33:  

With t h e  one except ion  noted below, t h e  wear p a t t e r n s  of a l l  
b lades  were s i m i l a r  t o  those  descr ibed  i n  t h e  20-hour t e s t  
w i  1-)I a s h  sepa ra t ion .  



Some mod i f i ca t ion  of t h e  o v e r a l l  b lade  meta l  l o s s  r a t e s  might 
be  expected s i n c e  t h e  c l ean ing  process  i t s e l f  was reputed t o  re-  
s u l t  i n  some s u r f a c e  e ros ion  caused by impingement of water drop- 
l e t s  and c l ean ing  s o l i d s .  On t h e  o t h e r  hand long term ope ra t ion  
might r e s u l t  i n  format ion  of an a sh  l a y e r  on b lade  s u r f a c e s  which 
could  p r o t e c t  t h e  b l ade  aga ins t  abras ion .  

Table A.12 shows t h e  t o t a l  b lade  meta l  l o s s  r a t e s  f o r  t h e  
o r i g i n a l  Nimonic-80A m a t e r i a l  obtained dur ing  t h e  200-hour t e s t .  
The o v e r a l l  meta l  l o s s  has  a l s o  been d iv ided  i n t o  t h e  l o s s  a t -  
t r i b u t a b l e  t o  c l ean ing  and t h a t  due t o  ab ra s ion  by ash  p a r t i c l e s .  
The c l ean ing  weight l o s s  has  been es t imated  from blade  weight 
l o s s e s  measured a f t e r  a  t y p i c a l  c leaning  cyc le .  

The overall hour ly  weight l o s s  trom t h e  s t a t o r  s t a g e s  of 
t h e  compressor t u r b i n e  i s  l e s s  than t h a t  encountered i n  t h e  s h o r t  
term t e s t  d e s p i t e  t h e  water  spray  and ab ras ive  s o l i d s .  In t h e  
power t u r b i n e ,  t h e  r educ t ion  i n  s p e c i f i c  weight l o s s  i s  pa r t i cu -  
l a r l y  marked. 

The on ly  b l ade  row t o  show an increased  r a t e  of meta l  l o s s  
i s  t h e  f i r s t  s t a g e  r o t o r  of t h e  compressor t u rb ine .  The weight 
l o s s  quoted i s  based on measurements on one b lade  on1.y; removal 
of  r o t o r  b l ades  i s  n o t  a  s imple ma t t e r  and i t  i s  not  d e s i r a b l e  
t o  do t h i s  f o r  t h e  complete row. The increased  r a t e  of metal  
l o s s  f o r  t h i s  b l a d e  over  t h e  longer  t e s t  can be a sc r ibed  i n  p a r t  
t o  t h e  l o s s  of b l ade  shape. The r o t o r  b l ades  were not  replaced 
p r i o r  t o  t h i s  t e s t  and having been subjec ted  t o  ab ra s ion  equiva- 
l e n t  t o  more than  2,000 hours of engine s e r v i c e  wi th  a sh  separa-  
t i o n ,  had commenced t o  l o s e  s e c t i o n s  of t h e  very t h i n  t r a i l i n g  
edge. 

Examination of t h e  blading a f t e r  t h e  200-hour tes t  showed 
a new a r e a  of l o c a l i z e d  e ros ion  on both r o t o r  s t a g e s  o f  t h e  
compressor t u r b i n e .  It cons i s t ed  of a s h o r t  groove on t h e  con- 
vex f a c e  near  t h e  b l ade  r o o t  a t  about one t h i r d  of t h e  chord 
from t h e  l e a d i n g  edge, and was probably due t o  t he  change i n  t i p  
p r o f i l e  of t h e  ad j acen t  s t a t o r  b lade ,  which had a l s o  been eroded 
by leakage under t h e  s t a t o r  t i p .  

Ash d e p o s i t s  had accumulated i n  t h e  s t a t o r  b lade  passages 
n e a r  t he  i n n e r  d iameter  owing t o  t h e  incomplete p e n e t r a t i o n  of 
t h e  c leaning  water  spray .  Examination of t he . c l eaned  b lades  re-  
vea l ed  t h a t  s u r f a c e  co r ros ion  had taken p l ace  under t h e s e  ash 
d e p o s i t s ;  t h e  e x t e n t  of co r ros ion  va r i ed  cons iderably  between 
tlre var'luut: blade  af loyr.  Table A.13 shows t h e  ii~eLal luss r.aLes 
from t h e  t h r e e  meta l  s u r f a c e s  used i n  t h e  f i r s t  and second s t a t o r  
s t a g e s  of t h e  compressor t u rb ine .  

The Nimonic-80A a l l o y  b lades  exh ib i t ed  c l e a r  s i g n s  of cor- 
r o s i o n ,  p a r t i c u l a r l y  LelieaLl~ Lllr ash  deposlr: near the  b lade  t i p s  
which b u i l t  up i n  t h e  200-hour t e s t .  Sca l ing  of t h e  oxide  l a y e r  
under ash d e p o s i t s  was marked i n  t h e  case  of H.S. 31  a l l o y  b lades  
i n  t h e  f i r s t  s t a g e  s t a t o r s ,  and was s i m i l a r  t o  t h e  behaviour of 
t h e  a l l o y  C.242 used i n  t h e  20-hour t e s t .  



Table A.12. Turbine b lade  meta l  l o s s e s  dur ing  200-hr t e s t  (Nimonic 80A blades  on ly )  (Ref. 33) 

Weight l o s s  Erosion r a t e  
(9) 

Erosion r a t e ,  
(mg/cm2-hr) 

20-hr t e s t ,  
a b r a s i o n  on ly  

Overa l l  Cleaning Abrasion 
Cleaning Abrasion Overa l l  (mg/cm2-hr) 

average {computed) (by d i f f e r e n c e )  

Compressor t u r b i n e  
1st s t a t o r  
2nd s ta toA 
1st r o t o r  
2nd r o t o r  

iL 

Power t u r b i n e  
1st s t a t o r  
2nd s t a t o r  

a 
1st ro to ra  
2nd r o t o r  

a 
S i n g l e  b lades .  



Table  A.13. Comparison of average metal  l o s s  r a t e s  
f o r  d i f f e r e n t  b lade m a t e r i a l s  (Re[. 33) 

F i r s t - s t a g e  s t a t o r s  Second-stage s t a t o r s  

M a t e r i a l  
Number Erosion r a t e  Number Erosion r a t e  

of b lades  (mg/cm2-hr) of b lades  (mg/cm2-hr) 

Nimonic 80A 2  2  0.0146 23 0.0248 
S t e l l i t e  (H.S. 31) 1 9  0.0307 23 0.0250 
Chrome-plated s u r f a c e  7 0.0129 14 0.0033 

Thc good wcar properties ul: Lilt! cliromr-placed b l a d e  s u r t a c e s  
i n  t h e  second s t a g e  s t a t o r  were  p robab ly  due b o t h  t o  t h e  c o r r o s i o n  
r e s i s t a n c e  o f  t h i s  m a t e r i a l  and t o  i t s  s u r f a c e  h a r d n e s s .  The h i g h  
m e t a l  weight  l o s s  of t h e s e  b l a d e s  i n  t h e  f i r s t  s t a g e  s t a t o r  was 
d u e  t o  t h e i r  l o c a t i o n  i n  t h e  p o r t i o n  of t h e  s t a t o r  r i n g  where t h e  
o f f s e t  i n l e t  t o  t h e  t u r b i n e  produced a  h i g h  a s h  c o n c e n t r a t i o n  and 
hence  h i g h  wear r a t e s .  Microscopic  i n s p e c t i o n  of a s e c t i o n  of 
chromium-plated b l a d e  showed t h e  a s h  d e p o s i t  a t t a c h e d  t o  a t h i n ,  
w e l l  d e f i n e d  o x i d e  f i l m  formed on t h e  p l a t e d  s u r f a c e .  There  was 
no  zone o f  a l l o y  d e p l e t i o n  and t h e  s u r f a c e  of t h e  p a r e n t  m e t a l ,  
C.242, appeared t o  be  comple te ly  p r o t e c t e d  by t h e  p l a t i n g .  F a i l -  
u r e  o f  t h e  s u r f a c e  c o a t i n g  due t o  thermal c r a c k i n g  o c c u r r e d  on a  
number of b l a d e s  i n  t h e  v i c i n i t y  of t h e  l e a d i n g  and t r a i l i n g  edges .  

The b l a d e  m e t a l  l o s s  r a t e s  are n o t  i n  themselves  of any s i g -  
n i f  i c a n c e ,  e x c e p t  f o r  t h e  purpose  of comparisnn,  ~ i n l  e s s  t h e y  are  
r e l a t e d  t o  t h e  u l t i m a t e  l i f e  of a b l a d e .  A knowledge of b l a d e  l i f e  
i s  of  pr ime impor tance  i n  d e t e r m i n i n g  t h e  commercial fen..;i.hi.ljty 
o f  t h e  c o a l - f i r e d  g a s  t u r b i n e  sys tem.  

The most h e a v i l y  eroded b l a d e s  i n  t h e  Ruston and Hornsby t u r -  
b i n e  were t h e  r o t o r  blades i n  t h e  compressnr t u r b i n e .  These were 
t h e  o r i g i n a l  b l a d e s  s u p p l i e d  w i t h  t h e  eng ine  and had been used f o r  
a ~ ; u ~ u l  o f  35 h o u r 3  w i t h o u t  as11 s a p a r a ~ i u l ~  a d  250 hours  w i t h  t h e  
s e p a r a t o r  f i t t e d  t o  t h e  engine.  With g a s  c l e a n i n g ,  e r o s i s n  o c c u r s  
p r i m a r i l y  on  t h e  concave f a c e  n e a r  t h e  t r a i l i n g  edge;  i,t was e s t i -  
mated from p r o f i l e  measurements on t h e  o r i g i n a l  b l a d e  and a t  t h e  
end o f  t h e  two t e s t  p e r i o d s  t h a t  t h e  wear r a t e  i n  t h i s  r e g i o n  wi th-  
UUL gaE c l e a n i n g  I s  jome 60 t o  '/U t i l u e s  greaLer  t h a n  wieli t h e  a s h  
s e p a r a t o r  i n  t h e  system. On t h i s  b a s i s ,  t h e  wear r e s u l t i n g  from 
3 5  hours  w i t h o u t  a s h  s e p a r a t i o n  is  e -qu iva len t  t o  some 2,300 h o u r s  
w i t h  a s h  s e p a r a t i o n ;  a l t e r n a t i v e l y ,  t h e  e r o s i o n  of t h e  concave 

- f a c e  n e a r  t h e  t r a i l i n g  edge produced d u r i n g  t h e  t e s t  p e r i o d s  i s  
e q u i v a l e n t  t o  e h a t  r e s u l t i n g  from about  2,500 h o u r s  of o p e r a t i o n  
w i t h  a s h  s e p a r a t o r  f i t t e d .  

A stress a n a l y s i s  showed t h a t  t h e  maximum stress ( a t  t h e  l ead-  
i n g  edge b l a d e  r o o t )  had i n c r e a s e d  by 14 p e r c e n t  th rough  e r o s i o n .  



This  i n c r e a s e  r e s u l t e d  from undercut t ing  of t h e  l ead ing  edge r o o t  
i n  t h e  t e s t s  without  a s h  sepa ra t ion ;  a s  t h e  s e p a r a t o r  had p r a c t i -  
c a l l y  e l imina ted  t h i s  type  of e ros ion  t h e  r a t e  of s t r e s s  i n c r e a s e  
wi th  ash  s e p a r a t i o n  would be very  low. Consequently t h e  r o t o r  
b lades  i n  t h e  compressor t u r b i n e ,  though worn, were considered t o  
have a  remaining u s e f u l  l i f e  cons iderably  i n  excess  of t h e  2,500 
hours  equiva len t  ope ra t ion  est imated above. 

The r a t e s  of meta l  l o s s  i n  t h e  power t u r b i n e  were some 50 
t imes lower than  i n  t h e  h igh  p re s su re  t u r b i n e  dur ing  t h e  200-hour , 
t e s t .  Visual  i n spec t ion  of t h e s e  b lades  showed l i t t l e  s i g n  of 
wear a f t e r  t he  f u l l  complement of t e s t i n g ,  and i t  was concluded 
t h a t  t h e i r  u s e f u l  l i f e  might be counted i n  t e n s  of thousands of 
hours .  

For t h e  next  s e r i e s  of t u r b i n e  t e s t s ,  a low-ash bituminous coa l  (Aber- 

d a r e  No. 7 )  from t h e  Greta  seam i n  New South Wales was used a s  t h e  f u e l .  

Typica l ly ,  t h i s  c o a l  con ta ins  1 t o  2% mois ture ,  5% ash ,  and 42% v o l a t i l e  

ma t t e r .  The experiments were des igna ted  a s  Greta  t e s t s  1, 2, 3 ,  and 4. 

The fol lowing d e s c r i p t i o n  of t h e  t e s t s  i s  taken from Ref. 33: 

( a )  Rotor b lades  

The eroded b lades  removed from t h e  compressor t u r b i n e  a t  t h e  
conclus ion  of t h e  Yalbourn brown c o a l  t e s t s  were r e - i n s t a l l e d  i n  
t h e  engine p r i o r  t o  Greta  Tes t  1. A matched p a i r  of new f i r s t  and 
second row r o t o r  b lades  were f i t t e d  a t  t h e  s t a r t  of Greta Tes t  1 
f o r  comparison wi th  t h e  b lades  which had been heav i ly  eroded. 
Fur ther  e ros ion  during Greta  T e s t s  1 and 2  r e s u l t e d  i n  an  exces- 
s i v e  reduct ion  i n  aerodynamic e f f i c i e n c y  which n e c e s s i t a t e d  re- 
placement of all f i r s t  and second s t a g e  r o t o r  blades be fo re  t h e  
commencement of Greta Tes t  3; t h e s e  b lades  were a l s o  used i n  
Greta  Tes t  4 .  

The b lades  of t h e  power t u r b i n e  which had been used through- 
o u t  t h e  Yalbourn brown c o a l  t e s t s  were r e t a i n e d  f o r  t h e  f o u r  t e s t s  
w i t h  Greta  coa l .  

(b) S t a t o r  b lades  

I n  a d d i t i o n  t o  s tandard  Nimonic-80A s t a t o r  b lades ,  samples of 
b l ades  of va r ious  a l l o y s  and s u r f a c e  t rea tments  were i n s t a l l e d  i n  
t h e  compressor t u r b i n e  t o  eva lua t e  t h e i r  e ros ion  r e s i s t a n c e ;  t h e  
b lades  i n s t a l l e d  i n  each t e s t  a r e  l i s t e d  i n  Table A.14, and t h e  
u l a t e r i a l  campoaition i s  given i n  Tahle  A . 8 .  The eva lua t ion  b lades  
were d i s t r i b u t e d  around t h e  s t a t o r  r i n g  t o  o f f s e t  t h e  e f f e c t  of 
uneven a sh  d i s t r i b u t i o n  caused by t h e  elbow e n t r y  t o  t h e  tu rb ine .  
Blades of Nimonic 80A and of o t h e r  m a t e r i a l s  t o  be eva lua ted  which 
were considered s e r v i c e a b l e  a f t e r  ope ra t ion  i n  t h e  e a r l i e r  coa l  
t e s t s ,  were r e t a i n e d .  The 'po l i cy  adopted f o r  s t a t o r  b l ade  re- 
placement was t o  d i s c a r d  any. b lades  which showed excess ive  p r o f i l e  



T a b l e  A.14. Compressor t u r b i n e  s t a t o r  b l a d e s  (Ref. 33) 

Number o f  b l a d e s  p e r  s t a g e  e v a l u a t e d  
B l a d e  material 

T e s t  1 T e s t  2  T e s t  3  T e s t  4  

F i r s t  s t a g e  

Nimonic 80A 2  3  1 3  
Haynes S t e l l i t e  H. S. 3 1  1 4  1 5  
C. 242 5  5  
N.  155  5 

U 
7  

Chromium p l a t e  
b 

1 4  1 5  
 if f u s e d  chromium 3  8 

- - 
TO ta le  64 63 

Second s t a g e  

Nimonic 80A 2 5 1 6  1 6  1 6  
Haynes S t e l l i t e  H.S. 31 1 3  1 0  1 3  1 3  
C .  242 5 1 6  1 6  
N .  155 a 4  3  3  3  
Chromium p l a t e  2  3  2  4  1 5  1 5  
D i f f u s e d  chromium 3  - - - -- 

TO t a l e  6  5  61 6 3  6  3 

a 
Blades  d e s i g n a t e d  "chromium p l a t e "  were  inves tment  c a s t  i n  

t h e  a l l o y  C.242 o r  H.R. Crown Max. and p l a t e d  w i t h  a n,010-in.  
l a y e r  o f  ha rd  chromium p l a t e .  

'some H.  S .  31, C. 242, and N . 1 5 5  b l a d e s  were  g i v e n  a d i f f u s e d  
chromium c o a t i n g  approx imate ly  0.002 i n .  deep by a p r o p r i e t a r y  pro- 
c e s s  known as t h e  Diocrom D i f f u s i o n  Coat ing P r o c e s s .  

ca 
The t o t a l  number o f  b l a d e s  p e r  s t a g e  i s  76. Balance of 

b l a d e s  were "pegg&d" and were  n o t  removed f o r  e v a l u a t i o n .  

weax: t h i s  W ~ S  iila'irlly dtrtermincd by the degi-ee LU which f h e  t ra i l -  
i n g  edge t h i c k n e s s  had been reduced.  

The o r i g i n a l  Nimonic 80A s t a t o r  b l a d e s  i n  t h e  power t u r b i n e  
were  r e t a i n e d  f o r  a l l  G r e t a  tests. 

During t h e  Greta tesrs, f h e  t u r b i n e  i n l e t  t e m p e r a t u r e  was 
m a i n t a i n e d  a t  6S0°C ( 1 2 0 2 ' ~ )  t o  f a c i l i t a t e  comparisons  w i t h  t h e  
r e s u l t s  from t h e  Yalbourn brown c o a l  t e s t s ;  t h e  t u r b i n e  was c a l i -  
b r a t e d  w i t h  l i q u i d  f u e l  a t  t h e  end o f  each t e s t ,  and i ts  p e r f o r -  
mance r e l a t e d  t o  t h a t  o f  a n  e n g i n e  w i t h  new b l a d i n g .  



During each t e s t  t h e  weight of c o a l  fed  t o  t h e  combustor 
and t h e  weight of ash c o l l e c t e d  i n  t he  s e p a r a t o r  were measured. 
The major f a c t o r s  a f f e c t i n g  t h e  o p e r a t i o n  dur ing  t h e  Greta  t e s t s  
a r e  given below: 

(a)  Greta  Test  1 (17 hours)  

An i n s p e c t i o n  of t h e  ash  s e p a r a t o r  a t  t h e  conclusion of 
t h i s  t e s t . r e v e a l e d  damage t o  e i g h t  of t h e  cyclones caused 
by a f te r -burn ing  w i t h i n  t h e  s e p a r a t o r .  

(b)  Greta Tes t  2 (13 h o ~ i r s )  

The d i scha rge  tubes  of t h e  e i g h t  damaged cyclone u n i t s  
were blanked o f f  p r i o r  t o  t h e  s t a r t  of t h e  t e s t ;  a n a l y s i s  
of t h e  r e s u l t s  a t  t h e  conc lus ion  of t h i s  t e s t  showed a -  
r educ t ion  i n  s e p a r a t o r  e f f i c i e n c y  compared wi th  t h e  f i r s t  
test ,  and t h a t  l a r g e  s o l i d  p a r t i c l e s  were pass ing  t o  t h e  
t u rb ine .  Atmospheric t e s t s  wi th  t h e  s e p a r a t o r  us ing  s i z e d  
s i l i c a  showed t h a t  b lanking  o f f  t h e  d i s cha rge  tube degraded 
t h e  s e p a r a t o r  performance, and t h a t  t h i s  could only be  re- 
s t o r e d  by completely b lanking  o f f  t he  damaged u n i t s .  

( c )  Greta  Test  3  (10 hours )  

P r i o r  t o  t h e  test :  
( i )  t h e  e i g h t  damaged cyclone u n i t s  were completely 

blanked o f f ,  reducing t h e  number of e f f e c t i v e  
u n i t s  from 48 t o  40; 

(ii) both  r o t o r  s t a g e s  of t h e  compressor t u r b i n e  were 
rebladed wi th  new b l ades ;  some d i f f i c u l t y  had been 
experienced i n  r e s t a r t i n g  t h e  engine due t o  t h e  
low aerodynamic e f f i c i e n c y  of t h e  eroded b l ades  
a t  t he  end of Gre t a .Tes t  2; 

( i i i )  a  modified c lass i . f i , e r  was i n s t a l l e d  i n  t h e  c o a l  
p u l v e r i s i n g  system t o  reduce t h e  coa l  p a r t i c l e  

- s i z e  de l ive red  t o  t h e  combustor. 

During t h e  t e s t  t h e  p u l v e r i z i n g  system could no t  produce the  
requi red  throughput of c o a l  and l i q u i d  f u e l  was r equ i r ed  t o  
maintain a t u r b i n e  i n l e t  temperature  of 650°C (1,202OF). 

(d) Cre to  Tes t  4  (20 hours)  

Modi f ica t ion  t o  t h e  c l a s s i i i e r  p r i o r  t o  t h e  t e s t  r e s u l t e d  
i n  s a t i s f a c t o r y  f inenesskof  g r ind ing  and r a t e  of throughput.  

The s e p a r a t o r  e f f i c i e n c y  was based on t h e  percentage of a sh  
i n  t h e  c o a l  fed  t o  t h e  combustor and t h e  amount c o l l e c t e d  i n  both 
t h e  primary and secondary hoppers of t h e  a sh  s e p a r a t o r  a t  t he  con- 
c l u s i o n  of t h e  t e s t .  The percentage  of carbon i n  a sh  samples 
taken  from t h e  s e p a r a t o r  hopper was l e s s  than  1 pe rcen t ,  i n d i -  
c a t i n g  almost complete burn-out of t h e  s o l i d s  caught by t h e  
s e p a r a t o r .  



The o v e r a l l  combustion e f f i c i e n c y  f o r  t he  combustion chamber, 
s e p a r a t o r  'and t u r b i n e  i n l e t  duct  ing  was determined f  rok  t h e  car -  
bon-to-solids r a t i o  i n  samples c o l l e c t e d  a t  e n t r y  t o  t h e  compres- 
s o r  t u r b i n e  i n l e t .  

The r e s u l t s  f o r  each  of t h e  t e s t s  i s  given i n  Table A.15. 

t h e  mean p a r t i c l e  s i z e  of s o l i d s  pass ing  through t h e  engine 
i s  given i n  Table  A.16; t he  va lues  f o r  t h e  in t e rmed ia t e  t u r b i n e  
s t a g e s  have been e l imina ted .  

In spec t ion  of bo th  t h e  compressor and power tu rb ines  a t  t h e  
conclus ion  of each t e s t  showed a l i g h t  ash  depos i t  on t h e  s u r f a c e  
o f  some of t h e  f i r s t  row s t a t o r  b lades  of t h e  compressor t u rb ine .  
The depos i t  was l i m i t e d  t o  one quadrant  of t h e  s t a t o r  assembly 
and i s  probably due t o  t h e  non-uniformity of flow from t h e  elbow 
t o  t h e  t u r b i n e .  There were no s i g n s  of a sh  depos i t  i n  t h e  sub- 
sequent  s t a g e s  of t h e  compressor o r  power tu rb ines .  

Turbine b l ade  e r o s i o n  was seve re  i n  a l l  s t a g e s  of t h e  com- 
p r e s s o r  t u r b i n e .  I n  s p i t e  of a  r educ t ion  of t h e  mean p a r t i c l e  
s i z e  i n  T e s t s  3 and 4 t o  t h a t  achieved i n  Yalbourn brown c o a l  
experiments ,  t h e  meta l  l o s s  r a t e  was about four  t imes g r e a t e r  
i n  t h e  Greta-seam c o a l  t e s t s .  

The matched p a i r  of new f i r s t  and second row r o t o r  b lades  
i n s t a l l e d  i n  t h e  compressor t u r b i n e  a t  t h e  s t a r t  of Greta  1 were 
examined a t  t h e  end of Greta  2.  They e x h i b i t  a  smooth eroded 
s u r f a c e  on t h e  concave f a c e  and evidence of t r a i l i n g  edge p i t -  
t i n g  and r o o t  e r o s i o n  on t h e  convex s i d e .  Deep e tch ing  of t h e  
convex s u r f a c e  of t h e  b lades  r e t a i n e d  from t h e  previous  Yalbourn 
brown c o a l  t e s t  (285 h r )  was ev iden t .  Microscopic examination 
o f  a  b lade  s e c t i o n  ind ica t ed  evidence of impact damage probably 
caused dur ing  t h e  e a r l i e r  t e s t i n g ;  aga in  s t a t o r  t i p  ( i nne r  
diameter)  l eakage  had r e s u l t e d  i n  a  furrow on t h e  convex s u r f a c e  
of  t h e  r o t o r  b l ade  r o o t s  i n  both compressor t u r b i n e  s t a g e s .  

The compressor t u r b i n e  r o t o r s  were rebladed a t  t h e  conclu- 
s i o n  of Tes t  2.  Examination of t h e  b lades  a f t e r  completion of 

Table A.15. E I f i c i a n c y  of combustion and ash  separa t ion  - 
Greta  T ~ G ~ E  1 t o  [I (Ref. 33) 

Combustion e f f i c i e n c y  o v e r a l l .  % 94 91 98 9  8  
Separa to r  e f f i c i e n c y ,  % 4  9 7 6  6  62 
S o l i d s  r a t e  t o  t u r b i n e ,  kg lh r  - 4  8  71.8 8.35a 13.2  
Mean p a r t i c l e  s i z e  a t  t u r b i n e  i n l e t ,  l~ 20.4 30.2 5.5-6.4 6 . 0 4 . 0  
p a r t i c u l a t e  content  a t  t u r b i n e  i n l e t , b  ppm 1600 2400 285 442 
P a r t i c u l a t e  carbon con ten t  a t  t u r b i n e  i n l e t , b  % 58.8 64.3 26.3 

a ~ d d i t i o n a l  l i q u i d  f u e l  used dur ing t h i s  t e s t .  

b ~ h e s e  values  were der ived from d a t a  taken from Ref. 35. 



T a b l e  A.16. Mean p a r t i c l e  s i z e  th rough  
e n g i n e  - G r e t a  T e s t s  1 t o  4 (Ref.  33) 

E n t r y  E n t r y  En t ry  E n t r y  
1st s t a g e  2nd s t a g e  3 r d  s t a g e  4 t h  s t a g e  

T e s t  
s t a t o r  s t a t o r a  s t a t o r  s t a t o r a  

( v )  (!J 1 (11) (11) 

n 
Est imated .  

T e s t  4 showed t h a t  t h e  e ro ' s ion  r a t e  had been c o n s i d e r a b l y  reduced 
compared w i t h  T e s t s  1 and 2, a l t h o u g h  e r o s i o n  n e a r  t h e  r o o t  of 
t h e  l e a d i n g  edge i s  s t i l l  a p p a r e n t .  P i t t i n g  a t  t h e  t r a i l i n g  
edge  was p r a c t i c a l l y  e l i m i n a t e d  and t h e  e r o s i o n  p a t t e r n  was s i m i -  
l a r  t o  t h a t  w i t h  Yalbourn brown c o a l  o p e r a t i o n .  

Severe  e r o s i o n  of t h e  s t a t o r  b l a d e s  i n  b o t h  rows of t h e  com- 
p r e s s o r  t u r b i n e  was e v i d e n t  a t  t h e  c o n c l u s i o n  o f  T e s t s  1 and 2. 
T h i s  was most marked on t h e  concave ( p r e s s u r e )  f a c e  of t h e  b l a d e  
i n  a r e g i o n  e x t e n d i n g  from mid-span t o  t h e  o u t e r  d i a m e t e r .  Some 
s u r f a c e  p i t t i n g  had o c c u r r e d  on t h e  s u c t i o n  f a c e  c l o s e  t o  t h e  b l a d e  
t r a i l i n g  edge.  There  were similar e r o s i o n  p a t t e r n s  a t  t h e  con- 
c l u s i o n  o f  T e s t s  3  and 4  b u t  t h e  r a t e  o f  m e t a l  l o s s  was v e r y  much 
reduced.  

The e r o s i o n  damage t o  t h e  b l a d i n g  i n  t h e  power t u r b i n e  was 
much less t h a n  t h a t  measured i n  t h e  cor responding  s t a g e s  o f  t h e  
compressor t u r b i n e .  The areas a f f e c t e d  were s u b s t a n t i a l l y  t h e  
same, b u t  t h e  r a t e  of e r o s i o n  i n  t h e  w o r s t  c a s e  (Gre ta  T e s t  2) 
was abou t  e q u a l  t o  t h e  l o w e s t  e r o s i o n  r a t e  measured f o r  t h e  com- 
p r e s s o r  t u r b i n e  r o t o r  b l a d e s  d u r i n g  o p e r a t i o n  w i t h  Ynlbourn brown 
c o a l ;  

The o r i g i n a l  b l a d e  m a t e r i a l ,  Nimonic 80A, e x h i b i t e d  t h e  high- 
e s t  e r o s i o n  r a t e  of t h e  b l a d e  a l l o y s  and s u r f a c e  t r e a t m e n t s  evalu-  
a t e d ,  w h i l e  t h e  e r o s i o n  r e s i s t a n c e  of h a r d  chromium p l a t e  was 
s u p e r i o r  t o  a l l  o t h e r  b l a d e s  t e s t e d ;  however, some s u r f a c e  f a i l -  
u r e s  occur red  due  t o  the rmal  c r a c k i n g  and c r a z i n g  of t h e  chromium 
l a y e r .  

The s t a t o r  b l a d e s  t r e a t e d  by t h e  chromium d i f f u s i o n  p r o c e s s  
e x h i b i t e d  low e r o s i o n  r a t e s  and were  n o t  s u b j e c t  t o  s u r f a c e  f a i l -  
u r e .  S p a l l i n g  of t h e  o x i d e  l a y e r  on t h e  C.242 and H.S. 3 1  b l a d e s  
which had o c c u r r e d  d u r i n g  Yalbourn brown c o a l  t e s t i n g ,  and which 
was thought  t o  be  i n f l u e n c e d  by c o r r o s i o n ,  was n o t  e v i d e n t .  



A f t e r  t h e  complet ion of t he  Greta seam coal  t e s t s ,  a 10-hr t e s t  was 

c a r r i e d  o u t  wi th  C a l l i d e  c o a l  from Cen t r a l  Queensland. Typica l ly ,  t h i s  

c o a l  c o n t a i n s  8  t o  15% mois tu re ,  15% ash ,  and 26 t o  28% v o l a t i l e  ma t t e r .  

The fo l lowing  d e s c r i p t i o n  of t h e  t e s t  i s  taken from Ref. 33: 

S t a t o r  b l ades  of v a r i o u s  a l l o y s  and s u r f a c e  t rea tments  were 
i n s t a l l e d  i n  t h e  compressor t u r b i n e  t o  eva lua t e  t h e i r  r e s i s t a n c e  
t o  e ros ion .  Tables  A . 1 7  and A.18 g i v e  t h e  b lade  m a t e r i a l s  and 
s u r f a c e  t r ea tmen t s  used,  and the  b l ade  h i s t o r y  a t  t h e  s t a r t  of 
t h e  t e s t ,  wh i l e  Table  A.8 l i s ts  t h e  b lade  m a t e r i a l  compositions.  

I n  a d d i t i o n  t o  t h e  a l l o y s  used i n  t h e  t e s t ,  a  number of s t a t o r  b lades  

were t r e a t e d  by p r o p r i e t a r y  s u r f a c e  coa t ings ;  t h e s e  a r e  l i s t e d  i n  Table 

The v a r i o u s  s u r f a c e  t rea tment  methods ( taken  from Ref. 3 5 )  were: 

( a )  Metal spraying  
The Plasma J e t  method was used t o  spray  s u r f a c e  

c o a t i n g s  of alumina (L.A.2) and tungsten ca rb ide  
(L.W.l) t o  t h e  base  metal  H.S.31. The coa t ing  th ick-  
ness  v a r i e d  from 0.005 i n .  t o  0.010 i n .  (0.13 t o  0.26 
mm) and covered t h e  whole of t h e  b lade  s u r f a c e  a p a r t  
f r o m ' t h e  r o o t  which was masked dur ing  t h e  process .  

Table A.17. Compressor turbine f i r s t - s t a g e  
s t a t o r  blades (Rcf .  35) 

Blade material  

Blade h i s t o r y  

New Used i n  Total  blades Greta coal t e s t  

Nimonic 80A 

I.. A . ?  A.1 llmina rnati.ng nn 
H.S. 31 

L.W.l Tungsten carbide on 
H.S. 31 

H.S. 31 

Chromium p l a t e  on H.S. 31 

H . R .  Crown Max 

L.W.5 Tungsten and chromium 
carbides on H.S. 31 

Diffused chromium on H.S. 31 



Table  A.18. Compressor t u r b i n e  second-stage s t a t o r  b lades  (Ref. 35) 

Blade h i s t o r y  

Blade m a t e r i a l  
New Used i n  T o t a l  

b l a d e s  Gre ta  c o a l  t e s t  

Nimonic 80A 

L.A.2 Alumina c o a t i n g  on H.S. 31 

L.W.1'Tungsten c a r b i d e  on H.W. 31 

H.S. 3 1  

Chromium p l a t e  on H.S. 31 

N .  155 

C .  242 

H.R .  Crown Max. 

L.W.5; Tungsten and chromium 
c a r b i d e s  on H.S. 3 1  

Diffused chromium on H.S. 31 

The b l a d e s  i d e n t i f i e d  as L.W.5 i n  T a b l e  A.19 were  
a l s o  metal -sprayed u s i n g  t h e  "Detonat ion Flame P l a t i n g "  
p r o c e s s  developed by Union Carb ide  Corpora t ion .  I n  t h i s  
c a s e  o n l y  t h e  concave s ~ ~ r f a c e  and b l a d e  l e a d i n g  edge were 
t r e a t e d ,  t h e  c o a t i n g  t h i c k n e s s  be ing  abou t  0.003 i n .  
(0.08 mm). 

A d e s c r i p t i o n  of t h e  b l a d e  c o a t i n g s  i s  g iven  i n  
T a b l e  A. 1 9 .  

(b )  Di f fused  chromium 
Investment  c a s t  b l a d e s  i r i  H.S. 3 1  were pack chromised 

a t  approx imate ly  l,lOO°C (2,012"F) u s i n g  a  p r o c e s s  p a t e n t e d  
by Metal  D i f f u s i o n s  Limited of B r i t a i n .  

(c) Chromium p l a t e  
A number o f  H.S. 31 b l a d e s  were p l a t e d  w i t h  ha rd  chro- 

mium:' To minimize t h e  the rmal  c r a c k i n g  which had o c c u r r e d  i n  
e a r l i e r  t e s t s  t h e  c o a t i n g  t h i c k n e s s  w a s  reduced t o  0.007 i n .  
(0.18 mm) and t h e  b l a d e  t i p s  r a d i u s e d  t o  improve adhes ion .  

The r o t o r  b l a d e s  i n  b o t h  s t a g e s  of t h e  compressor t u r b i n e  
i n s t a l l e d  a t  t h e  start  of G r e t a  T e s t  3  were  r e t a i n e d ,  a s  were 
t h e  o r i g i n a l  Nimonic-80A b l a d e s  used i n  a l l  s t a g e s  of t h e  power 
t i 1 r b j . n ~ .  



T a b l e  A.19. Me ta l - sp r ayed  s t a t o r  b l a d e s  (Ref .  33)  

B l a d e  
m a t e r i a l  

C o a t i n g  Compos i t i on  
Maximum working  

t e m p e r a t u r e  
["C ( " E l 1  

H.S. 3 1  Alumina (L.A.2) 99% A1203 1100  982 (1800)  

H.S. 3 1  Tungs t en  c a r b i d e  (L.W.l) Tungs t en  c a r b i d e  + 9% Co 1300  538 (1000)  

H.S. 3 1  Tungs ten /chromium (L.W.5) 25% WC + 5% N i  + mixed 1075  760 (1400)  
W-Cr c a r b i d e s  

The s e p a r a t o r  e f f i c i e n c y  was based on the weight of ash 
c o l l e c t e d  i n  t h e  s e p a r a t o r ,  t oge the r  wi th  the  ash  conLent of t h e  
c o a l  and t o t a l  c o a l  fed  t o  t h e  combustor. Burn-off t e s t s  of sam- 
p l c c  rccovcred from t h c  hoppcr ohowcd i n o i g n i f i c a n t  carbon con- 
t e n t ,  i n d i c a t i n g  complete burn-out of t he  l a r g e r  carbon p a r t i c l e s  
i n  t h e  s c p a r a t o r .  The q u a n t i t y  of s o l i d s  e n t e r i n g  t h e  t u r b i n e  
i n c l u d e s  t h e  a sh  no t  c o l l e c t e d  i n  t h e  sepa ra to r  t oge the r  wi th  
a n  unburnt carbon c o n t e n t ,  a s  determined by s tandard  burn-off 
t e s t s .  The g r e a t e s t  p o s s i b l e  e r r o r  i n  t h e  s o l i d s  loading  has 
been es t imated  a s  213 percent .  

Table A.20 summarizes t h e  performance of t he  combustion 
chamber and a sh  s e p a r a t o r .  

In spec t ion  of both t h e  compressor and power tu rb ines  a t  
t h e  conclus ion  of t h e  t e s t  showed no apparent  ash  d e p o s i t s ,  a l -  
though a c l o s e  i n s p e c t i o n  revea led  s m a l l  a r e a s  of depos i t  on t h e  
concave s u r f a c e  of a  few s t a t o r  b lades  i n  t h e  f i r s t  row of t h e  
cuulpressur Lurllxie. 

The e r o s i o n  p a t t e r n s  on t h e  va r ious  b lades  were very s i m i -  
l a r  t o  those  produced i n  Greta  ~ e s t s  3 and 4 ;  t he  h ighes t  e ros ion  
r a t e  occurred i n  t h e  f i r s t  s t a g e  r o t o r  b lades  of the  compressor 
t u r b i n e  which show l i g h t  e ros ion  on t h e  roo t  s e c t i o n  near  t he  
b l a d e  l ead ing  edges and on t h e  p re s su re  f a c e  towards the  t r a i l -  
i ng  edge. The power t u r b i n e  b lades  have been used i n  a l l  t e s t s  
and ahowed l i t t l e  weari 

The s t a t o r  b lades  i n  t he  compressor t u r b i n e  showed e ros ion  
i n  t h e  reg ion  of t h e  t r a i l i n g  edge t i p  and on t h e  p re s su re  f a c e  
towards the  t r a i l i n g  edge, wi th  some s u r f a c e  p i t t i n g  on the suc- 
t i o n  f a c e  c l o s e  t o  t he  t r a i l i n g  edge. 

A s  i n  t h e  Gre ta  c o a l  t e s t s ,  t h e  m a t e r i a l  most s u s c e p t i b l e  t o  
p a r t i c l e  e r o s i o n  w a s  Nimonic 80A, t h e  o r i g i n a l  blade ma te r i a l .  
The r a t i o  of wear r a t e s  between t h e s e  b lades  and those  t r e a t e d  
by chromium p l a t i n g  was approximately 6:l and 8 : l  i n  t he  f i r s t  
and second s t a t o r  rows r e s p e c t i v e l y .  

The f i r s t  row s t a t o r  b lades  t r e a t e d  by t h e  chromium d i f f u -  
s i o n  process  i n i t i a l l y  showed a  s l i g h t  weight ga in  a f t e r  1 hour 
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T a b l e  A.20. Combustor and s e p a r a t o r  e f f i c i e n c y  (Ref.  33) 

Combustion e f f i c i e n c y ,  % ( i n c l u d i n g  s e p a r a t o r  and d u c t s )  98 

S e p a r a t o r  e f f i c i e n c y ,  % 65 

S o l i d s  r a t e  t o  t u r b i n e ,  kg /h r  52.2 

Mean p a r t i c l e  s i z e ,  ?J 

E n t r y  t o  compressor t u r b i n e  4  .6--6.4 
E n t r y  t o  power t u r b i n e  4 . 0 4 . 0  
Exhaust  d u c t  4 . 0 - 4 . 2  

a 
P a r t i c u l a t e  c o n t e n t  a t  t u r b i n e  i n l e t ,  ppm 

u 
P a r t i c u l a t e  ca rbon  c o n t e n t  a t  t u r b i n e  i n l e t ,  % 

a 
The v a l u e s  were d e r i v e d  from d a t a  t a k e n  from Ref. 35. 

of o p e r a t i o n  and a t  t h e  end of t h e  t e s t  had n o t  ach ieved  a s t a b i l i z e d  
ra te  of e r o s i o n .  With t h e  h i g h e r  l e v e l  of e r o s i o n  o c c u r r i n g  i n  
t h e  second s t a g e  of s t a t o r  b l a d e s ,  a  r e a s o n a b l e  weight  l o s s  d i d  . 

r e s u l t ;  t h e  ratio of  t h e  m e t a l  removed from t h e  chromium d i f f u s e d  
b l a d e s  t o  t h a t  removed from t h e  Nimonic b l a d e s  was abou t  1 : l O .  

Of t h e  o t h e r  m a t e r i a l s  t e s t e d ,  B.S. Crown Max. and H.S. 3 1  
e x h i b i t e d  t h e  g r e a t e s t  r e s i s t a n c e  t o  e r o s i o n ,  w h i l s t  t h o s e  b l a d e s  
t r e a t e d  by t h e  "Plasma J e t "  o r  t h e  "Detonat ion Flame P l a t i n g "  
p r o c e s s  proved u n s a t i s f a c t o r y  i n  a number o f  c a s e s ,  due p o s s i b l y  
t o  f a u l t y  p r o c e s s i n g  c a u s i n g  c o a t i n g  f a i l u r e s .  

S e c t i o n s  t a k e n  from f o u r  d i f f e r e n t  b l a d e s  were  s u b j e c t e d  t o  
m e t a l l o g r a p h i c  examinat ion t o  de te rmine  i f  c o r r o s i o n  of t h e  b l a d e  
m a t e r i a l  had o c c u r r e d ;  no i n d i c a t i o n  of any d e t e r i o r a t i o n  cou ld  
be  found,  and i n  each c a s e  a  w e l l  d e f i n e d  o x i d e  l a y e r  was e v i d e n t .  

Modif ied Ruston and Hornsby "TA" Turb ine  

A f t e r  t h e  C a l l i d e  c o a l  t e s t ,  examina t ion  of a l l  t h e  e r o s i o n  d a t a  in -  

d i c a t e d  t h a t  o p e r a t i o n  u s i n g  a low-ash c o a l  as f u e l  and a s h  s e p a r a t i o n  t h a t  

t h e  l i f e  o f  t h e  b l a d e s  i n  t h e  compressor t u r b i n e  was between 2500 and 5000 

h r .  The e s t i m a t e d  l i f e  of t h e  b l a d e s  i n  t h e  power t u r b i n e  was a t  l e a s t  a n  

o r d e r  o f  magni tude g r e a t e r .  "he major  d i f f e r e n c e  i n  t h e  o p e r a t i n g  condi-  

t i o n s  i n  t h e  two t u r b i n e s  was t h e  g a s  v e l o c i t y .  The g a s  v e l o c i t y  was ap- 

p rox imate ly  1100 f p s  (335 m/sec) i n ' t h e  compressor t u r b i n e  and 800 f p s  

(244 m/sec) i n ' t h e  power t u r b i n e .  The lower g a s  v e l o c i t y  and consequen t ly  

Inwex p a r t i c l e  v e l o c i t y  r e s u l t s  i n  a  d e c r e a s e  i n  metal l o s s  pe r  impact.  



I n  a d d i t i o n  t o  t h e  r e d u c t i o n  i n  meta l  l o s s  r e s u l t i n g  from t h e  lower impact 

v e l o c i t y ,  t h e  l a r g e r  annu la r  a r e a  requi red  f o r  t h e  same mass flow a t  lower 

v e l o c i t y  r e s u l t s  i n  an  increased  b lade  a r e a  and a  corresponding r educ t ion  

i n  t h e  u n i t  p a r t i c u l a t e  concent ra t ion .  

The compressor t u r b i n e  was redesigned t o  have v e l o c i t i e s  of approxi- 

mate ly  800 f p s  (244 m/sec) and a t  t h e  same time inco rpora t e  o t h e r  f e a t u r e s  

be l i eved  t o  be impor tan t  i n  extending b lade  l i f e .  A d e s c r i p t i o n  of t he  

redes igned  compressor t u r b i n e  i s  taken from Ref. 33: 

C a l i b r a t i o n  of t h e  o r i g i n a l  engine on c o a l  fol lowing t h e  in-  
s t a l l a t i o n  of t h e  a s h  s e p a r a t o r  showed t h a t  t h e  running l i n e  on 
t h e  compressor c h a r a c t e r i s t i c  d i f f e r e d  s l i g h t l y  from t h a t  i n  t h e  
g e n e r a l  performance d a t a  provided by Ruston and Hornsby a s  being 
t y p i c a l  of a  "TA" t u r b i n e  ope ra t ing  on o i l .  A po in t  on t h e  former 
c h a r a c t e r i s t i c  was chosen a s  t he  des ign  p o i n t ;  t h i s  corresponded 
t o  a  t u r b i n e  i n l e t  temperature of 650°C (1,202"F) which i s  some- 
what lower than  t h e  maximum c y c l e  temperature of t h e  o r i g i n a l  
engine .  Th i s  va lue  had been s e l e c t e d  i n  t h e  i n i t i a l  t e s t s  and 
was r e t a i n e d  t o  f a c i l i t a t e  d i r e c t  comparisons between t h e  r e s u l t s  
of t h e  v a r i o u s  t e s t s .  The t u r b i n e  speed a t  t h e  design p o i n t  was 
10,200 r.p.m. 

The r e l a t i v e  gas e x i t  v e l o c i t y  a t  t he  mean r ad ius  of t he  
r o t o r  b l ades  was about 1,100 f t / s e c  (335 m/s) a t  t h e  d e r a t r d  
cond i t i on  of t h c  o r i g i n a l  comprcssor t u r b i n e .  Prel iminary c s t i -  
mates  showed t h a t  w i th  v e l o c i t i e s  of 800 f t / s e c  (244 m/s) i n su f -  
f i c i e n t  power would be a v a i l a b l e  from a  two-stage t u r b i n e  b u i l t  
w i t h i n  t h e  o r i g i n a l  engine s c a n t l i n g s ,  even wi th  c l o s e  t o  t h e  
maximum p r a c t i c a l  gas  d e f l e c t i o n .  Cunsrquently a  th ree-s tage  
r o t o r  was necessary .  Fo r tuna te ly  i t  was p o s s i b l e ,  by adap ta t ion  
of t h e  s h a f t ,  bea r ing ,  and cas ing  i n  t h e  reg ion  of t h e  compres- 
s o r  t u r b i n e ,  t o  accommodate t h e  t h r e e  t u r b i n e  s t a g e s  without  
major  s t r u c t u r a l  a l t e r a t i o n .  A des ign  was then  prepared f o r  t h i s  
arrangement based on a  gas  v e l o c i t y  of about 800 f t / s e c  (244 m/s) ,  
alchough t h i s  meant t h a t  o t h e r  important  des ign  cond i t i ons  such 
a s  b lade  e f f i c i e n c y ,  r e a c t i o n ,  e t c .  could no t  be given primary 
cons ide ra t ions .  The b a s i c  dimensions of t h e  t u r b i n e  were so  chosen 
t h a t  i t  was p o s s i b l e  t o  use t h e  f i r s t ,  second, a n d  f n ~ l r t h  stage 
r o t o r  d i s c s  of t h e  Ruston and Hornsby "TF" gas t u r b i n e  which is  
ano the r  model produced by t h i s  maker. These d i s c s  were obta ined  
i n  t h e  f u l l y  machined cond i t i on  from the  manufacturer and were 
adapted f o r  use  w i t h  t h e  redesigned engine;  t h i s  determined t h e  
number of r o t o r  b l ades  pe r  s t a g e  (57) ,  and a l s o  f i x e d  t h e  maxi- 
mum a x i a l  b l ade  chord. 

The r equ i r ed  temperature drop through the  t u r b i n e  was calcu- 
l a t e d  from t h e  compressor temperature r i s e  based on an i n l e t  tem- 
p e r a t u r e  of 15°C ( 5 9 O ~ )  and a compressor i s e n t r o p i c  e f f i c i e n c y  of 
0.80; t he  l a t t e r  is  lower than  t h e  va lue  of 0.825 quoted f o r  t h e  



o r i g i n a l  engine,  and was used t o  a l low f o r  p o s s i b l e  d e t e r i o r a t i o n  
i n  performance caused by compressor blade f o u l i n g  by contaminated 
i n t a k e  a i r .  The work output  was shared  equa l ly  between t h e  t h r e e  
s t a g e s ,  a s  t h i s  r e s u l t s  i n  approximately equal  v e l o c i t i e s  i n  each 
s t a g e  . 

Veloc i ty  t r i a n g l e s  f o r  t h e  s t a t o r  and r o t o r  rows were con- 
s t r u c t e d  t o  g ive  t h e  requi red  work output ,  us ing  t r i a l  va lues  of 
p re s su re  l o s s  and gas v e l o c i t y ;  t h e  nozzle  v e l o c i t y  was made about 
100 f t / s e c  (30 m/s) g r e a t e r  than t h e  r o t o r  r e l a t i v e  v e l o c i t y ,  a s  
i t  was considered l i k e l y  t h a t  more e ros ion  could be t o l e r a t e d  on 
t h e  s t a t o r  b lades  before  t he  occurrence of an unacceptable  reduc- 
t ion  i n  performance. 

Addi t iona l  f e a t u r e s  were incorpora ted  i n t o  the  des ign  t o  
l i m i t  t h e  h igh  e ros ion  r a t e  found i n  l o c a l i z e d  a r e a s  of t h e  or ig-  
i n a l  b lades . .  

Apart from t h e  gross  m a l d i s t r i b u t i o n  of ash  produced by the  
ang le  e n t r y  t o  t h e  tu rb ine ,  l o c a l  concent ra t ions  r e s u l t  from a 
number of f e a t u r e s  of t h e  gas flow w i t h i n  t h e  t u r b i n e  s t a g e s ;  
t h e s e  have been descr ibed  by Junge (Ref. 32) dur ing  the  work of 
t h e  U.S.  Locomotive Development Committee. The main f e a t u r e s  
a r e  : 

(a )  A concen t r a t ion  of p a r t i c l e s  of t h e  p re s su re  f a c e  of t h e  blade 
toward t h e  t r a i l i n g  edge, produced by d e f l e c t i o n  of t he  gas 
s t ream through t h e  blades.  

(b) The t r a n s p o r t  of a sh  towards t h e  o u t e r  boundary by 
(i) cent ' r i fuga l  f o r c e s  produced by the  t a n g e n t i a l  ve1.o~-  

i t y  components i n  t h e  b lade  passages;  
( i i )  c e n t r i f u g a l  f o r c e s  on p a r t i c l e s  i n  r eg ions  of sepa- 

r a t e d  flow on convex f a c e  and i n  t h e  wake of t h e  
r o t o r  blade.  

(c )  The t r a n s p o r t  of ash  towards t h e  i n n e r  boundary r e s u l t i n g  
from a s t a t i c  p re s su re  g rad ien t  which produces an  inward flow 
of gas  and p a r t i c l e s  i n  reg ions  of s epa ra t ed  flow on t h e  con- 
vex f a c e  and i n  t h e  wake of t h e  s t a t o r  b lade .  

(d) The t r a n s p o r t  of a sh  towards both  t h e  inne r  and o u t e r  w a l l s  
is a s s i s t e d  by v o r t i c e s  formed a t  t h e  b lade  t i p s  and r o o t s ;  
gas and a sh  from t h e  b lade  boundary l a y e r  ( p a r t i c u l a r l y  on t h e  
p re s su re  f ace )  tend t o  feed  i n t o  t h e s e  v o r t i c e s ,  thus  reach- 
i ng  t h e  s i d e  wal l s .  This  is  termed c r o s s  channel flow. I n  
t he  case  of a  nozzle  wi th  a  moving i n n e r  s i d e  w a l l ,  t he  gas 
and a sh  may move down t h e  b lade  and under t h e  t i p  r a t h e r  
than  c r o s s  t h e  passage. 

These cons ide ra t ions  l e d  t o  t he  i n c l u s i o n  of t he  fol lowing 
des ign  f e a t u r e s .  The t r a i l i n g  edge th i ckness  of both t h e  s t a t o r  
and r o t o r  was increased  t o  0.060 i n .  (1.5 mm) t o  provide more metal  
which must be removed from t h e  p re s su re  f a c e  be fo re  t h e  b l ade  chord 
would be a f f e c t e d .  This  could inc rease  t h e  aerodynamic l o s s e s ,  but  
t h e  economic consequence of t h e  l a t t e r  should be outweighed by t h e  
inc rease  i n  t i m e  between b lade  replacements.  Aerodynamic pe r fo r -  
mance is  u n l i k e l y  t o  d e t e r i o r a t e  wi th  e r o s i o n  u n t i l  t h e  b lade  chord 



i s  a f f e c t e d ;  i n  f a c t  t h e  e n g i n e  power cou ld  i n c r e a s e  s l i g h t l y  a s  
e r o s i o n  t h i n s  t h e  t r a i l i n g  edge and t h e  t r a i l i n g  edge l o s s e s  a r e  
reduced .  

Th is  m o d i f i c a t i o n  i n c r e a s e s  t h e  s i z e  of t h e  s t a t o r  b l a d e  
t r a i l i n g  edge wake, and  hence t h e  amount of a s h  f e d  t o  t h e  i n n e r  
d f a m e t e r ,  and f rom t h e r e  i n t o  t h e  s t a t o r  t i p  l e a k a g e  f low.  Thus 
t h e  amount o f  a s h  e v e n t u a l l y  impinging on  t o  t h e  r o t o r  b l a d e  l ead-  
i n g  edge cou ld  be  i n c r e a s e d .  To l i m i t  t h i s  a c t i o n  and y e t  r e t a i n  
t h i c k  t r a i l i n g  e d g e s ,  mid-span s t a t o r  wake f e n c e s  were b u i l t  i n t o  
t h e  s t a t o r  b l a d e s  t o  r e d i s t r i b u t e  p o r t i o n  of t h e  a s h  i n t o  t h e  main 
g a s  s t r e a m .  

To l i m i t  t h e  e f f e c t  of a s h  r e a c h i n g  t h e  i n n e r  boundary and 
s t r i k i n g  t h e  r o t o r  l e a d i n g  edge,  t h e  s t a t o r  b l a d e  t i p s  were re- 
c e s s e d  i n t o  t h e  i n n e r  boundary below t h e  l e v e l  u f  the r o t o r  b l a d e  
r o o t ,  s o  t h a t  most e r o s i o n  would occur on t h e  b l a d e  p l a t f o r m  r a t h e r  
t h a n  on t h e  working s u r f a c e s  of t h e  b l a d e  i t s e l f .  

The r o t o r  b l a d e  p l a t f o r m  s e c t i o n  w a s  extended t o  form t h e  
r e c e s s e d  s t a t o r  b l a d e  t i p  boundary and t o  p r o v i d e  a  gap t o  con- 
t r o l  t u r b i n e  d i s c  and r o o t  c o o l i n g  a i r  f lows .  

No s p e c i a l  measures  were t a k e n  t o  l i m i t  l o c a l  e r o s i o n  u f  
t h e  r o o t s  ( O . D . )  o f  t h e  s t a t o r  b l a d e s  produced by a s h  concen t ra -  
t i o n s  on t h e  o u t e r  w a l l .  These b l a d e s  a r e  l i g h t l y  s t r e s s e d  and 
i t  was c o n s i d e r e d  u n l i k e l y  t h a t  any s e r i o u s  problem would a r i s e .  

Because of t h e  h i g h l y  t w i s t e d  b l a d e  p r o f i l e ,  t h e  comp1.i- 
a t e d  b l a d e  p l a t f o r m  s e c t i o n  and t h e  r e l a t i v e  c o s t s  of produc- 
i o n ,  b o t h  r o t o r  and s t a t o r  b l a d e s  i n  t h e  compressor t u r b i n e  

were  inves tment  c a s t  i n  t h e  c o b a l t  based a l l o y  H.S. 31. I n  
e a c h  of t h e  t h r e e  s t a t o r  s t a g e s .  f o u r  b l ades  s u r f a c e - t r e a t e d  
by t h e  In te rchrome prucess of chromiuiu; Got11 p r o d ~ ~ r e  d l  f f i i s i  nn- 
t y p e  s u r f a c e  a l l o y i n g  which i s  dependent  on t h e  s u b s t r a t e  compo- 
s i t i o n .  

The ca rbon  c o n t e n t  of t h e  b a s e  a l l o y s  t e n d s  t o  s t a b i l i z e  t h e  
d e p t h  t o  which t h e  c o a t i n g  can  d i f f u s e .  I n  t h e  1n.terchrome p r o c e s s  
i t  was c o n s i d e r e d  t h a t  a d e p t h  o f  0.0005 i n .  (0.01.3 mrn) of ha rd  
s o a c i n g  w i ~ h  good or r ida t ion  resistance hail Leeii ~ L L a i l l r d .  Tile U . C .  
p r o c e s s  o f  a l u m i n i z i n g  produced a d e p t h  of d i f f u s i o n  of 0.0015 i n ,  
(0.038 mm), c o n s i s t i n g  of i n n e r  and o u t e r  l a y e r s  of approx imate ly  
e q u a l  t h i c k n e s s .  

The Nimonic-80A b l a d e s  o r i g i n a l l y  f i t t e d  t o  bo th  r o t o r  and 
s t a t o r  rows o f  t h e  power t u r b i n e  and used i n  a l l  e a r l i e r  e n g i n e  
tests were r e t a i n e d .  

Before  commencing s o l i d  f u e l  t e s t s  on t h e  Ruston and Hornsby 
e n g i n e  w i t h  t h e  r e d e s i g n e d  compressor t u r b i n e ,  t h e  u n i t  was c a l i -  
b r a t e d  on l i q u i d  f u e l  t o  de te rmine  i f  t h e  thermodynamic and mech- 
a n i c a l  d e s i g n  r e q u i r e m e n t s  had been f u l f i l l e d .  

A f t e r  two h o u r s  runn ing  a t  i d l i n g  c o n d i t i o n s  t h e  compressor 
t u r b i n e  was d i s m a n t l e d ,  i n s p e c t e d  and d i m e n s i o n a l l y  checked f o r  



signs of distortion of new parts. No mechanical anomalies were 
detected in this or in subsequent inspections at various stages 
throughout the test programme with solid fuel. 

The unit was then operated at progressively increasing load 
to the maximum turbine inlet temperature of 650°C (1,202"F), and 
performance data recorded over the full range of operating con- 
ditions. 

The design velocity triangles for the redesigned compressor 
turbine, assuming equal work output per stage, were compared with 
those estimated from the results of the calibration. In both cases 
the turbine inlet temperature is 650°C (1,202"F), but the cnmpres- 
sor speed at the design point was 10,200 r.p.m. compared with 10,500 
r.p.m. during the calibration. The relevant data is listed for all 
three stages in Table A.21; it will be seen that the velocities at 
exit fronl the stators (Vo)  and rotors (V1), and the corresponding 
gas angles a. and az, are similar to the design values. 

T a b l e  A.21. Comparison of d e s i g n  and measured v e l o c i t y  t r i a n g l e s  (Ref.  33)  

Tu rb ine  e n t r y  t e m p e r a t u r e  = 650°C (1202°F) 
Compressor speed  = 10,200  rpm 

Exper imenta l  d a t a  
Des ign  d a t a  f o r  s t a g e  - 

f o r  s t a g e  - 

U, b l a d e  speed ,  f p s  740 7  63  786 762 785 809 
V o ,  n o z z l e  o u t l e t  v e l o c i t y ,  f p s  877 864 827 865 836 800 
V 1 ,  r o t o r  o u c l e t  v e l o c i t y ,  f p s  776 780 821  770 789 865 
0.0, n o z z l e  g a s  a n g l e  66'8' 66'59' 65'59' 65'48' 66O26' 65'36' ' 
a z ,  r o t o r  g a s  a n g l e  63'31' 64'9' 64'55' 63'30' 65'8' 66'29' 

After calibration of the engine with liquid fuel, the engine was 

operated with sol-id fuel. The fuel used was a low ash, high volatile 

Greta-seam coal from the Aberdare No. 7 mine. Typically this coal con- 

tains 1 to 2% moisture, 5 to 7% ash, and 39 to 42% volatile matter. 

The following description of the test is taken from Ref. 33: 

Following a preliminary run of 18.4 hours to check that 
the particle size in the coal feed and the combustion efficiency 
were unaltered from those in Greta Test 4, further runs of 33.0, 
29.1, 19.1 and 15.2 hours were undertaken, making a total of 
124.8 hours operation with coal. Table A.22 summarizes the per- 
formance of the combustion chamber and ash separator. 



Table A . 2 2 .  Combustor and sepa ra to r  e f f i c i e n c y  (Ref. 36)  

Combustion e f f i c i e n c y  o v e r a l l ,  % 

Separa tor  e f f i c i e n c y ,  % 

S o l i d s  r a t e  t o  t u r b i n e ,  kg/hr  

Mean p a r t i c l e  s i z e ,  Um 
Entry t o  compressor t u r b i n e  
Exhaust duc t  

P a r t i c u l a t e  carbon content  a t  t u r b i n e  i n l e t ,  % 46.4  

P a r t i c u l a t e  con ten t  a t  t u r b i n e  i n l e t ,  ppm 650 

A t  t h e  conclus ion  of each t e s t  per iod  the  fol lowing b lades  
were cleaned and weighed: 

( a )  Compressor t u r b i n e  
( i )  a l l  s t a t o r  blades i nc lud ing  those  wi th  s u r f a c e  t r e a t -  

ment, bu t  except ing the  e i g h t  per  row loca t ed  by dowels; 
( i i )  t h r e e  b l ades  spaced 120 degrees a p a r t  i n  each r o t o r  s t a g e .  

(b) Power t u r b i n e  
( i )  t e n  s t a t o r  b lades  i n  each row (a  f u r t h e r  t e n  were weighed 

a t  t h e  beginning and end of t h e  t e s t  s e r i e s ) ;  
( i i )  one r o t o r  b lade  per  s t age .  

C a l i b r a t i o n  of t h e  engine on o i l  a t  t h e  end of t h e  test s e r i e s  
showed t h a t  t h e r e  was no d e t e c t a b l e  change i n  performance from 
t h a t  measured i n  t h e  e a r l i e r  c a l i b r a t i o n s .  

A s  i n  t h e  previous  t e s t s  wi th  C a l l i d e  c o a l  t h e r e  was little 
a s h  depos i t i on  on t h e  t u r b i n e  b lades .  Deposi t ion was r e s t r i c t e d  
t o  t h e  f i r s t  row s t a t o r s  of t h e  compressor t u r b i n e ,  where a  l i g h t  
f i l m  of a s h  extended from t h e  l ead ing  edge t o  a  maximum of about 
one t h i r d  of t h e  b l ade  chord, wi th  i t s  l o c a t i o n  and extend depend- 
i n g  on i t s  p o s i t i o n  i n  t h e  blade row. Moving around t h e  s t a t o r  
from the  i n l e t  duc t  t h e  f i l m  on the  convex f a c t  con t r ac t ed  t o  t h e  
l ead ing  edge over  180 degrees around t h e  row, and then gradual ly  
extended over t h e  concave f a c e  over t he  remaining 180 degrees.  
Th i s  i n d i a a t e ~  a progrcooivc change in gas i r~c idruce :  clllglr aruur~d 
the s t a t o r  row, prahahly produced by the  elbow e n t r y  t o  t hc  i n k t  
v o l u t e .  

A v e r y  t h i n ,  hard depos i t  had formed along t h e  s t a g n a t i o n  
l i n e  on t h e  l ead ing  edge of a l l  b lades  i n  a l l  r o t o r  and s t a t o r  rows. 

The p rog res s ive  meta l  l o s s  from the  r o t o r  b lades  was p l o t t e d  
a g a i n s t  hours  of engine ope ra t ion  on c o a l ;  t he  curves show t h a t  
t h e  r a t e  of meta l  l o s s  was i n i t i a l l y  h igh ,  bu t  decreased dur ing  
Ghe f i r s t  50 hours  of t he  t e s t  t o  a  s t a b l e  va lue  f o r  t h e  remainder 
of  t h e  t e s t .  This  cons t an t  va lue  of e ros ion  r a t e  f o r  t h e  f i n a l  

C 



73.4 hour per iod was accepted a s  t h e  s t a b l e  e ros ion  r a t e  and was 
used a s  t h e  b a s i s  f o r  b lade  l i f e  e s t ima t ion .  

The r o t o r  b lades  i n  t h e  power t u r b i n e  had been used i n  pre- 
v ious  t e s t s  w i th  pulver ized  f u e l ,  and t h e i r  e ros ion  r a t e s  were con- 
s t a n t  over t h e  whole t e s t  per iod.  

Table A.23 g ives  t h e  b l ade  meta l  l o s s e s  and e ros ion  r a t e s  f o r  
t h e  f i n a l  73.4-hour per iod f o r  a l l  weighed r o t o r  b lades  of t h e  
compressor t u r b i n e ,  and f o r  a  106-hour per iod  f o r  t h e  power tu rb ine .  

The t rend  f o r  a h igher  e ros ion  r a t e  i n  t h e  f i r s t  s t a g e  than  
t h e  second s t a g e  of t h e  compre.ssor t ~ ~ r h i n e ,  and f o r  comparable ero- 
s i o n  r a t e s  i n  both s t a g e s  of t h e  power tu rb ine ,  was a l s o  obta ined  
i n  e a r l i e r  t e s t s  on t h e  o r i g i n a l  t u r b i n e  wi th  pulver ized  c o a l s .  

A s  wi th  t h e  r o t o r  b lades  t h e  wear r a t e  of each s t a t o r  b lade  
i n  t h e  redesigned compressor t u r b i n e  s t a b i l i z e d  over t h e  f i r s t  
50 hours of t h e  t e s t ,  and remained a t  a  cons tan t  va lue  f o r  t h e  
remaining 73.4 hours.  

The elbow e n t r y  of t h e  i n l e t  v o l u t e  ca r ry ing  t h e  hot  gas  stream 
from t h e  a sh  sepa ra to r  causes  a  non-uniformity i n  ash  loading  a t  
i n l e t  t o  t h e  f i r s t  row of s t a t o r  b lades .  This  r e s u l t s  i n  a  v a r i -  
a t i o n  i n  t h e  b lade  metal  l o s s  around t h e  s t a t o r  r i n g ,  wi th  a  peak 
oppos i t e  t h e  e n t r y  t o  t h e  vo lu t e ;  t h i s  p a t t e r n  of b lade  wear per- 
sists throughout t h e  remaining h igh  p re s su re  s t a t o r  s t a g e s ,  b u t  i n  
t h e  second and t h i r d  s t a g e s  t h e  peaks of maximum e ros ion  a r e  pro- 
g r e s s i v e l y  d i sp l aced  i n  t h e  d i r e c t i o n  of r o t o r  r o t a t i o n  due t o  
swirl through t h e  s t ages .  The b l ade  meta l  l o s s ,  and e ros ion  r a t e s  
f o r  a l l  s t a t o r  rows, are,summarized i n  Table A.24. 

The wear r a t e s  on t h e  d i f f u s i o n  coated b lades  were much lower 
than  those  measured on ad jacen t  H.S.  31  c o b a l t  based b lades .  I n  
Table A.25 four  groups of b ladcs  from each s t a t o r  s t a g e  o f .  t h e  
h igh  p re s su re  t u r b i n e  a r e  cumpared. The b lades  i n  each group were 
ad j acen t  and t h e  groups equispaced around t h e  s t a t o r  cas ing .  The 
n e g a t i v e  s i g n  i n d i c a t e s  a  weight l o s s ,  t h e  p o s i t i v e  s i g n  a  weight 
ga in .  

Unlike t h e  H.S.  31 b lades ,  few of t h e  s u r f a c e  t r e a t e d  b lades  
a t t a i l l e d  a s t a b i l i z e d  e ros ion  r a t e  ovcr t h e  l a s t  73.4 hours of t he  
t e s t .  The four  chromized b lades  i n  t h e  f i r s t  s t a t o r  row showed t h e  
most c o n s i s t e n t  wear r a t e s ,  t h e  average meta l  l o s s  being approxi- 
mately one f i f t h  t h a t  of t h e  un t r ea t ed  H.S.  31 b lades ;  t h i s  r e l a -  
t i v e  va lue  had a l s o  been obta ined  i n  previous t e s t s .  I n  t h e  second 
and t h i r d  s t a t o r  row t h e  chromized b lades  exh ib i t ed  a change i n  
weight varying from a  l o s s  of 31.6 mil l igrams t o  a  ga in  of 4  m i l l i -  
grams without  any c o n s i s t e n t  t rend .  S in l i la r ly ,  t h e  aluminized 
b lades  i n  a l l  rows showed a  weight change varying from a  l o s s  of 
8.3 mi l l ig rams t o  a  ga in  of 6.0 mi l l ig rams without  any c o n s i s t e n t  
t r end .  

Three b lades  from t h e  f i r s t  s t a g e  s t a t o r ,  one,chr:o.mized, one 
aluminized and one un t r ea t ed ,  were subjec ted  t o  meta l lographic  



T a b l e  A.23. Rotor b l a d e  e r o s i o n  d a t a  - s o l i d s  l o a d i n g  22.3 kg/hr  

Blade a r e a  No. of 
Blade e r o s i c n  r a t e  

Metal l o s s  
S t a g e  Blade No. 

S t a g e  e r o s i o n  r a t e  
4 :m2) b l a d e s  (mg ) mg/cn2 x h r  (mg/crr.' *: kg a s h )  x l o 3  (mglkg a s h )  

Three-s tage c2mpressor t u r b i n e  (73.4-hr p e r i o d ) :  Ruston & Hornsby "TA" g a s  t u r b i n e  (Ref. 33) 

1 (H.S. 31) 53.6 57 1 82.5  0.021 
1 9  73.6 0.019 
3 8 76.5 0.020 
A v  77.5 0.020 

2 (H.S. 31) 52.6 5 7  1 56.0 0.012 
1 9  53.7 0.012 
38 54.3 0.012 
A v  54.7 0.012 

3 ( H . S . 3 1 )  37.G 57 1 65.8 0.013 3.60 
1 9  64.2 0.013 3.59 
3 8 69.2 0.014 3.63 
Av 66.4 0.013 3.61 

Two-szage power t u r b i n e  (106-hr p e r i o d )  

1 (Nimonic BOA) 52 9 7 2 4 112.5 0.020 3.368 4.58 

2 (Nimonic BOA) 59  97 24 122.8 0.019 3 .e?3  5.00 



Table  A.24. S t a t o r  b lade  e r o s i o n  d a t a  - s o l i d s  load ing  22.3 kg/hr  

Metal  l o s s  per  Blade e r o s i o n  r a t e s  
Blade a r e a  No. of 

b lade  
S tage  e r o s i o n  r a t e  

S t a g e  
(em2 1 b lades  

(mg) r n g / c m 2 x h r  (mg/cm2 x k g a s h )  : < l o 3  (mglkg ash)  

Three-stage compressor t u r b i n e  (73.4-hr p e r i o d ) :  Ruston & Hornsby "TA" gas  t u r b i n e  (Ref.  33) 

1 (H.S. 31) 47.6 64 80.8 max 
4.6 min 

32.5 mean 0.0094 

2 (H.S. 31) 66.6 4 8 202.9 max 
37.3 min 
95.1 mean 0.020 

3 (H.S. 31) 81.6 4 8 170.2 max 
55.6 min 

106.5 mean 0.018 

Two-stage power t u r b i n e  (106-hr pe r iod)  

1 (Nimonic 8ClA) 6 0 9 2 133.7 max 
102.7 min 
117.0 mean 0.0183 

2 (Nimonic 8BA) 6 7 9 2 235.8 max 
155.0 min 
186.3 mean 0.026 



Table  A.25. Comparison of un t r ea t ed  and 
s u r f a c e  t r e a t e d  H.S. 31 s t a t o r  b l ades  

(Ref. 33) 

Treatment 

Weight change pe r  
b l ade  i n  73.4 h r  

(mg > 
Stage  1 Stage  2 S tage  3  

Chromized 
Aluminized 
Unt rea ted  

Chromized 
Aluminized 
Unt rea ted  

Chromized 
Aluminized 
TJntreated 

Chromized 
Aluminized 
Unt rea ted  

examinat ion and t h e  fo l lowing  conc lus ions  reached:  

(1)  The m e t a l l u r g i c a l  s t r u c t u r e  of t h e  b l ades  appeared s a t i s f a c t o r y .  
( 2 )  The u n t r e a t e d  H.S. 31 b l ade  had s u f f e r e d  some s u r f a c e  p i t t i n g  

and p o s s i b l y  l i m i t e d  p e n e t r a t i o n  [ t o  about  0.0004 i n .  (0.01 
mm)] of  t h e  t u r b i n e  gases  a t  t h e  ope ra t i ng  tempera tures .  

(3)  The chromized b l a d e  had withstood t h e  ope ra t i ng  cond i t i ons  
b e t t e r  t han  t h e  un t r ea t ed  b l ade  and t h e  b l ade  s u r f a c e  re- 
maincd ~ m o o t h .  Thc p r o t c c t 3 . v ~  c.hrnmiaad l a y e r  was  r e d u c e d  
t o  about  h a l f  i t s  o r i g i n a l  t h i cknes s  [ i . e . ,  t o  0.00025 i n .  
(U.UUb nuu) j dur ing  Lhe o y e r a t i r ~ g  l i f e  of the  b l i d e .  

(4 )  The aluminized b l ade  had a l s o  withstood t h e  ope ra t i ng  con- 
c l l L i u l ~ s  wltl.luui: visible c h a ~ ~ g r  r u  1 ~ s  meca l lu rg l ca l  s r ruc -  
t u r c ;  h o w c v ~ . ~ ,  t h ~ .  llppe? 1.eye.r .qi,~f f eyp.pl some . s i . i r fac~  p i t  t ine;  
and e ros ion .  The coa t ing  was appa ren t ly  reduced from an  
o r i g i n a l  t h i c k n e s s  of approximately 0.0015 i n .  t o  0.0009 i n .  
(0.038 t o  0.023 mm) due mainly t o  t h e  removal of t h e  upper 
l a y e r .  

I f  i t  i s  assumed t h a t  t h i s  t h i cknes s  of m a t e r i a l  was removed 
from t h e  e n t i r e  b l a d e  s u r f a c e  then  t h e  weight l o s s  a f t e r  73.4 hours  
of  o p e r a t i o n  would be  many t imes g r e a t e r  than  t h a t  a c t u a l l y  mea- 
su red .  These r e d u c t i o n s  i n  l a y e r  t h i c k n e s s  should ,  t h e r e f o r e ,  be  



i n t e r p r e t e d  o n l y  a s  i n d i c a t i n g  some change i n  t h e  n a t u r e  of t h e  
d i f f u s i o n  c o a t i n g .  

. Hence, n e i t h e r  t h e  l o n g  t e r m  behav iour '  of t h e  s u r f a c e  t r e a t e d  
b l a d e s ,  n o r  t h e  e s t i m a t e d  t i m e  of o p e r a t i o n  b e f o r e  r e s u r f a c i n g  
becomes n e c e s s a r y ,  can  be  p r e d i c t e d  from t h e s e  t e s t s .  

Examination o f  t h e  b l a d e s  on t h e  comple t ion  of t h e  124.8 hours  
o f  o p e r a t i o n  showed v a r i o u s  d e g r e e s  of p o l i s h i n g  i n  l o c a l  a r e a s  
o f  t h e  b l a d e  s u r f a c e ,  b u t  i n s u f f i c i e n t  m e t a l  had been removed t o  
pe rmi t  a  r e a l i s t i c  measurement of t h e  d e p t h  o f  e r o s i o n .  However 
from t h e  d e g r e e  o f  p o l i s h i n g ,  s u r f a c e  t e x t u r e  and c o l o u r  i t  was 
p o s s i b l e  t o  g r a d e  t h e  e r o s i o n  rate i n  s p e c i f i c  a r e a s  of a b l a d e  
i n t o  one  o f  f o u r  r e l a t i v e  c a t e g o r i e s :  

" ~ i g h "  e r o s i o n  
"Med iuml' e r o s i o n  
"LOW" e r o s i o n  
"No" e r o s i o n  

On t h e  concave f a c e  of t h e  f i r s t  row s t a t o r  b l a d e s  t h e  r a t e  
o f  e r o s i o n  was "low" t o  "medium" o v e r  t h e  r e a r  h a l f  of t h e  b l a d e .  
The l o c a t i o n  of a n  a r e a  o f  "high" e r o s i o n  v a r i e d  w i t h  t h e  p o s i t i o n  
o f  t h e  b l a d e  around t h e  s t a t o r  r i n g ;  s t a r t i n g  a t  t h e  g a s  e n t r y  
c e n t e r  l i n e  t h i s  a r e a  moved down t h e  t r a i l i n g  edge from t h e  b l a d e  
t i p  ( I .D . )  t o  r o o t  (O.D.), a c r o s s  t h e  r o o t  towards  t h e  l e a d i n g  
edge f o r  abou t  two t h i r d s  of t h e  chord ,  t h e n  up t h e  b l a d e  span  
and f i n a l l y  back t o  t h e  t r a i l i n g  edge t i p  ( I . D . ) .  

On t h e  convex f a c e  t h e r e  w a s  "medium" e r o s i o n  o v e r  t h e  l e a d i n g  
h a l f  o f  t h e  b l a d e  s u r f a c e  and a n  a r e a  o f  "high" e r o s i o n  n e a r  t h e  
l e a d i n g  edge r o o t  (O.D. ) . 

The e r o s i o n  p a t t e r n  on t h e  two subsequen t  s t a t o r  rows was 
b a s i c a l l y  similar t o  t h e  f i r s t  s t a g e ,  e x c e p t  t h a t  t h e  a r e a  o f  
"high" e r o s i o n  on t h e  concave f a c e  was a lways l o c a t e d  n e a r  t h e  - 
t r a i l i n g  edge r o o t  (O.D.) and i n c r e a s e d  i n  s i z e  i n  s u c c e s s i v e  
rows. 

The e r o s i o n  r a t e  on t h e  b l a d e  p l a t f o r m s  v a r i e d  from "low" 
t o  "medium. " 

On t h e  concave f a c e  of t h e  f i r s t  s t a g e  r o t o r  b l a d e  t h e  r a t e  
o f  e r o s i o n  i n c r e a s e d  p r o g r e s s i v e l y  from t h e  l e a d i n g  t o  t r a i l i n g  
edge,  w h i l e  on t h e  convex f a c e  t h e r e  was a n  a r e a  of "high" e ro -  
s i o n  n e a r  t h e  l e a d i n g  edge on t h e  o u t e r  t h r e e  q u a r t e r s  of t h e  
span ,  which gave way t o  "medium" e r o s i o n  i n  t h e  mid-chord a r e a  
w i t h  "no" e r o s i o n  n e a r  t h e  t r a i l i n g  edge.  There  w a s  a l s o  a  s m a l l  
a r e a  of "high" e r o s i o n  n e a r  t h e  l e a d i n g  edge r o o t  on t h e  convex 
f a c e .  

The p a t t e r n  of e r o s i o n  on t h e  second and t h i r d  s t a g e  b l a d e  
s u r f a c e s  was b a s i c a l l y  similar t o  t h a t  i n  t h e  f i r s t  s t a g e  w i t h  
t h e  e x c e p t i o n  t h a t  t h e  "high" e r o s i o n  rate n e a r  t h e  l e a d i n g  edge 
on t h e  convex f a c e  was l i m i t e d  t o  t h e  o u t e r  h a l f  of t h e  b l a d e  span.  



In a l l  r o t o r  s t a g e s ,  e r o s i o n  was "high" on t h e  v e r i c a l  s t e p  
below t h e  l e a d i n g  edge and "medium" o r  "high" on t h e  corresponding 
b l ade  platform. Erosion was "low" on t h e  t r a i l i n g  blade platform. 

The va r ious  f low condi t ions  descr ibed  by Junge (Ref. 32) 
which c o n t r i b u t e  t o  l o c a l  v a r i a t i o n s  i n  t he  concen t r a t ion  of ash  
p a r t i c l e s  and hence a f f e c t  e ros ion  r a t e s  a r e  r e l e v a n t  t o  t he  ero- 
s i o n  p a t t e r n s  determined dur ing  t h i s  t e s t  s e r i e s .  

Due t o  gas  d e f l e c t i o n  w i t h i n  t h e  b lade  passages the  s o l i d  
p a r t i c l e s ,  p a r t i c u l a r l y  i n  t h e  l a r g e r  s i z e s ,  a r e  cen t r i fuged  
towards t h e  concave f a c e ;  t h e i r  impact w i th  t h e  b lade  produces 
t h e  "high" t o  "medium" e ros ion  r a t e s  ev ident  near  t h e  t r a i l i n g  
edge of bo th  s t a t o r  and r o t o r  b lades .  

Superimposed on t h i s ,  t h e  h igh  s w i r l  v e l o c i t y  of t he  mean 
gas  s t ream c e n t r i f u g e s  the  p a r t i c l e s  towards t h e  o u t e r  w a l l .  This  
a c t i o n  is r e i n f o r c e d  by the  r o t o r  t r a n s p o r t  a c t i o n  whereby p a r t i -  
c l e s  e n t e r i n g  t h e  low r e l a t i v e  v e l o c i t y  a r e a s  of t h e  boundary 
l a y e r ,  s epa ra t ed  flow reg ions  and r o t o r  b lade  wake w i l l  a l s o  be 
c e n t r i f u g e d  towards t h e  o u t e r  wa l l .  Some evidence of t h i s  con- 
c e n t r a t i o n  of p a r t i c l e s  i n  the  o u t e r  annulus i s  presented  by 
t h e  f a c t  t h a t  a l l  a r e a s  of "high" e ros ion  on t h e  second and t h i r d  
row s t a t o r  b l ades  occur  i n  t h i s  region.  

Erosion on t h e  convex f a c e - o f  a  b l ade  near  t h e  l ead ing  edge 
i s  t y p i c a l  of t h a t  produced by p a r t i c l e s ,  and p a r t i c u l a r l y  t h e  
l a r g e r  s i z e s ,  which do not  reach the  f u l l  gas  v e l o c i t y  and hence 
e n t e r  t he  b l ade  passage wi th  a  nega t ive  ang le  of inc idence  and 
s t r i k e  t h e  b l ade  on t h e  convex su r f ace .  This  form of e ros ion  i s  
ev iden t  on a l l  s t a t o r  and r o t o r  b l ades ,  and is more severe  be- 
tween the  mid-span and o u t e r  diameter ,  probably due t o  t h e  con- 
c e n t r a t i o n  of t h e  l a r g e r  p a r t i c l e s  i n  t h i s  reg ion .  

Some oi- t ha  ~ m a l l c r  ash  p a r t i c l e s  wlllch fo l low t h e  gas s t ream 
more r e a d i l y  a r e  probably caught up i n  t he  end w h i r l  a r~d  the  s t a t o r  
t r a i l i n g  edge wake secondary flows, which a r e  fed  from low momentum 
gas  i n  t h e  boundary l a y e r  on t h e  o u t e r  w a l l  and from t h e  b lade  
p r e s s u r e  s u r f a c e  where t h e s e  p a r t i c l e s  a r e  then  t r anspor t ed  towards 
t h e  inner  diameter  i n  t h e  d i r e c t i o n  of t h e  p re s su re  g rad ien t  pro- 
i1u:ed by t h e  v o r t e x  flow. I n  t h e  redesigned curb ine  t h e  tence  
incorpora ted  i n t o  t h e  t r a i l i n g  edge of t h e  stator a t  about  mid- 
span s t o p s  t h e  p a r t i c l e s  from migra t ing  onto t h e  o u t e r  h a l f  of 
t h e  b lades .  These p a r t i c l e s  then  probably e n t e r  t h e  s t a t o r  wake 
and s t r i k e  t h e  convex f a c e  near  t h e  l ead ing  edge of t h e  r o t o r  
blade, tu be  ccnerifuged outwards and add es t h e  e ros ion  i n  t h i s  
reg ion .  It is perhaps s i g n i f i c a n t  t h a t  t h e  o u t e r  s u r f a c e  of t h e  
f e n c e  showed some po l i sh ing ,  and t h a t  t h e  "high" e ros ion  on t h e  
o u t e r  p a r t  of t h e  r o t o r  b lades  i n  t h e  second and t h i r d  s t a g e  com- 
mences oppos i t e  t h e  fence.  

Some of  t h e  p a r t i c l e s  being t ranspor ted  over t h e  inne r  ha l f  
of t h e  s t a t o r  b l ades  a r e  en t r a ined  i n  t h e  s t a t o r  t i p  leakage flow. 
Th i s  h igh  v e l o c i t y  flow i s  produced by t h e  p re s su re  d i f f e r e n c e  
a c r o s s  t h e  s t a t o r  b lade  (between t h e  p re s su re  and s u c t i o n  su r f aces )  



and impinges on t h e  r o t o r  drum a s  i t  passes  under t h e  s t a t o r  t i p ,  
and then on t h e  v e r t i c a l  s t e p  i n  f r o n t  of t h e  r o t o r  b lade  r o o t ,  
producing "medium" and "high" e ros ion  i n  t h e s e  a r e a s .  The p a r t i -  
c. les then  probably come under t h e  i n f l u e n c e  of  t h e  main gas  s t ream 
f low and s t r i k e  t h e  convex f a c e  of t h e  r o t o r  b l ades  near  t h e  lead-  
i n g  edge r o o t  producing a  l o c a l i z e d  a r e a  of "high" e ros ion .  The 
h igh ly  po l i shed  n a t u r e  of t h e s e  a r e a s  nea r  t h e  r o t o r  b lade  r o o t  
sugges t s  t h a t  t h e  f i n e r  a sh  p a r t i c l e s  a r e  r e spons ib l e .  

I n  t h e  o r i g i n a l  two-stage t u r b i n e  t h e  unde rcu t t i ng  of t h e  
l ead ing  edge r o o t  of t h e  r o t o r  b l ade  by a s h  en t r a ined  i n  t h e  t i p  
leakage  flow was a  s e r i o u s  problem. The fence  on t h e  s t a t o r  b lade  
t r a i l i n g  edges appears  t o  be e f f e c t i v e  i n  reducing t h e  amount of 
a sh  migra t ing  t o  t h e  i nne r  wa l l ,  and i n  d i s t r i b u t i n g  t h e  i n t e r -  
cep ted  a s h  over  a  reasonable  a r e a  of  t h e  l i g h t e r  s t r e s s e d  o u t e r  
r o t o r  b lade  s e c t i o n .  Recessing t h e  s t a t o r  b l ades  below t h e  r o o t  
of t h e  r o t o r  b l ades  a l s o  appears  e f f e c t i v e  s i n c e  t h e  brunt  of 
t h e  e ros ion  is  taken  on t h e  v e r t i c a l  s t e p  i n  f r o n t  of t h e  r o t o r ,  
and t h e  a s h  impinging on t h e  r o t o r  r o o t  is  spread over  a  l a r g e r  
a r e a  than i n  t h e  o r i g i n a l  two-stage machine. 

The reasons  f o r  t h e  v a r i a t i o n  i n  e ros ion  r a t e  from row t o  row 
(Tables  A.23 and A.24) a r e  n o t  s o  obvious,  bu t  t h e  t r e n d s  shown i n  
t h e  redesigned t u r b i n e  a r e  c o n s i s t e n t  w i t h  t h e s e  observed i n  t h e  
o r i g i n a l  two-stage machine. A p o s s i b l e  explana t ion  of t h e  low 
e r o s i o n  r a t e  i n  t h e  f i r s t  s t a g e  s t a t o r  b l ades  i s  t h a t ,  a l though 
t h e  mean r e l a t i v e  gas  v e l o c i t i e s  do not  vary g r e a t l y  from s t a g e  
t o  s t a g e ,  t h e  s o l i d  p a r t i c l e s  e n t e r i n g  t h e  i n l e t  v o l u t e  w i th  zero  
a x i a l  v e l o c i t y  may not  have been a c c e l e r a t e d  t o  v e l o c i t i e s  ap- 
proaching t h a t  of t h e  gas  be fo re  they e n t e r  t h e  f i r s t  row s t a t o r s .  
I f ,  on reaching  t h e  f i r s t  s t a g e  r o t o r  t h e  v e l o c i t y  of t h e  p a r t i -  
c l e s  i s  s t i l l  apprec iab ly  lower than t h e  gas  v e l o c i t y  they w i l l  
e n t e r  t h e  b l ade  passage wi th  a  nega t ive  ang le  of inc idence ,  which 
may exp la in  t h e  somewhat h igher  e ros ion  r a t e  I n  t h i s  r o t o r  row. 
Th i s  view i s  supported by t h e  r e l a t i v e l y  l a r g e  a r e a  of "high" 
e ros ion  on t h e  convex f a c e  near  t h e  l ead ing  edge of t h e  f i r s t  
row r o t o r s .  

The r o t o r  and s t a t o r  b lade  e ros ion  r a t e s  ob ta ined  from t h e  ope ra t i on  

of t h e  o r i g i n a l  and redesigned t u r b i n e  a r e  summarized i n  Tables  A.26 and 

A.27. An assessment of t h e  e f f e c t s  of t h e  t u r b i n e  r edes ign  upon b l ade  

l i f e ,  made by ARL (Ref. 33) ,  i s  given below. 

The e f f e c t  of t h e  change of gas  v e l o c i t y  i n  t h e  two t u r b i n e s  
on t h e  e ros ion  r a t e  can be  assessed  from t h e  s t a g e  meta l  l o s s  per  
kilogram of a s h  under t h e  v a r i o u s  ope ra t i ng  cond i t i ons ;  t h i s  
e ros ion  r a t e ,  t oge the r  w i th  an e s t ima te  of t h e  corresponding 
s t a g e  e x i t  gas  v e l o c i t y ,  i s  l i s t e d  i n  Table  A.25 f o r  Greta  Tes t  
4 w i t h  t h e  o r i g i n a l  t u r b i n e  and f o r  t h e  redesigned machine. 

The b lade  m a t e r i a l s  i n  t h e  o r i g i n a l  and redesigned compres- 
s o r  t u r b i n e  a r e  Nimonic and H.S.  31 a l l o y s  r e s p e c t i v e l y ;  p rev ious  



Table  A.26. Rotor b lade  e r o s i o n  r a t e s  (Ref. 33) 

Solids ra te  Mean p a r t i c l e  
T e s t  s i z e  

Crosion r a t e  S p e c i f i c  e r o s i o n  r a t e  
( k g l h r )  

r a t e  per  s t a g e  
(!J) 

(mg/crn2 x h r )  [(rnglcm2 kg s o l i d s )  10'1 (mg,kg solids) 

High-pressure t u r b i n e  - f i r s t  s t a g e  r o t o r  b lade  

G r e t a  c o a l  
1 48.0 
2  71.8 
3  8.4 
4  13 .2  

C a l l i d e  c o a l  52.2 
) - s t age  t u r b i n e  22.3 

High-pressure t u r b i n e  - second s t a g e  r o t o r  b lade  

G r e t a  c o a l  
1 
2 
3 
4  

C a l l i d e  c o a l  
: 3 - s t a g e ~ t u r b i n e  

3 -s tage  t u r b i n e  

O l c L a  c o a l  
1 
2  
3 
4 ,  

C a l l i d e  coal 
3-s tage  t u r b i n e  

Gre ta  c o a l  
1 
2 
3 
4  

C a l l i d e  c o a l  
3 - s tage  t u r b i n e  

High-pressure t u r b i n e  - t h i r d  s t a g e  r o t o r  b lade  

Low-pres~ure  t u r b i n c  - f i r s t  s t o g c  r o t o r  b lade  

Low-pressure t u r b i n e  - second s t a g e  r o t o r  b lade  

t e E t s  i n  t h e  o r i g i n a l  t u r b i n c  (Tablcs A . 2 6  and A . 2 7 )  showcd t h a t  
t h e  e ros ion  r a t e  of  H.S. 31 i s  about ha l f  t h a t  of t h e  Nimonic a l -  
l o y s .  To g i v e  a  more meaningful comparison of t h e  e ros ion  r a t e s  
i n  t h e  redesigned and t h e  o r i g i n a l  compressor t u r b i n e s  and i n  t h e  
power tu rb ine ,  t h e  corresponding e ros ion  r a t e s  t h a t  would apply i f  
t h e  redesigned t u r b i n e  had been f i t t e d  wi th  b lades  made of Nimonic 
a l l o y  a r e  shown i n  b racke t s  i n  Table A . 2 8 .  

I n  comparison w i t h - t h a t  i n  t h e  o r i g i n a l  t u r b i n e ,  meta l  l o s s  
pe r  kilogram of a s h  in .  t h e  sei lesig~ied cvmpressur Lurbinr (assuming 
t h e  u s e  of Nimonic b lad ing)  was reduced by f a c t o r s  of 6 .6  and 8 . 2  
f o r  t h e  f i r s t  and second row r o t o r ' b l a d e s  r e s p e c t i v e l y ,  and by a  
f a c t o r  of 4.7 f o r  t h e  f i r s t  and second s t a g e  s t a t o r  blades.  



Table A.27. S t a t o r  blade e ros ion  r a t e s  (Ref. 33) 

Plead Tozal Average s p e c i f i c  e ros ion  r a t e  
''lids p a r t i c l e  e ros ion  per [(mg/cm2-kg s o l i d s )  x 10'1 

Test  r a t e  s i z e  s t agea  
(kg lhr )  (,,) (mglkg s o l i d s )  Mim~nic DO/\ 1i.S.31 iii.155 Chrome p l a t e  Chromized Aluminized C.242 L.W.5 H.R.Cr.max 

Gre ta  coa l  
1 48.0 22 
2  71.8 30 
3  8.4 .5.5-6.4 
4  13.2 b.O-8.0 

C a l l i d e  c o a l  52.2 4.6-6.4 
3-stage t u r b i n e  '2 2.3 4.3-7.8 

Greta  c o a l  
1 L8.0 20.6 
2  71.8 28.0 
3  8.4 5.2-b.O 
4  13.2 5.6-7.5 

D a l l i d e  coa l  52.2 4.3-6.0 
)-s tage t u r b i n e  22.3 4.C-7.? 

3 - s tage  t u r b i n e  22.3 3.7-7.6 

Gre ta  c o a l  
1 48.0 19.3 
2  71.8 26.5 
3  8.4 4.8-5.5 
4  13.2 5 . 3 7 . 9  

C a l l i d e  c o a l  52.2 4.0-5.6 
3-stage t u r b i n e  22.3 3.4-7.6 

Greta  Coal 
1 48.0 17.9 
2  71.8 24.7 
3  8.4 4.4-5.2 
4  13.2 4.8-6.5 

C a l l i d e  Coal 52.2 3.5-5.2 
3-stage t u r b i n e  22.3 3.1-7.5 

High-pressure tu rb ine  - f i r s t  s t a g e  s t a t o r  blades 

85.7 45.1 18.9 24.2 3.8 21.0 
127.3 67 30.0 41.5 7.0 43.17 

23.8 12 .5  5.9 4.2 2.8 5.9- 
12.2 6.4 2.0 0.7 1 .2  0.7 
23.4 12.3 3.3 5 . 1  2.0 Very low 5 .3  10 .1  2.2 

1.28 0.42 Very low Very low 

High-pressure t u r b i n e  - second s t a g e  s t a t o r  blades 

96,- 5  32.6 26.2 3.4 
143,. 8  48.6 111.3 4.8 42.5 

36.4 12.3 8 . 6  0.7 11.7 
26.0 8 .8  4.2 0 .3  5 .3  
42.6 : 14.4 7.4 10.0 1 .7  1.3 9.0 7 .9  6.3 

2.80" 0.88 Very low very  low 

High-pressure t u r b i n e  - t h i r d  s t a g e  s t a t o r  b lades  

3.14" 0.80 Very low Very low 

Low-pressure t u r b i n e  - f i r s t  s t a g e  s t a t o r  b lades  

A l l  b lades  i n  t h i s  s t a g e  a r e  :Jinionic 80A 

Low-pressure t u r b i n e  - second s t a g e  s t a t o r  b lades  

A l l  b l ades  i n  t h i s  s t a g e  a r e  Nimonic 80A 

a ~ o l u m n  4  g i v e s  t h e  t o t a l  e ros ion  per sxage assuming t h e  row was composed e n t i r e l y  of Nimonic SOA b lades .  

'11. j .31. 



Table  9.28. Corresponding e r o s i o n  r a t e s  f o r  s t anda rd  and redes igned  , zu r t i ne  (Ref. 33) 

Compressor (H.P.) t u r b i n e  Pcjler (L.P.) t u r b i n e  

5:adard ~ u r b i n e  
(Greta t z s t  L )  

Xedesigne.d t u r b i n e  
Standard l u r b i n e  

(Greta t?sc 4) 
Redesigned t u r b i n e  

S tage  e ro s ion  
Ex 5: Exi t  Ex i t  Ex i t  S tage  e r o s i o n ,  S tage  e r o s i o n  (mg/kg a sh )  S t age  e ro s ion  

ve loc  i t y  v e l o c i t y  v e l o c i t y  v e l o c i t y  Nimonic 
(rnglkg a sh )  

( f p s )  
(mgjkg a sh )  

( f p s ,  ( fps )  H.S.31 Nimonic ( f p s )  (mg/kg a s h )  

Rotors  
35.5 -70, 2.71 5.4 670 F i r s t  s t a g e  9311 5.7 750 4.58 

Second s t a g e  933 31.3 -70 1.91 3 .8  67n 3.5 750 5.00 
Thi rd  s t s g e  :70 2.32 4 .6  

S t a t o r s  
F i r s t  s t s g e  10081 12 .1  8101 1.28 2.6 720 3 .3  784 4.52 
Second s t a g e  1 O O O  26.0 8101 2.82 5 .6  720 6 .1  784 7.19 
Thi rd  s t a g e  8101 3.14 6.3 



I n  g e n e r a l ,  a  t u r b i n e  b l a d e  o p e r a t i n g  i n  a n  e r o s i v e  env i ron-  
ment must be r e p l a c e d  i f  e i t h e r :  
( a )  t h e  i n c r e a s e  i n  b l a d e  s t r e s s  produced by u n d e r c u t t i n g  o f  

t h e  r o o t  s e c t i o n ,  o r  
(b) t h e  l o s s  i n  aerodynamic performance due t o  changes i n  b l a d e  

p r o f i l e ,  r e a c h e s  a n  u n a c c e p t a b l e  l i m i t .  

P r e v i o u s  a n a l y s e s  on t h e  o r i g i n a l  Ruston and Hornsby t u r b i n e  
showed t h a t  i n  t h i s  c o n v e n t i o n a l  machine, des igned  f o r  a  b l a d e  l i f e  
of 100,000 h o u r s  w i t h  l i q u i d  f u e l ,  t h e  l o s s  i n  aerodynamic p e r f o r -  
mance was t h e  l i m i t i n g  f a c t o r .  T h i s  i s  a l s o  l i k e l y  t o  be  t h e  c a s e  
i n  t h e  redes igned  compressor t u r b i n e ,  p a r t i c u l a r l y  s i n c e  t h e  s t a t o r  
b l a d e  t r a i l i n g  edge f e n c e  and t h e  r e c e s s i n g  of t h e  s t a t o r  b l a d e  t i p  
below t h e  r o t o r  b l a d e  r o o t  appear  t o  have reduced t h e  u n d e r c u t t i n g  
o f  t h e  r o t o r  b l a d e  r o o t .  

I n  t h e  assessment  of b l a d e  l i f e  i t  was assumed t h a t  t h e  b l a d e s  
r e a c h  t h e  end o f  t h e i r  u s e f u l  l i f e  when t h e  t r a i l i n g  edge t h i c k n e s s  
[ o r i g i n a l l y  0.060 i n .  ( 1 . 5  mm)] h a s  been reduced t o  z e r o .  It w i l l  
b e  no ted  i n  t h e  b l a d e  e r o s i o n  p a t t e r n s  t h a t  t h e  t r a i l i n g  edge is 
worn on t h e  concave s u r f a c e  o n l y ,  and t h a t  on t h i s  f a c e  t h e  e r o s i o n  
r a t e  i s  z e r o  n e a r  t h e  l e a d i n g  edge,  and i n  g e n e r a l  i n c r e a s e s  a long  
t h e  b l a d e  chord th rough  "medium" t o  "high" r a t e s  a t  t h e  t r a i l i n g  
edge.  Hence i t  was assumed t h a t  t h e  wear on t h e  concave f a c e  would 
i n c r e a s e  un i fo rmly  from z e r o  a t  t h e  l e a d i n g  edge t o  0.060 i n .  (1.5 
mrn) a t  t h e  t r a i l i n g  edge.  

It was f u r t h e r  assumed t h a t  d u r i n g  t h i s  p e r i o d  t h e  o t h e r  a r e a s  
of t h e  b l a d e s  c l a s s i f i e d  a s  "high,  I' "medium, " "low" and "zero" 
e r o s i o n  would be worn t o  d e p t h s  o f  0.060, 0.040, 0.020 and 0.000 
i n .  (1 .5 ,  1 . 0 ,  0.5,  0  mrn) r e s p e c t i v e l y .  

From t h e  measured a r e a s  on t h e  b l a d e  cor responding  t o  each '  
o f  the  f o u r  e r o s i o n  r a t e s ,  t h e  t o t a l  m e t a l  l o s s  p e r  b l a d e  was com- 
pu ted ;  t h i s  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l l y  determined t o t a l  
m e t a l  l o s s  p e r  b l a d e  p e r  hour  gave t h e  e s t i m a t e d  l i f e  of t h e  b l a d e .  
The l i v e s ,  based on t h e  mean e r o s i o n  r a t e  p e r  s t a g e ,  are l i s t e d  i n  
T a b l e  A . 2 9 .  

Because o f  t h e  non-uniform a s h  d i s t r i b u t i o n  a t  t h e  e n t r a n c e  
t o  t h e  t u r b i n e ,  t h e  e r o s i o n  rate and hence t h e  b l a d e  l i f e  v a r y  

. . 
Table  A.29. Es t imated  mean H.S.31 

b l a d e  l i v e s  - compressor 
t u r b i n e  ( h r )  (Ref. 33) 

Rotors  S t a t o r s  

F i r s t  s t a g e  31,000 51,000 
Second s t a g e  52,000 25,000 
T h i r d  s t a g e  51,000 27,000 



around t h e  s t a t o r  row. The number of s t a t o r  b lades  i n  t h e  re -  
designed t u r b i n e  having a  l i f e  i n  a  s p e c i f i c  range i s  shown i n  
Table. A.30. Th i s  i l l u s t r a t e s  t h e  importance of t h e  i n l e t  v o l u t e  
d e s i g n  i n  a gas t u r b i n e  ope ra t ing  on d i r t y  gases  and emphasizes 
t h a t  c a r e  should be taken  t o  produce an  ash  d i s t r i b u t i o n  a s  c l o s e  
t o  uniform a s  p r a c t i c a b l e  a t  t h e  i n l e t  t o  t h e  tu rb ine .  

Table A.30. Number of s t a t o r  b lades  
w i th  s t a t e d  l i f e  range (Ref. 33) 

Blade l i f e  Number of s t a t o r  b lades  

(hr l o ' )  F i r s t  s t a g e  Second s t a g e  Third s t a g e  

311rll Development Company -. -- -- - 

I n  1950 t h e  E l l i o t t  Company drove a  gas  compressor wi th  a  s ing le -  

s t a g e  t u r b i n e  i n s t a l l e d  i n  t h e  exhaust gas s t ream from a  c a t a l y t i c  regen- 

e r a t o r  i n  a  small  r e f i n e r y  i n  Ohio. 3 7  NO s e p a r a t i o n  equipment was in-  

s t a l l e d  ahead of  t h e  t u r b i n e  and by t h e  end of 750 h r  of ope ra t ion ,  t h e  

t u r b i n e  was considered t o  be v i r t u a l l y  u s e l e s s ,  3 7 , 4 0  

The E l l i o t t  experiment and t h e  development of t h e  coa l - f i r ed  gas 

t u r b i n e  focused a t t e n t i o n  upon t h e  need f o r  Eas r l e a n ~ l p  ahead of the.  

t u r b i n e .  The S h e l l  O i l  Development Company i n s t a l l e d  a gas- turbine-driven 

a i r  compressor i n  t h e  Eas t  Montreal r e f i n e r y  i n  1957. 4 1  The i n s t a l l a t i o n  

w a s  s i m i l a r  t o  t h e  E l l i o t t  experiment except t h a t  a  s e p a r a t o r  was i n s t a l l e d  

ahead of t h e  t u r b i n e  i n l e t  t o  remove enough of the  parlriculatt!  n ~ a t e r i a l  

from t h e  f l u e  gas  s t ream t o  prevent  s e r i o u s  e ros ion  of t h e  t u r b i n e  b lad ing .  

The t u r b i n e  was opera ted  w i t h  an i n l e t  temperature of approximately llOO°F 



(594°C) f o r  4000 h r .  Af t e r  t h e  4000-hr t e s t ,  examination of t u r b i n e  ind i -  

ca ted  only minor po l i sh ing  of t h e  blades.  4 0  TO demonstrate  t h e  c o n t r i -  

bu t ion  of t h e  s e p a r a t o r ,  i t  was removed from t h e  system and t h e  t u r b i n e  

was opera ted  a s  i n  t h e  E l l i o t t  experiment.  Af t e r  650 h r ,  t h e  t u r b i n e  

e f f i c i e n c y  decreased from 79 t o  49%. Erosion was seve re  i n  both s t a t o r  

and r o t o r  b lades .  3 7  During t h i s  phase of t h e  experiment,  t h e  p a r t i c u l a t e  

concen t r a t ion  i n  t h e  t u r b i n e  i n l e t  s t ream was approximately 1300 ppm and 

a particle s i z e  range of 50% p l u s  20 u m  and 80% g r e a t e r  than  10 pm. 4 0 

Based upon the  Montreal experiment,  t h e  S h e l l  O i l  Company i n  1962 

began t h e  i . n s t a l l a t i o n  of t u r b i n e s  i n  t he  f l u e  gas s t ream of t h e  c a t a l y t i c  

r egene ra to r s  i n  both new and e x i s t i n g  r e f i n e r i e s .  Table A.30 ( R e f .  37) 

l i s ts  t y p i c a l  r e f i n e r y  i n s t a l l a t i o n s  made between 1963 and 19,73. 

Actual  f i e l d  r e s u l t s  of s e p a r a t i o n  taken i n  1968 from the  Deer Park, 

Texas, i n s t a l l a t i o n  ( see  Table A.31) a r e  given i n  Table A.32. 4 1 

T a b l e  A.31. R e f i n e r y  power r e c o v e r y  worldwide by U.S. m a n u f a c t u r e r s  (Ref.  37) 

R e f i n e r y  L o c a t i o n  Dr iven  equipment Expander hp Expander mfr .  S t a r t u p  

S h e l l  O i l  

S h e l l  O i l  

S h e l l  O i l  

S h e l l  O i l  

Humble 

S h e l l  O i l  

Gulf  O i l  

Sun O i l  

Norco,  La. 

O a k v i l l e ,  Ont.  

Deer Park ,  Tex. 

M a r t i n e z ,  C a l .  

Bayway, N . J .  

B e r r e ,  France  

Edmonton, A l t a .  

Toledo  

C l a r k  c e n t .  comp. 

E l l i o t t ,  c e n t .  comp. 

I-R c e n t .  comp. 

I-R A x i a l  comp. G.E. m o t o r / g e n e r a t o r  

E l l i o t t  c e n t .  comp. ldes t inghouse  
motor lgcn .  

I-R c e n t .  comp. French  m o t o r l g e n c r a t o r  

I-R c e n t .  comp. 

I-R a x i a l  comp. West inghouse  motor lgen  

Ingerso l l -Rand 

E l l i o t t  

Ingerso l l -Rand 

Ingerso l l -Rand 

E l l i o t t  

Ingerso l l -Rand 

Ingerso l l -Rand 

Ingerso l l -Rand 

Aug. 1963 

Nov. 1963  

S e p t .  1964 

Aug. 1966 

Dec. 1967 

S P ~ L  19711 

J u l y  1971 

S p r i n g  1973 

Table A.33 shows t h e  extremes of t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  which 

have been encountered i n  a c t u a l  opera t ion .  The d a t a  a r e  n o t  r e l a t e d  d i -  

r e c t l y  t o  t h e  d a t a  i n  Table A.32. 4 1  

Turbine b lades  f a b r i c a t e d  from tungsten-carbide-flame-coated A-286 

[ f o r  1150°F (h20°C) service] and Inconel  X [ f o r  1200°F (650°C)] have a 

l i f e  expectancy of 25 t o  35,000 h r  wi thout  s i g n i f i c a n t  power r educ t ion  

caused by eros ion .  ' s 4  9 4 4  No d i f f i c u l t i e s  wi th  d e p o s i t s  i n  t h e s e  in -  

s t a l l a t i o n s  have been repor ted  a f t e r  n e a r l y  1 3  yea r s  of commercial opera- 

t i on .  



a Table  A.32. Flue-gas l oad ings  i n  cyclones and s e p a r a t o r  (R.ef. 41) 

Flue-gas C a t a l y s t  C a t a l y s t  
l oad ing  concen t r a t i on  l oad ing  

( tons lday)  [ P P ~  (wt)]  ( tons lday)  

En te r ing  1 s t - s t a g e  cyc lone  5000 3,000,000 15,000 
En te r ing  2nd-stage cyc lone  5000 20,000 100 
En te r ing  3rd-s tage  s e p a r a t o r  5000 800 4 
E n t e r i n g  turboexpander 4900 120-160 0.6-0.8 

a 
Eascd on 85,000 c f m  air; 33,500 1L/l1r cuke. 

T a b 1 4  A .  3 3 .  Cata lyc t  o ioc  d i o t r i b u t l o n  (%) 
i n  cyc lones  and s e p a r a t o r  (Ref. 41) 

En t e r  i ng  Enter ing  Leaving 
cyc lones  s e p a r a t o r  s e p a r a t o r  



ORNLITM-6253 
Dis t . Category UC-90f 

Internal Distribution 

Fox 28. 
Fraas (consultant) 29. 
Godf rey 30. 
Graves 31. 
Holcomb 32. 
Ho lme s 33. 
Jones, Jr . 34. 
Lackey 35- 36. 
MacPherson 37. 
McNeese 38-40. 
Pickel 41. 

H. Postma 
M. W. Rosenthal 
I. Spiewak 
H. E. Trammel1 
D. B. Trauger 
G. P. Zimmerman 
ORNL Patent Office 
Central Research Library 
Document Reference Section 
Laboratory Records Department 
Laboratory Records, RC 

External Distribution 

S. Alpert, EPRI, 3412 Hillview Ave., Palo Alto, calif. 94304 
D. H. Archer, Westinghouse Research Laboratory, 1310 Beulah 
Road, Pittsburgh, Pa. 15235 
J. T. Bartis, Planning and System Engineering, DOE Fossil En- 
ergy, MS-C-164, Germantown, Washington, D.C. 20504 
D. H. Broadbent, National Coal Board (IEA Services Ltd.), 14/15 
Lower Grosvenor Place, London, England 
R. D. Brooks, General Electric Co., Energy Systems and Tech- 
nology Division, Bldg. 2, Schenectady, N.Y. 12345 
Robert Brookshire, Tennessee Valley Authority, 440 Commerce 
Union Bank Bldg., Chattanooga, Tenn. 37401 
John Byam, Morgantown Energy Research Center, P.O. Box 880, 
Morgantown, W.Va. 26505 
N. H. Coates, The Mitre Corp., Westgate Research Park, McLean, 
Va. 22101 
A. Cohn, EPRI, 3412 Hillview Ave., Palo Alto, Calif. 94304 
H. G. Corneil, Exxon Enterprises, Inc., 1251 Avenue of the 
Americas, New York, N.Y. 10020 
Russell Covell, Combustion Engineering, Inc., 1000 Prospect 
Hill Road, Windsor, Conn. 06095 
E. L. Daman, Foster Wheeler Corp., 110 S. Orange Ave., Livings- 
ton, N.J. 07039 
Shelton Ehrlich, EPRI, 3412 Hillview Ave., P.O. Box 10412, Palo 
Alto, Calif. 94304 
John Eustis, DOE, Washington, D.C. 20545 
E. C. Feher, TKW, Mail Station 01/2270, 1 Space Park, Redondo 
Beach, Calif. 90278 
T. J. Fitzgerald, Oregon State University, Chemical Engineering 
Department, Corvallis, Ore. 97331 
R. W. Foster-Pegg, Westinghouse Electric Corp., Gas Turbine 
Engine Division, P.O. Box 9175, Philadelphia, Pa. 19113 



Steven Freedman, Coal Conversion and Utilization, Division of 
Fossil Energy Research, DOE, Washington, D.C. 20545 
J. A. Fullam, Ingersoll-Rand Co., Process Compressor and Ex- 
panders, Turbo Products Division, Phillipsburg, N.J. 08865 
F. D. Gmeindl, Morgantown Energy Research Center, P.O. Box 
880, Morgantown, W.Va. 26505 
G. H. Goff, Research and Engineering, Bechtel Corp., 50 Beale 
St., San Francisco, Calif. 94119 
Jerry Golden, Tennessee Valley Authority, Knoxville Office 
Complex, 400 Commerce Avenue, WlOAl.9, Knoxville, Tenn. 37902 
W. B. Harrison, Southern Company Services, Inc., P.O. Box 
2625, Birmingham, Ala. 35202 
H. R. Hazard, Battelle Columbus Laboratories, 505 King Avenue, 
Columbus, Ohio 43201 
T. A. Hetrick, Elliott Company, Jeannette, Pa. 15644 
R. C. Hoke, Exxon Research and Engineering Co., P.O. Box 8, 
Linden, N.J. 07036 
J. J. Horgan, United Technologies Corporation, P.O. Box 109, 
South Windsor, Conn. 06109 
H. R. Hoy, Director, Leatherlead Laboratory, National Coal 
Board (BCURA, Ltd.), Randalls Road, Leatherhead, Surrey, Eng- 
land 
D. L. Keairns, Westinghouse Research Laboratory, 1310 Beulah 
Road, Pittsburgh, Pa. 15235 
C. W. Knudson, General Electric Co., Energy Systems and Tech- 
nology Division, Bldg. 2, Schenectady, N.Y. 12345 
L. R. Lawrence, Jr., Gas Research Institute, 3424 S. State St., 
Chicago, Ill. 60616 
J. F. Louis, Massachusetts Institute uf  Technology, 77 Massa- 
chusetts Avenue, Energy Laboratory, Room 31-254, Cambridge, 
Pldss. 02139 
T. E. Lu~lrl, EPRI, 3412 Hlllvlew Aveuur, P. 0 ,  Bux 10412, Palu 
Alto, Calif. 94304 
J. J. Markowsky, American Electric Power, 2 Broadway, New York, 
N.Y. 10004 
C. H. Marston, General Electric Company, 1 River Road, Schenec- 
tady, N.Y. 12345 
M. J. Mayfield, Tennessee Valley Authority, 440 Commerce Union 
Bank Bldg., Chattanooga, Tenn. 37401 
J. L. Morgan, Ceneral Electric C o . ,  1 Rivcr Road, Sehcncctady, 
N.Y. 12345 
Seymour Moskowitz, Curtiss-Wright Corp., One Passaic Street, 
Wood-Ridge, N. .T. 07075 
Abolhassan Nazemi, The MITRE Corp./METREK Division, Westgate 
Research Park, McLean, Va. 22101 
W. T. Newberry, Tennessee Valley Authority, 440 Commerce Union 
Bank Bldg., Chattanooga, Tenn. 37401 
Kent Philips, Combustion Power Company, Inc., Memlo Park, Calif. 
94025 
Jim Powell, Brookhaven National Laboratory, Department of Ap- 
plied Science, Upton, N.Y. 11973 
Lynn Rubow, Gilbert Associates, P.O. Box 1498, Reading, Pa. 19603 



L. I. Shure, NASA-Lewis Research Center, 21000 Brookpark Road, 
Cleveland, Ohio 44135 
Lyle Six, AiResearch Mfg. Co., 402 South 36th Street, Phoenix, 
Ariz. 85034 
J. W. Smith, Babcock and Wilcox, 20 South Van Buren Avenue, 
Barberton, Ohio 44203 
E. V. Somers, Westinghouse Electric Corp., Research and Devel- 
opment Center, Churchill Boro, Pittsburgh, Pa. 15235 
A. M. Squires, Department of Chemical Engineering, Virginia 
Polytechnic Institute, Blacksburg, Va. 
Beno Sternlicht, Mechanical Technology, Inc., 968 Albany 
Shaker Road, Latham, N.Y. 12110 
R. H. Tourin, Program Director, New York State ERDA, 230 Park 
Avenue, New York, N.Y. 10017 
J. G. Vlahakis, DOE, Washington, D.C. 20545 
G. E. Voelker, Fossil Fuel Utilization, DOE Fossil Energy, 
MS-E-178, Germantown, Washington, D.C. 20504 
J. F. Weinhold, Tennessee Valley Authority, 1345 Commerce Union 
Bank Bldg., Chattgnooga, Tenn. 37401 
G. C. Weth, Fossil Fuel Utilization, DOE Fossil Energy, MS-E- 
178, Germantown, Washington, D.C. 20504 
D. M. Willyoung, General Electric Co., 1 River Road, Schenec- 
tady, N.Y. 12345 
H. W. Withers, Tennessee Valley Authority, 440 Commerce Union 
Bank Bldg., Chattanooga, Tenn. 37401 
F. A. Zenz, F. A. Zenz, Inc., P.O. Box 205, Garrison, N.Y. 
10524 
W. Zimmerman, General Electric Co., Advanced Energy Program, 
Evendale, Ohio 45215 
Asst. Manager, Energy Research and Development, DOE-OR0 
Civa? distri-bution as show;; in TI9-$500 under category 3C-90: 

* U. S. GOVERNMENT PRINTING OFFICE: 1980-640-245-243 




