
After entering the cell plenums, air passes  through a n  air 
distribution grid to enter the fluidized bed. This grid consists of 
tee nozzles installed in the fin section of a water tube cooled 
grid plate. This design allows the grid to operate a t  a controlled 
temperature thereby eliminating sealing problems caused by 
thermal expansion. 

The tee  nozzles provide uniform air distribution throughout 
both cells and allow the formation of a layer of unfluidized bed 
material which acts as an insulating layer to protect the grid 
plate. 

Protection of the grid is further insured by providing insula- 
tion on the plenum side of the tubes and fins in the start-up 
sections. During start-up, the use of a water-cooled gridplate 
permits warming up each cell with 815°C (1500°F) air without 
elaborate special design considerations to account for thermal 
expansion. The floor and walls of the air plenum in the start-up 
segments are insulated to minimize cooling of the air in the 
plenum. A steel plate located in each plenum separates the 

, two segments. Because of the small dimensions of this plate 
(1500 x 2400mm) thermal expansion can be accommodated. 
This steel plate is insulated on the face exposed to the start-up 
zone (refer to Figure 4). 

Within the fluidized bed, air mixes with the coal and lime to 
effect coal combustion and sulfur capture. Flue gases  and 
elutriated fines leave each fluidized bed and are combined in 
an extended freeboard in Cell A. Sufficient freeboard height is 
provided to permit burnout of elutriated coal fines and com- 
bustible gases. 

After leaving the freeboard, flue gases  pass over the finish- 
ing superheater surface located above Bed A, through a water- 
wall screen separating Cell A and Cell B, down through a bare 
tube economizer located above Cell 6, and through a water- 
wall screen in the rear wall to mechanical dust collecting 
cyclones. The cyclones remove approximately 85% of the 
flyash for reinjection into Cell A. The flue gases  and remaining 
fines pass through a tubular air heater and then to a baghouse 
for final particulate control. Flue gases  exiting the baghouse 
are routed to the ID fans which discharge into a n  existing 
stack. The ID fans have inlet vanes to control furnace draft and 
discharge isolation dampers. 

The coal, and inert refractory bed materials for the boiler enter 
the plant by totally enclosed conveyor trucks (refer to Figure 5). 

These materials are conveyed by bucket elevator to a diverter 
valve located above all the storage silos. They are then dis- 
tributed by gravity to their respective storage silos. Limestone 
may also be delivered to the storage silo in this manner. 
However, the preferred method is to have it pneumatically 
conveyed from the delivery truck directly to the limestone 
storage silo. Coal and limestone leave their silos on a common 
belt conveyor which connects the silos to a bucket elevator and 
a conveyor which discharges through a diverter valve directly 
to the coal day bin or, if limestone, by a conveyor to the day bin. 
The inert material is transported to the boiler pneumatically. 

The coal feed system delivers coal from day bins to the boiler. 
One day bin for each cell supplies coal to a mass flow extrac- 
tion screw conveyor and through a stream spreader to a rotor 
flipper. Coal is distributed across the fluidized bed by the rotor 
flipper. Foster Wheeler h a s  successfully pioneered the use of 
overbed feed for fluidized bed combustion as a means of 
avoiding the problems often encountered with underbed feed 
systems using injection nozzles. 

The rate of coal feed is controlled by the speed of the mass 
flow extraction screw conveyor. The rotor flipper operates at a 
low speed when distributing coal across half the bed during 
segmental fluidization and at  a higher speed for full cell opera- 
tion. Weigh cells on the coal day bin provide a means for 
totalizing coal usage. Identical coal feed systems are provided 
for both A cell and B cell. 

To take advantage of the fluidized bed's ability to burn a 
variety of fuels, the SNR unit h a s  also been designed with 
provision for feeding alternate fuels, both liquid and solid. 

The limestone feed system takes limestone from the lime- 
stone day bin and delivers it to the boiler cells at the required 
flow rate. 

One limestone day bin is located along the side of Cell B 
opposite the coal rotor flipper and supplies limestone through 
two discharge hoppers. Each hopper feeds one cell through 
an isolation slidegate valve and a single rotary feeder which 
regulates the flow. For Cell A, the Umestone falls by gravity 
through a pipe to an injection point located in the side wall just 
above the fully expanded fluidized bed level. For Cell B, the 
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FIGURE 4 ARRANGEMENT OF START-UP ZONE 
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FIGURE 6 BED REMOVAL AND RECYCLE SYSTEM 
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limestone enters the unit through o n e  of two paths. When the 
entire cell is fluidized, the  path is identical to that described for 
Cell A. During segmental fluidization, limestone is diverted to a 
transport screw conveyor for injection into the bed through a 
pipe located on the coal rotor flipper wall of the cell which 
discharges the limestone just above the fully expanded fluid- 
ized bed level. To safeguard working mechanisms in the rotary 
feeder, each injection chute is provided with a seal air system. 
In addition, the limestone feed system from the day bin outlet 
to the boiler penetration is completely sealed. 

Due to the good mixing characteristics in the bed only one  
feed point is required per cell. This simplification eliminates the 
need for limestone driers, pneumatic injection systems, and 
flowsplitters to  multiple injection points, thereby reducing pos- 
sible hangup problems associated with small diameter lines. 

. .  

The spent bed material removal system extracts and cools bed 
material from each of the cells independently a t  a rate required 
to maintain a constant bed material inventory regardless of 
coal a s h  content or  reinjection rate (refer to Figure 6). 

Flexibility of this system h a s  been maximized by providing 
two slidegates in the partition wall between Cell A and Cell B so 
that all material can b e  extracted through one  cooler. Operat- 
ing experience may prove this to be the preferred mode of 
operation when firing low sulfur coal. 

As the spent bed material passes  through the screw cooler, 
its temperature is reduced to approximately 60°C (140°F). Ma- 
terial leaving the screw cooler is fed through a lump breaker 
and a rotary air lock prior to pneumatic transport to the spent 
bed material storage silo. Once in the storage silo, spent bed 
material c a n b e  either unloaded for truck removal or reinjected 
into the bed as needed to maintain or build bed inventory. 

Pilot plant testing h a s  indicated that under certain circum- 
stances, depending on the coal and limestone being used, 
bed material may elutriate a t  a faster rate than fresh limestone 
would b e  added to control SO, emissions. If this situation 
develops, there would be a gradual reduction in bed level and 
consequent reduction in the rate of steam generation. In order 
to provide for this eventuality, a spent bedlinert material rein- 
jection system capability h a s  been included in the overall 
system design. By using that system, bed level can be con- 
trolled independent of the limestone feed rate, or spent bed 
cooler withdrawal rate, thereby providing additional operating 
flexibility and conserving limestone. 

Separate storage silos are  provided for spent bed material, 
flyash and inert material. In this way, stored spent bed material 
can be removed periodically since extended storage of that 
material is not recommended. 

In operation, when material needs to be added to a cell to 
either maintain or increase bed inventory, the material can be  
taken from either the spent bed storage silo or the inert mate- 
rial storage silo. A variable speed feeder controls the rate of 
material withdrawal and a rotaryvalve acts as a n  air lock to the 
pneumatic transport line. A pneumatic transport line is used 
for spent bed and inert material injection. Near the steam 
generator a diverter valve in the pneumatic transport line di- 
rects material to either Cell A or Cell 6. The injection point in 
each cell is located in the side wall above the fully expanded 
bed. 

Previous experience has  verified that some of the coal and 
limestone fed into the bed elutriates without taking part in the 
combustion or SO, capture processes. To recover and use 
this elutriated material, the SNR unit has  been fitted with a 
flyash reinjection system which is shown schematically on 
Figure 7. 

Flyash is collected in two 50% capacity multicyclone me- 
chanical dust collectors. The g a s  inlet of one  multicyclone has  
a damper which is closed below 50% g a s  flow to maintain 
collector efficiency and the material outlet has  a n  actuated 
slidegate to prevent g a s  bypass  during single collector 
operation. 

A common collecting screw under both mechanical dust 
collectors h a s  a single discharge into a n  upper weigh hopper 
which batch feeds a lower surge hopper. A variable speed 
rotary feeder on the outlet of the  lower surge hopper continu- 
ously feeds material into a pneumatic transport line. Valves 
and piping are  arranged to permit the 1ower.surge hopper to 
operate continuously at  a pressure equal to the pneumatic 
transport line pressure while the upper weighing hopper cy- 
cles between the transport line pressure and the pressure in 
the mechanical dust collectors. The rate of material collection 
in the  upper surge hopper is used to control the speed of the 
rotary feeder. One  blower supplies the required transport air. 
Splitter tees, located in the transport piping are used to gener- 
a te  eight individual streams of flyash. The flyash reinjection 
nozzles penetrate through the gridplate of Cell A in segment 
A-1. This configuration h a s  been selected because this seg- 
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ment of Cell A is the first to go into operation. 
By reinjecting the captured flyash, carbon burnup efficiency 

is expected to increase by approximately 5% to a total of 98%. 
A baghouse downstream of the mechanical dust collector 

provides final cleaning of the flue gases before they are dis- 
charged through the stack into the atmosphere. 

This unit has been designed with a two-part control system. 
The first part automatically controls sequential and modulating 
operations for the entire plant by using a microprocessor 
based distributed control system (DCS) employing cathode- 
ray tube (CAT) displays. It has the capability to automatically 
light-off and shutdown Cell 6, without operator assistance, as 
the steam load demand changes. 

The second part of the control system is a hard wired fail- 
safe system which operates independent of the DCS. Its pur- 
pose is to interlock critical components thereby ensuring a 
safe sequence of operation during startup, normal operation 
and shutdown. 

TABLE 2 

Steaming Rate No. of Cells in Service 
30%- 50%MCR 1 
42%- 70%MCR 1 '/2 
60%-100% MCR 2 
The normal bed operating temperature range is 
771°C to 899°C (142OOF to 1650°F). 

During normal operation, a change in steam generating rate 
can be accomplished by varying bed temperature and by the 
slumping or fluidizing cells or cell segments as indicated in 
Table 2. By using this method, bed inventory may be held 
constant. 

Each boiler cell is provided with an in-plenum start-up section 
and an oil fired start-up burner as shown in Figure 4. The 
burner is fired to warm the unit and preheat the bed material to 
the coal ignition temperature. Since the plenum and gridplate 
are watercooled, they can withstand the burner exhaust gas 
temperatures that occur in the start-up zone. 

As an alternate start-up method, if one cell is on line, it is 
possible to allow the hot bed material from that cell to flow into 
the adjoining cell by opening the slidegate valves in the parti- 
tion wall that separates the two boiler cells. 

If the present trend continues, the price of premium fuel will 
rise while emission limits become increasingly restrictive. The 
Shell plant at Europoort is demonstrating that fluidized bed 
combustion is a viable option when addressing those trends. It 
is providing a means of burning high sulfur coal in an environ- 
mentally acceptable manner. In addition, by the application of 
cogeneration techniques, overall cycle efficiencies as high as 
80% can be achieved. Based on these advantages, it is ex- 
pected that fluidized bed combustion will become an in- 
creasingly important contributor in meeting future steam 
generation needs throughout the world. 
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ABSTRACT 

A brief in t roduct ion  t o  coal benefic-ation processes is g-yeen. The 
paper includes br ie f  summaries of current commercial p rac t ices  and 
several developmental coal cleaning methods . Coal benef i c i a t i o n  econo- 
mics and research needs are a l s o  discussed. 

It is  fe l t  t h a t  coal benef ic ia t ion  can play a s i g n i f i c a n t  ro l e  in 
the  increased usage of coal t o  meet the nation's fu tu re  energy needs. 
F e r t i l e  areas f o r  coal benef ic ia t ion  research and development are 
suggested, such as increased automation of coal cleaning c i r c u i t s  and 
novel coal cleaning methods t o  increase the recovery of higher qua l i t y  
coal from the mine product. 
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INTRODUCTION 

Raw coa l  as it comes from the mine ranges in s i z e  from large  rocks 

(o f t en  24 in.) t o  dust .  In add i t ion  t o  the organic  coal  matter, the 

mine product contains  sha le  from mine par t ings ,  s t r a y  machine pa r t s ,  

p ieces  of lumber, w a t e r ,  ash, and other  mineral  impur i t ies  such as pyri- 

tes. The r a w  mine product is of ten  r e fe r r ed  t o  as run-of-mine (ROM) or 

as-mined coal.  ROM coal  is seldom used as is; it is benef ic ia ted  t o  

make it more s u i t a b l e  f o r  the end-use appl ica t ion .  

Coal bene f i c i a t ion  is a gener ic  term t h a t  is used t o  designate the 

var ious  operations performed on the coal  t o  make it more s u i t a b l e  f o r  

i t s  end-use a p p l i c a t i o n  (e.g., feed t o  a coal-f i red b o i l e r  or a coke 

oven, or a coal conversion process such as g a s i f i c a t i o n  or l iquefac t ion) .  

C o a l  bene f i c i a t ion  is a l s o  r e fe r r ed  t o  as coal  preparat ion,  coal  

cleaning, o r  coal  washing. In the pas t ,  when the need. arose f o r  lump 

coal ,  coal  bene f i c i a t ion  consis ted of operat ions such as hand-picking of 

coa l  lumps from the mine product. 

f i c i a t i o n  has cane t o  encompass the e n t i r e  spectrum of operat ions,  

In recent years ,  <however, coal  bene- 

ranging from the r e l a t i v e l y  simple crushing and s i z e  c l a s s i f i c a t i o n  

operat ions ( t h a t  are almost rou t ine ly  performed on all coals  used today) 

t o  r a t h e r  e l abora t e  chemical and microbiological  processes t h a t  are used 

o r  are being developed t o  render the ROM coal  more s u i t a b l e  f o r  the end- 

use process. Coal bene f i c i a t ion  processes prepare the ROM coal  f o r  its 

end use by removing the undesirable  cons t i tuents  assoc ia ted  with the 

coal without destroying the physical  i d e n t i t y  of the coal. However, 
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liquefaction-type processes (such as the solvent-refined coal process) 

t h a t  upgrade the coal t o  y i e ld  a clean f u e l  product are generally not 

regarded as coal benef ic ia t ion  processes primarily because they a l ter  

the physical i d e n t i t y  of the coal; t h a t  is, the coal is  l iquef ied ,  

upgraded, and then r e s o l i d i f i e d  t o  y i e ld  a coal-like product ca l led  

s o l i d  SRC (solvent refined coal). 

Beneficiating the coal has severa l  advantages, including the 

following: 

1. The cleaned coal is more uniform in s i ze ,  canposition, calori-  

f i c  value, and moisture content. When the cleaned coal is  burned, it 

r e s u l t s  in more uniform and steady combustion. 

2. By reducing the ash and s u l f u r  impurit ies in the coal, benefi- 

c i a t i o n  contributes t o  reduced slagging and foul ing  in the furnace. 

This leads t o  increased bo i l e r  on-stream a v a i l a b i l i t y ,  de creased main- 

tenance, and lower overa l l  operating costs. 

3. Removal of the associated mineral matter from the ROM coal 

r e s u l t s  in lower t ranspor ta t ion  costs,  higher combustion e f f ic iency ,  and 

reduced ash d isposa l  and flue-gas desu l fur iza t ion  (FO) requirements f o r  

obtaining the same c a l o r i f i c  value at the furnace. 

.h 

4 .  The moisture content of the cleaned coal can be controlled 

(generally, the coal moisture content is reduced), which can r e s u l t  i n  

improved coal handling and burning cha rac t e r i s t i c s  . This procedure 

leads  t o  more e f f i c i e n t  f u e l  use because less energy is wasted in-dry ing  

the coal. 

5 .  Beneficiation can be used t o  " t a i lo r "  the coal t o  more closely 

meet customer spec i f ica t ions ,  thereby r e su l t i ng  in a higher value f o r  
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t he  product. This takes on grea te r  s ign i f icance  when one considers the 

p o t e n t i a l l y  luc ra t ive  export market f o r  U.S. coals. 

6 .  Benef ic ia t ion  can make it  possible t o  use many of the high- 

s u l f u r  and high-ash coals which could not otherwise be used, thereby 

increas ing  the usable resource base. 

As with any technology, coal benef ic ia t ion  has i ts  disadvantages 

too, e spec ia l ly  from the viewpoint of the benef ic ia t ion  plant 

owner/operator. These disadvantages are the following: 

1. Beneficiating the coal r e s u l t s  in reduced marketable coal cut- 

put from the mine product because some of the coal is discarded with the 

refuse. Current cleaning processes r e s u l t  in a s i g n i f i c a n t  f r a c t i o n  of 

the coal c a l o r i f i c  value being l o s t  t o  the p lan t  refuse stream. 

2. Capi ta l  must be invested t o  benef ic ia te  the coal, thereby 

necess i t a t ing  a higher pr ice  f o r  the product coal because the invested 

c a p i t a l  must be recovered. 

3. The benef ic ia t ion  plant operator is confronted with the 

problems and the cost of d i sposa l  of the p lan t  refuse in an environmen- 

t a l l y  acceptable manner. This cost (and concern) is  absent (or, a t  

.a 

least s i g n i f i c a n t l y  reduced) i f  as-mined coal is shipped t o  the con- 

sumer * 

As can be seen from the above, the advantages of benef ic ia t ing  coal 
1 appear to f a r  outweigh the disadvantages. A study by Hoffman e t  al .  

indicated t h a t  coal benef ic ia t ion  combined with' FGD appeared t o  of fe r  

the most economical means of achieving su l fu r  oxides emission control 

f o r  coal burning f a c i l i t i e s .  The study f u r t h e r  s t a t e d  t h a t  f o r  some 
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coals, bene f i c i a t ion  could even e l imina te  the  need f o r  FGD systems in 

order  t o  economically achieve acceptable  s u l f u r  oxides emission control .  

I f ,  as projected: 

1. coal  is t o  provide an increas ing  share  of the na t iona l  energy 

needs , 
2. fu tu re  coa l  u t i l i z a t i o n  p l an t s  w i l l  be required t o  neet 

increas ingly  s t r i n g e n t  environmental cons t r a in t s ,  and 

3. the  supply of acceptable  coal  is l imi ted ,  

then  coal  bene f i c i a t ion  w i l l  be ca l l ed  upon t o  play an increas ingly  

important r o l e  in meeting the na t ion ' s  f u t u r e  energy needs. 

The remainder of t h i s  paper will cover b r i e f l y  the fol lowing 

top ic s  r e l a t e d  t o  coal  beneficiat ion:  cur ren t  .commercial p rac t i ces ,  

I 

.- , 

. .  

i 1 
novel coal bene f i c i a t ion  processes , coal bene f i c i a t ion  economics, and 

coal bene f i c i a t ion  research act ivi t ies .  Large por t ions  of the material 

t o  follow have been ex t r ac t ed  from previous publ ica t ions  by Singh e t  

a l .  2y These publ ica t ions  may be consulted f o r  a d d i t i o n a l  information. 

- 4  

COAL BENEFICIATION PROCESSES 

Coal bene f i c i a t ion  at present is more an art  than a science. The 

bene f i c i a t ion  processes may be broadly c l a s s i f f e d  i n t o  one of th ree  areas: 

1. phys ica l  or mechanical, 
2. chemical, o r  
3. microbial .  

Phys ica l  bene f i c i a t ion  processes r e l y  on phys ica l  p r inc ip l e s  such 

as g rav i ty  separa t ion ,  cen t r i fuga l  ac t ion ,  sur face  tension, magnetic 

separa t ion ,  etc. t o  separate  the coal  from the refuse.  These processes 

w i l l  be discussed in sumewhat g rea t e r  d e t a i l  later i n  the paper under 

cur ren t  commercial prac t ices .  

A B - 3 8 3  



-- 

I 

Chemical benef ic ia t ion  processes r e l y  on the ac t ion  of ce r t a in  che- 

m i c a l  reagents such as acids,  a l k a l i s ,  etc. t o  separate the ROM coal 

i n t o  clean coal and refuse. The chemical reagents used e s s e n t i a l l y  

affect only the s u l f u r  and the ash impurties present in the coal, not 

the  basic coal matrix. 

Microbial benef ic ia t ion  processes, as the name implies; r e l y  pri-  

marily m the use of b a c t e r i a l  s t r a i n s  such as Thiobacil lus ferrooxidans 

( a l s o  known as Fer robac i l lus  ferrooxidans ) and Thiobacil lus thiooxidans 

t o  remove sane of the impurit ies from the coal. Microbial processes are 

known t o  occur in nature during the weathering of coal and mine wastes 

. and are responsible f o r  acid mine drainage. While earlier s tud ie s  were 

d i rec ted  at  devising methods t o  minimize ac id  mine drainage (primarily 

because of environmental concern), it is only recent ly  t h a t  the same 

b a c t e r i a l  process has been investigated as a p o t e n t i a l  benef ic ia t ion  

process. 

Up t o  the present,  commercial practice has r e l i e d  primarily on physi- 

cal coal-cleaning processes t o  benef ic ia te  coals. Chemical, microbial, 

and other novel coal benef ic ia t ion  processes are of recent or ig in  and 

are s t i l l  a t  various l eve l s  of process development. The microbial bene- 

f i c i a t i o n  processes are s t i l l  i n  t h e i r  infancy, f o r  example. The chemi- 

cal benef ic ia t ion  processes (though generally capable of producing a 

higher y i e ld  of a cleaner coal product from the ROM coal)  have not been 

used m a canmercial scale, primarily because they have not yet proven 

t o  be economical. 
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CURREKC COMMERCIAL PRACTICES 

Current ly  in the United S t a t e s  and other  coal-producing countr ies ,  

the  ROM coal  is prepared by a physical  bene f i c i a t ion  process. 

degree of prepara t ion  can vary from no bene f i c i a t ion  t o  a very thorough 

treatment of the raw coal. The process(es)  used and the degree of 

The 

cleaning employed are very dependent on the type of coal  and the product 

coa l  spec i f i ca t ions  desired.  However, in general ,  commercial benefi- 

c i a t i o n  processes r e l y  on the use of g r a v i t a t i o n a l  and/or cen t r i fuga l  

fo rces  t o  effect the sepa ra t ion  of the clean coal  from the accompanying 

impurties.  Phys ica l  coal  cleaning genera l ly  cons i s t s  of dry or  w e t  

bene f i c i a t ion  methods. In 1975,  only 2.5% of the coals  cleaned in the 

United S t a t e s  were benef ic ia ted  using dry separa t ion  methods; the other  

97.5% were cleaned by using w e t  bene f i c i a t ion  methods. 
4 

In general ,  phys ica l  bene f i c i a t ion  processes cons i s t  of var ious 

canbinations of some or  a l l  of the following unit  operations.  

1. Size reduction. This operat ion cons i s t s  of reducing the s i z e  
.A 

of the coal  received from the mine (of ten  24 in. x 0 )  t o  more manageable 

s i zes .  S ize  reduct ion is usual ly  accomplished by using equipment such 

as ro t a ry  breakers,  impact mi l l s ,  and s ing le  and double r o l l  crushers. 

Sketches of some t y p i c a l  s i z e  reduct ion equipment are given i n  Figure 1. 

2 .  Size c l a s s i f i c a t i o n .  This operat ion cons i s t s  of segregat ing 

the  coal  i n t o  var ious s i z e  f r a c t i o n s  t o  facil i tate downstream processing. 

Both the ROM c o a l  and the crushed product may be c l a s s i f ed  i n t o  dif-  

.- , 

, I  

.I 

f e r e n t  s i z e  f r ac t ions .  .Equipment f o r  s i z e  c l a s s i f i c a t i o n  includes sta- 

t ionary ,  v ibra t ing ,  and cross-flow screens and c l a s s i fy ing  cyclones. 

Figure 2 shows sane sketches of t y p i c a l  s i z e  c l a s s i f i c a t i o n  equipment. 

A B - 3 8 5  I 



ORNL-DWG-81-21193 

( a )  Rotary breaker 

OWL-DWG-81-21191 OWL-DWG-81-21195 

(b) Single  r o l l  crusher 
(c) Hammer impact mill 

Figure 1. Sketches of typical s i z e  reduct ion equipment used i n  
coa l  prepara t ion  p lan ts .  

- _  
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(a) Double deck mechanically v ibra ted  screen 

OWL-DWG-81-21197 

ORNL-DWG-81-21199 

(b) Mechanically v ibra ted  bar g r i z z l y  

FEED INLET - 
FEED SPOUT 

r - '- SIEVE BEND CAKE DISCHARGE 
-_ 

(c) Sieve bend 

Figure 2. Sketches of t y p i c a l  s i z e  c l a s s i f i c a t i o n  equipment used 
in coal prepara t ion  plants .  
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3. Cleaning. This operation is  the hea r t  of many coal benefi- 

c i a t i o n  (preparation) plants.  It involves mainly the separa t ion  of the 

physlcally attached s u l f u r  and./or mineral impurties of higher s p e c i f i c  

g r a v i t i e s  from the coal of lower s p e c i f i c  gravity.  This s t e p  is  often 

accomplished by using j i g s ,  cyclones, and concentration tab les ,  which 

u t i l i z e  a canbination of f r i c t i o n a l  and/or grav i ty  or cent r i fuga l  forces  

t o  e f f e c t  an apparent density d i f f e r e n t i a l  separa t ion  between the coal 

and i ts  s u l f u r  and mineral impurities. Schematics of t yp ica l  equipment 

used in coal preparation p lan ts  are given in Figure 3. Another commonly 

used cleaning method is  the heavy-medium separation, which employs an 

intermediate s p e c i f i c  grav i ty  suspension of f i n e  heavy minerals (such as 

magnetite or sand) in water t o  e f f e c t  the desired separation. In 

general ,  heavy-medium separa t ion  r e s u l t s  in a f a i r l y  high recovery of 

the  clean coal, although the clean coal has t o  be separated from the 

heavy medium before it can be e i t h e r  used or processed fu r the r .  Because 

of t h i s  add i t iona l  processing s t e p  required, heavy-medium separa t ion  

incurs  higher operating cos ts  than similar beneficfgtion processes using 

only clear water. F ina l ly ,  f r o t h  f l o t a t i o n  processes are generally used 

t o  benef ic ia te  very fine-size (28 mesh x 0) f r ac t ions .  In f r o t h  f lo ta -  

t ion ,  the coal is beneficiated in a l iqu id  medium (usually water) by a i r  

bubbles ( in jec ted  i n t o  the coal bath) t ha t  f l o a t  the very f i n e  clean 

coal p a r t i c l e s  t o  the l i qu id  surface, where the coal p a r t i c l e s  are mecha- 

n i c a l l y  skimmed. A su r fac t an t  is generally added t o  the coal bath t o  

render the coal more hydrophobic and thereby f a c i l i t a t e  the f l o t a t i o n  of 

t he  coal. The impurit ies associated with the coal sink t o  the bottom of 

the vessel from where they are removed f o r  eventual disposal.  



AIR 

OWL-DWG-81-21209 - 
WATER PULSATION 

--- 

( a )  ~ a m  j i g  

ORNL-DWG-81-21215 
WATER PULSATION 

SCREEN 

AIR SUPPLY AIR EX"JST 

7 

A 4  

( c )  Batac j i g  

.AIR IWLfT 

AIR CHAMBER 

(b) Concentrating tab le  

- o v ~ l i L o w  O R l i l C E  

~ - " " o C R r L o w  O l l f l C L  

(d) Hydrocyclone 

Figure 3. Sketches of t yp ica l  cleaning equipment used i n  coal pre- 
para t ion  plants. 
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4. Drying. This u n i t  operat ion involves the reduct ion of the 

moisture content in the  coal  t o  the desired value. Various types of 

equipment such as screens,  f i l ters,  cent r i fuges ,  and thermal dryers  are 

used t o  dry the coal, depending upon the des i red  moisture content in the 

product coal. Figure 4 is  a sketch of a fluidized-bed coal  dryer  

i n s t a l l a t i o n .  

In  general ,  coa l  bene f i c i a t ion  p l an t s  use var ious combinations of 

a l l  or some of the above u n i t  operat ions t o  bene f i c i a t e  d i f f e r e n t  s i z e  

f r a c t i o n s  of the r a w  coal,  depending upon the l e v e l  of bene f i c i a t ion  

desired.  The latter is g r e a t l y  dependent on the des i red  s p e c i f i c a t i o n s  

of the coal  t o  be produced. The various l e v e l s  of coal  bene f i c i a t ion  

are discussed below. 

i 

LEVELS OF COAL BENEFICIATION 

ROM coal  may be benef ic ia ted  a t  var ious l e v e l s  ranging from l e v e l  1, 

which involves  essentially no benef ic ia t ion ,  up t o  l e v e l  4, which implies 

a very thorough bene f i c i a t ion  of the coal. O f  courge, the cost  of bene- 

f i c i a t i o n  a l s o  increases  correspondingly from l e v e l  1 t o  l e v e l  4. Level 

4 cleaning is genera l ly  intended f o r  coals t o  be used i n  me ta l lu rg ica l  

operat ions (coke production, f o r  example), al though same Eastern and 

I n t e r i o r  Basin coals  (intended f o r  steam production) may a l s o  requi re  

t h i s  thorough l e v e l  of bene f i c i a t ion  in order t o  meet environmental 

r e s t r i c t i o n s .  The four  l e v e l s  of coal  bene f i c i a t ion  .are  described 

b r i e f l y  below. 

Level 1. This l e v e l  is a very bas i c  s tage  of benef ic ia t ion ,  con- 

s i s t i n g  of s i z e  reduct ion and c l a s s i f i c a t i o n  with some a t tendant  removal 
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Figure 4. Sketch of a fluidized-bed coal dryer insta l lat ion.  
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of refuse and mine di lut ions such as pieces of t imber ,  s t r ay  machine 

par ts ,  etc., which can cause problems with downstream processing equip- 

ment. Level 1 beneficiation is practiced e s sen t i a l ly  on a l l  coa l .  

burned. Ca lo r i f i c  recovery or recovery of the ROM coa l  heating value is  

about 100%. 

impurit ies present in the coal. 

However, there is essen t i a l ly  no reduction in the mineral 

Level 2. This l eve l  involves l eve l  1 preparation plus w e t  benefi- 

c ia t ion  of the coarse coal (generally la rger  than 3/8 in. in s i ze )  frac- 

t i o n  only. The f ines  f rac t ion  generated in the process is usually 

collected and shipped as par t  of the product coal. Calor i f ic  recovery 

a t  tu-s leve l  of treatment is generally high (>go%), but there is rela- 

t i ve ly  l i t t l e  t o  no reduction in the mineral impurities in the coal. 

Figure 5 is a sketch of a conceptual leve l  2 coa l  beneficiation plant. 

Level 3. This le.ve1 involves l eve l  2 preparation plus fur ther  

beneficiat ion of a l l  coal down t o  f28-mesh s i ze  f ract ion.  The -28-mesh 

coal is e i t h e r  dewatered and shipped with the plant product or disposed 

of as  refuse, provided environmental regulations p&mit such disposal. 

Ca lo r i f i c  recovery is generally good (>80%), and there is a s igni f icant  

reduction in the su l fur  and mineral impurties in the product coal. 

Level 4 .  This l eve l  involves a full-scale or  thorough benefi- 

c ia t ion  of the coal. Figure 6 is  a sketch of one version of a concep- 

t ua l  leve l  4 coal  beneficiation plant. 

product stream is shown fo r  simplicity. 

In the version shown, only one 

However, l eve l  4 cleaning can 

usually yield several  coal product streams that  contain varying levels  

of su l fur  and mineral matter. The ul t raclean f rac t ion  with the lowest 

leve l  of su l fur  and ash may be routed t o  metallurgical operations. This 
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stream may amount t o  as l i t t l e  as 25% of the raw coal feed t o  the 

p lan t  . Several intermediate f r ac t ions  are a l s o  produced which contain 

coa l  with s i g n i f i c a n t l y  reduced s u l f u r  and ash l e v e l s  but not low enough 

t o  meet meta l lurg ica l  coal spec i f ica t ions .  These intermediate streams 

are of ten  re fer red  t o  as "middlings" and are usua l ly  su i t ab le  f o r  steam 

generation purposes. Material y i e lds  a t  t h i s  l e v e l  of benef ic ia t ion  

t y p i c a l l y  range between 60 t o  80%, while c a l o r i f i c  recovery is generally 

between 85 and 95% of the incaning coal. 

5 

5 

Regardless of the l eve l s  of cleaning achieved, physical  coal bene- 

f i c i a t i o n  processes have l imi t a t ions  in t h a t  they can remove only the 

inorganic s u l f u r  (mainly the p y r i t i c  s u l f u r )  and the extraneous mineral 

impurit ies from the ROM coal. These processes are unable t o  reduce the 

organic s u l f u r  content of the coal. Inorganic s u l f u r  reductions by con- 

vent iona l  physical  benef ic ia t ion  processes can range between 0 and 60 

w t  %. 
\ 

This generally corresponds t o  a 0 t o  50 w t  % reduction of the t o t a l  

s u l f u r  content of the coal. Material recoveries or clean coal y ie lds  

f o r  the cur ren t ly  used benef ic ia t ion  processes g e n e r h l y  vary between 60 

t o  80 w t  % of the feed coal. 

NOVEL COAL BENEFICIATION PROCESSES 

His to r i ca l ly ,  coals (other than those intended f o r  meta l lurg ica l  

operations) were given perfunctory beneficiation, with the objective of 

recovering as much lump coal as possible. The f i n e s  generated during 

the upgrading operations were often discarded as plant refuse. However, 

during the p a s t  few years, the needs of the coal markets have g rea t ly  

changed because of the following fac tors :  
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1. 

2. 

3. 

4 .  

the increased emphasis t o  use coal instead of oil or natural  

gas t o  generate electric power; 

The increasingly s t r ingent  environmental controls being pro- 

mulgated f o r  the burning of coal and f o r  the disposal of refuse 

from coal processing plants; 

increased mechanization in the coal mines, which r e su l t s  in 

higher volumes of f ines  in the ROM coal; and 

current coal economics, which almost mandates tha t  as much 

clean and marketable coal be recovered from every ton of raw 

product mined . 
As a resu l t ,  more and more emphasis is being placed on processing the 

fine-size (generally -1/4-in.) coal t o  recover usable coal and minimize 

the amount discarded as refuse. In part icular ,  considerable research 

e f f o r t  is currently being expended on developing new processes tha t  

e i t h e r  minimize the production of f ines  during the cleaning operations 

(such as  the chemical canminution process) or clean the f ine  coal t o  

yield a marketable product' and thereby concurrent19 reduce the refuse t o  

be processed from the beneficiation plant. 

To Overcame the l imitat ions of the physical beneficiation processes  

and t o  better serve the changing needs of the coa l  markets, several  

novel beneficiat ion processes have recently been (and are being) deve- 

loped. These include several  novel physical beneficiation processes, as 

w e l l  as new chemical and microbial beneficiation processes. 

Table 1 is a l i s t i n g  of novel physical beneficiation processes that  

have been developed. B r i e f  descriptions of the processes and references 

f o r  addi t ional  information regarding these processes are a l so  given. 
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Table 2 is  a similar l i s t i n g  f o r  the novel chemical beneficiation 

processes. Several of the chemical beneficiation processes under deve- 

lopment c l a i m  t o  be able not only t o  reduce the p y r i t i c  (and inorganic) 

su l fur ,  but a l s o  t o  remove a f r ac t ion  of the organically bound suxfur 

without incurring a s igni f icant  loss  in the heating value of the coal. 

The microbial beneficiation processes, as mentioned earlier, are 

s t i l l  a t  the bench-scale leve l  of development. 

Additional details on the novel beneficiation processes may be 

obtained from the references indicated in Tables 1 and 2 and from 

refs. 34-35. Some general charac te r i s t ics  primarily re la ted t o  the cm-. 

mercial poten t ia l  of these processes in coal benef i c i a t i o n  operations 

are summarized below. 

1. Al l  of the novel processes are developmental in nature. The 

processes are  at various levels  of process development ranging from 

bench-scale t o  pilot-plant stages. None of the novel processes  have been 

used in a camnercial plant yet,  though sme e f f o r t s  are being made t o  

camnercialize some of the processes such as the HGMS process, fo r  

example 

2. A l l  of the processes exhibi t  high recoveries, ranging up t o  90 

t o  95% of the inccming coal. 

cial practice,  indicate s ign i f icant  improvements over current coa l  bene- 

These recoveries, i f  achieved i n  commer- 

f i c i a t i o n  processes. 

3. The new processes o f f e r  s ign i f icant ly  higher sulfur  and/or ash 

reductions than can be achieved even by the highest l eve l  of the conven- 

t i o n a l  w e t  beneficiation processes practiced today. Inorganic su l fur  

AB-400  



a E 
O 

e 
3 
U 
a 
3 
U 
d yl 

f 
3 

1 

4 

3 

3 
! 

rl 

g 
2 

N 
Q s 
ii 

9 1 "  m a n  . 

Y Y 5 5 .  
L 

N m 

N (0 

0 z 

n 
0, V 

0 

3 9  
Y ( 1  $4.4 

b I m  

u:! 

E I D  

U d 

:: 
d V 

v) 
Io N 

U 
0) d 

0 N 

N N 

U 

Y .  

g 
A 

8 :  
m 

s!  u 5  
m e  
Y O  
0 3  h U  

n e  
d 

U 

W V 

43 
2: .c 

0 
0 N 

0 0 
VI N 

=: 
0 

0 n 10 

0 
0 U 

n N 

U N 

AB-401 

9 z 
z 3 

0 

A 
m 

e W Y  
000 
h U  
w 9  0 %  

0 0 d 

0 0 
II V 

v) 
v) N 

N 
M N 

I- N 

-a cy 

n 
b l  

z%L 
36 

t:! 

0 0  u 
a ( r  

a -  

u u  E U  0 0  

a u  

2; 
a 
8 

tn 
Y e 5  

0"s 
U e m  
O E  a 3  

LS 
3s 
m a  

0 

v) 
v) N 

N 
d N 

(0 N 

a 

0 0  
PL 
U 

% i  
Sd 
u u  
C Y  0 0  

a u  
t:! 
32 
W E  

U 



A 
W 
a 

n 
rt 

o 
v 

N 

0 a 
E 

Y 0 0, 

f 

a 
3 

N z 
% 

0 
0 N 

0 0 n d 

0 N N 

s 
U 

0 
0 m 

N m 

d m 

x u  m a  

m d  

C I  

I S  

S A  

a d  a 0  a c  n s  n u  

: 
rt n a 
W 
rt x 0 

U P 

0 
m 

rD 

B 
r( 

0 
d c V 

0 
0 N 

2 

n rD d 

m 
m 

1 Y 

n 

h 

AB-402  

m 

f 
a 
Q 
5 
E 

1 
Y 

rt 
k 
d 

rt 

Q 

'1 
0 
5 

5, 

2 
1 

E 

C m 

u 
(Q 

A 
d d 

i 
a M 

t 
d 

a 

2 

f 
.* : 

a 
0 
5 
ly 

r( 

m 
rt Y 

Q n 
a 
A 

: 
B E  
- 0  W U  

O Q  



reductions >90 w t  % and s ign i f i can t  organic s u l f u r  reductions have been 

reported f o r  sane coals when using sane of the chemical benef ic ia t ion  

processes (see Table 2). 
. R =  

4. Most of the new physical coal cleaning methods achieve the high 

s u l f u r  reductions mentioned above by benef ic ia t ing  the f i n e  and ultra- 

fine-sized coal (-28 mesh and smaller). This procedure appears t o  be 

acceptable commercially since most of the coal used in  u t i l i t y  bo i l e r s  

today is  f i r e d  in pulverized coal-fired boilers.  However, t h i s  trend 

may necessitate t h a t  these benef ic ia t ion  processes be located Z a r  the 

end-use f a c i l i t y  t o  avoid e i t h e r  the excessive lo s ses  of coal in fine- 

coal t ranspor ta t ion  or the increased costs associated with br ique t t ing  

operations. 

5. The appl ica t ion  of the novel benef ic ia t ion  processes, though 

p o t e n t i a l l y  y ie ld ing  higher recoveries of cleaner coal, wi l l  undoubtedly 

raise the pr ice  of the cleaned coal. However, the increase may w e l l  be 
\ 

less than the add i t iona l  costs of providing FGD processes t o  meet sta- 

tu to ry  gaseous emission regulations. .* 

6 .  Most of the novel processes can be considered t o  be add-on-type 

processes which could be added t o  conventional coal benef ic ia t ion  p lan ts  

t o  clean, f o r  example, the f i n e  coal f rac t ion .  However, many of the 

novel processes can a l s o  be designed t o  clean the e n t i r e  r a w  coal feed 

t o  the preparation plant. 

COAL BENEFICIATION ECONOMICS 

The economics of coal benef ic ia t ion  are equivocal in nature primarily 

because they are very pro jec t  and coal spec i f ic .  Coal preparation 
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p lan t s  today are by and la rge  customized f o r  each application. The 

cos t s  developed f o r  one s i t u a t i o n  may not be d i r e c t l y  applicable t o  

another. 

P h i l l i p s  ) i nd ica t e s  t h a t  the cost  estimates f o r  physically cleaning 

coal (in 1977 d o l l a r s )  can range from -$0.80 per ton of cleaned coal f o r  

rudimentary benef ic ia t ion  t o  -$15 per ton f o r  fu l l - sca le  coal benefi- 

However, bearing in mind the above caveat, RomanJ6 (quoting 

5 

c ia t ion .  

Also, espec ia l ly  f o r  power plant appl ica t ions ,  benef ic ia t ion  econo- 

m i c s  need t o  be examined in concert with FGD economics. E h r l i ~ h ~ ~  spe- 

culated t h a t  it may cost ten t i m e s  as much money t o  remove a pound of 
38 

s u l f u r  with FGD as it does with coal cleaning. 

repor t  t h a t  assessments conducted on new power p lan ts  using cleaned coal 

i nd ica t e  savings of 2 t o  112% as compared t o  meeting the emission l i m i -  

Hoffman and Holt 

t a t i o n s  by using FGD alone. 

savings are even more impressive f o r  e x i s t i n g  power p lan ts  (ranging bet- 

ween 13 and 140%) when they used cleaned or beneficiated coal. 

They fur ther  report  t h a t  the above type of 

O f  course, the app l i ca t ion  of the novel I ene f i cxa t ion  processes 

w i l l  tend t o  increase coal cleaning costs. However, using the novel 

technologies should produce increased y i e lds  of a higher qua l i t y  product 

which may well lower the ove ra l l  cost t o  power p lan ts  of meeting 

increas ingly  s t r i n g e n t  emission regulations. To i l l u s t r a t e  the likely 

cos ts  of using some of the novel coal benef ic ia t ion  processes, the 

r e s u l t s  of an assessment conducted at ORNL are reported i n  Table 3.  The 

p o t e n t i a l  costs f o r  l e v e l  2 and l e v e l  4 conventional w e t  benef ic ia t ion  

p lan ts  are included in Table 3 f o r  comparative purposes. The above 
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assessments were performed f o r  conceptual b a t t e r y - l i m i t s  f a c i l i t i e s  pro- 

cessing 200 tons per h of feed coal  and operating 14 h/d f o r  329 d/year. 

Further d e t a i l s  of the assessment may be obtained from ref. 2. 

As CaIl be seen from Table 3,  use of sane of the novel processes may 

tend t o  double and even t r i p l e  the beneficiation cost. 

costs have t o  be examined against  the l i ke ly  la rger  decrease in power 

However, these 

plant and FGD cos t s  associated with burning a higher qua l i ty  coal t o  

appreciate t h e i r  t rue significance 

No conclusions regarding the poten t ia l  benefi ts  of using the n e w e r  

technologies can be derived based on the above assessments. A much more 

detai led analysis (preferably f o r  an actual plant s i tua t ion)  w i l l  have 

t o  be performed t o  determine the merit of using same of the newer tech- 

nologies. However, it s e e m s  f a i r l y  certain that  any improvements in 

coal preparation technology w i l l  likely t rans la te  i n t o  sizable benefits ,  

espec ia l ly  f o r  the u t i l i t y  industry. 

COAL BENEFICIATION RESEARCH ACTIVITIES 
.4 

Most coal cleaning plants (including sane of the newer f a c i l i t i e s )  

today s t i l l  use rather  simple cleaning techniques and manual control 

methods. This leads t o  considerable l o s s  of otherwise usable coal. 

Unt i l  recently, there w a s  l i t t l e  incentive t o  improve coal  cleaning 

ef f ic ienc ies  because (1) supplies of high-quality coals were p len t i fu l ,  

(2)  environmental constraints were minimal t o  nonexistent, and (3) eco- 

nanics did not warrant anything beyond perfunctory beneficiation except 

f o r  metal lurgical  coals. However, the energy crises and the increased 

environmental activism of the seventies together changed all that .  Coal 

AB-406  



was looked upon 

nations, yet  it 

as  the near-term energy savior of the indus t r i a l  

was a "dirty" fuel.  Because of the above, several  ini-  

t i a t i v e s  e r e  undertaken in the seventies t o  improve and develop 

environmentally acceptable coal conversion technologies including coal 

benef i c i a t i  on. 

Coal beneficiation research a c t i v i t i e s  proposed were t o  be con- 

ducted along these three broad fronts:  

1. Improve ex is t ing  technologies - seeking improvements in reco- 

very and separation e f f ic ienc ies  of coal cleaning uni t  operations such 

as coal comminution, coal washing, and f ro th  f lo ta t ion .  

2. Improve preparation plant operations - the development and 

incorporation of advanced instrumentation and process controls t o  

operate the plants so as t o  produce more cleaned coal of a consistent 

qua l i ty  a t  a lower cost.  

3. Develop newer  cleaning technologies - the development of pro- 

cesses with the poten t ia l  of recovering more clean coal  containing less 

ash and su l fur  impurit ies than current practices. Some of the novel 

beneficiat ion processes are summarized in Tables 1 and 2. 

An off-shoot of t h i s  category is  the development of novel tech- 

nologies t o  ultra-clean f ine  coal for  use in coal-water mixtures. These 

coal-water mixtures could hopefully be burned l ike  oil in exis t ing  o i l -  

f i r e d  units. 

Although the economic downturn of the ear ly  e ight ies  has taken.the 

bloan off coal usage, coal beneficiation research st i l l  f lourishes  

( a lbe i t  with reduced vigor) a t  several  locations. Two examples of 

ongoing research a c t i v i t i e s  are given below: 
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1. EPRI in 1981 completed t h e i r  $15.2 mil l ion Coal Cleaning T e s t  

39 F a c i l i t y  &ar Homer City, Pennsylvania. 

are (1) 

develop and test new equipment and processes, (3)  t o  t r a i n  coal- 

The objectives of the f a c i l i t y  

t o  characterize coal cleanabi l i ty  on a national basis, (2) t o  

preparation engineers and operators, and ( 4 )  t o  be one of the major 

sources of near-term R&D in coal ienef ic ia t ion.  

2. ORNL and TVA are building a 1-ton/h HGMS p i l o t  plant a t  TVA's 

newest 2000-tons/h Coal Preparation Plant (feeding TVA's adjacent power 

plant)  a t  Paradise, Kentucky, t o  compare the performances of the HGMS 

and f ro th  f l o t a t i o n  processes. The p i l o t  plant is expected t o  be in 

operation by the summer of 1983. 

t ional .wet  beneficiat ion plant using heavy-media processing and f ro th  

f l o t a t i o n  t o  clean an -5.5 w t  % su l fur  and -15 w t  % ash Kentucky No. 9 

The 2000-tons/h plant is a conven- 

coal t o  produce a 3.5 w t  % su l fu r  and an -8.5 w t  % ash cleaned coal. 

The design c a l o r i f i c  recovery and mass yield are -90% and -84%, respec- 

t i ve ly  . 
-4 

CONCLUSIONS 

A very brief introduction t o  coal  beneficiation has been presented 

in t h i s  paper. 

conclusions tha t  can be drawn regarding coal beneficiation are sum- 

marized below: 

References have been given f o r  fur ther  de ta i l s .  Some 

1. It is  evident tha t  coal preparation can play a s igni f icant  ro l e  

in increasing coal  use t o  meet future energy needs in an environmentally 

acceptable manner. However, beneficiation is not a panacea f o r  the use of 

the nation's high-sulfur and/or high-ash coals. It has l imitations.  
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Present technology can at best  remove only a f r a c t i o n  of the p y r i t i c  . 

s u l f u r  and mineral matter from coal, and much usable coal is  often 

discarded with the refuse. Nonetheless, coal benef ic ia t ion  can cer- 

t a i n l y  mi t iga te  the problems associated with using the high-sulfur and 

! 

high-ash coals, and ( fo r  same coals) it can even obviate the need f o r  

d m s t r e a m  FGD processes. 

2. Present commercial benef ic ia t ion  technologies can often be eco- 

nomically super ior  compared t o  FGD processes, when burning certain high- 

s u l f u r  coals in a u t i l i t y  bo i le r .  

3. Current preparation p lan ts  rely too heavily on manual process 

cont ro l  methods, r e s u l t i n g  in a s i g n i f i c a n t  loss of sa leable  coal in 

the refuse. Improved instrumentation and process controls are needed in 

these p lan ts  t o  provide higher y i e lds  of a more consistent qua l i t y  product. 

Several  fore ign  coal-producing countries (espec ia l ly  England) have 

recognized t h i s  deficiency and have begun t o  incorporate advanced process 

cont ro ls  in t h e i r  n e w e r  preparation plants. In the United States, 

however, many coal preparation plant operators are coo small t o  be able 

t o  support an extensive R&D program, with the r e s u l t  t h a t  autamation and 

process controls have not been widely used in the industry. This 

i s  an area where a Federal (or state-supported) R&D program 

can y ie ld  s i g n i f i c a n t  benefits .  

4. Novel coal benef ic ia t ion  technologies are required tha t  w i l l  

increase the y i e ld  of cleaned coal containing much less s u l f u r  and ash 

than cur ren t ly  practiced. These technologies are being developed, and 

sane of them show considerable promise of achieving the above goals. 

The fu r the r  development of these technologies should be encouraged. 
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The new technologies w i l l  very l i ke ly  cost more than current 

methods, with the cos t s  appearing t o  increase with the degree of pro- 

cessing. However, the new technologies a l s o  promise higher yields  of 

be t t e r  qual i ty  (coal with less impurit ies) product which could t rans la te  

into l a rger  benefi ts  with downstream processes, such as greater boi le r  

a v a i l a b i l i t y  and lower ( to  nonexistent) FGD costs. 

5. R&D should be encouraged in novel coal cleaning technologies 

t h a t  go even beyond the capabi l i t i es  of current novel processes and can 

produce a very low-sulfur and low-ash coal (the so-called "ultra-clean" 

coal) with the goal of developing coal-water mixtures that  can be used 

d i r ec t ly  (with minor modifications) as a replacement f u e l  in present day 

oil-fired units.  

6.  In sp i t e  of the current oil-glut, many forecasters  s t i l l  f e e l  

t ha t  coal w i l l  be the nearterm energy savior of the indus t r i a l  nations. 

Any increased coal use w i l l  g rea t ly  benefit  from improved coal benefi- 

ciati  on. 

7. C o a l  beneficiation is t ru ly  a Cinderella technology because its 

poten t ia l  significance has been overshadowed by the attention given t o  

other emission control technologies such as flue-gas desulfurization, 

ye t  it is a technology tha t  is  basic t o  a l l  coal conversion processes. 
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VISCOSITY OF DRIED MONTANA ROSEBUD IN METHANOL&' 

COAL CONC., wgt % 

45.0 

47.5 

50.0 

52.5 

(60% PGH SEAM COAL 

VISCOSITY, Cp* 

46 

251 

652 

2360 

354) 

*AFTER 50 SEC AT SHEAR RATE OF 200-1 s e c  
~ ~ ~ _ _  

1/J. M. Ekmann, Pittsburgh Energy Technology Center 
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FUEL COSTS 

NO. 6 OIL 

$/MBTU 

4.90 

60 COAL, 40 MeOH 4.84" 

55 COAL, 18 MeOH, 27 H20 3.64* 

45 COAL, 55 OIL 3.60 

56 COAL, 9 MeOH, 35 H20 

60 COAL, 39.5 H20/0.5% ADDITIVE 

2.63" 

2.08" 

*CORRECTED FOR LOWER BOILER EFFICIENCY 
\ 

COAL $30/ton 

NO. 6 OIL $30/BBL 

MeOH $0.70/GAL 

ADDITIVE $0.80/LB 

1.20 

4.90 

10.90 

- 

5 
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FUEL COST COMPARISON OF METHACOAL AND COAL-WATER MIXTURES 

70 COAL, 30 H 7 0  

ADDITIVE RANGE 0.5-1.0 w@% (80c/lb) 

56 COAL, 9 MeOH, 35 H7O 

METHANOL RANGE 50-70c/GAL. 

$2.23-2.63/MBTU 



_- 

CANADA-JAPAN COAL METHANOL SLURRY PROJECT* 

o FINANCED: 

1/3 - PROVINCE OF ALBERTA 

1/3 - WEST COAST TRANSMISSION CO. 

1/3 - CHIEFTAIN DEVELOPMENT LTD, 

o AGREEMENT SIGNED WITH 15 MITSUI COMPANIES 

i 

o SLURRY TO BE MADE IN ALBERTA WHERE COAL FIELDS AND NATURAL 
GAS ARE PLENTIFUL, SHIPMENT BY PIPELINE OF 55 COAL45 MeOH, 
750 MILES TO COAST, THEN BARGED TO JAPAN. FUEL CAN BE 

METHANOL WILL BE REPLACED BY WATER. 
DELIVERED TO JAPAN AT 65% OF FUEL OIL cosr, IN JAPAN, PART OF 

o PREPARATION COST OF METHANOL US. $165/METRIC TON = $O.SO/GAL. 

POSTED PRICE OF METHANOL $0,76/GAL. 

- *INFORMATION OBTAINED 11/16#82 FROM R. M. RUTHERFORD, PROJECT 
MANAGER, CHIEFTAIN CONSORTIUM, AND N, A, LAWRENCE, DIRECTOR, 

CHIEFTAIN DEVELOPMENT 
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CO AL-W ATER-METHANOL 

A COAL-WATER SLURRY CONTAINING SOME METHANOL MAY PROVIDE THE 
BEST COMPROMLSE OF PERFORMANCE AND ECONOMICS. 

. 1. LOWER COST OF PIPELINE TRANSPORT. A SO/SO MIXTURE OF 
COAL/MEOH HAS 60% MORE ENERGY THAN AN EQUAL VOLUME OF 
50/50 COAL/H20. 

2. COAL/MEOH PIPELINE AND COAL/HzO/MEOH PROCESS FEED LINES 
NEED NOT BE HEATED OR PLACED UNDERGROUND. 6.4% MEOH 
PROTECTS TO OOF, ll% PROTECTS TO -400F. 

3. CARBON CONVERSION AND BOILER EFFICIENCY HIGHER. 

4. COMBUSTION AIR PREHEAT PROBABLY NOT NECESSARY. 

5. FUEL COSTS ARE APPROXIMATELY 10% HIGHER, 
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AB-10 

DISCUSSIONS ON COAL RESEARCH AT TRW* 
(December 13 ,  1982)  

S. S. Penner visited TRW on December 13 ,  1982 .  Discussions 
related to coal beneficiation and the TRIV entrained slagging coal 
combus tor. 

A. Coal Beneficiation 

The TRW work on the Gravimelt Process by R. A. Meyers and 
his associates is summarized in Appendix AB-10-1, which is repro- 
duced from a paper presented at the 17th Intersociety Energy-Conver- 
sion and Engineering Conference, August 1982.  In the Gravimelt Pro- 
cess, fused caustics are used for sulfur removal. Bench-scale tests 
(5 lbs of coal/hr) have been performed, although not for sufficiently 
long periods of time to reach steady-state conditions. The benefi- 
ciated coal has not yet been used in combustion tests. Caustic re- 
generation represents about one half of the total cost, with sodium 
sulfide dissolved in NaOH representing the main products. 

Performance data and capital cost estimates are summarized, 
respectively, in Tables 1 and 2 of Appendix AB-10-1. Ash removal 
for a single pass is seen to fall in the range 9 5 - 9 9 %  for mine- 
cleaned coals containing up to ~ 2 3 %  of ash; SO2 removals fall in the 
range 83-92%.  
ton of coal cleaned, with additional savings possible when larger 
scale tests are performed. 

Total costs are estimated to amount to about $ 2 5  per 

B. The TRW Entrained, Slagging Combustor 

The TRW entrained, slagging combustor was described by Albert 
Solbes. A readable description of this development is reproduced 

h 
Prepared by S. S. Penner. 
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in Appendix AB-10-2. This combustor has applications in MHD power 
conversion [ 6  atm. pressure, Toxidizer > 2500°F, the oxidizer is 
oxygen-enriched air, and the equivalence ratio (@) ranges from 0.5 
to 0.71, in low-Btu gasifiers (4 to 25 atm., pure 02, @ = 0.4), and 
in retrofits f o r  industrial and utility boilers (1 atm, Toxidizer 
= 750°F, air is used as oxidizer). 

17 in. combustor at about the 3-MWt level. About 350 hrs. of oper- 
ation were completed. In general, the TRW combustor will be inter- 
posed between the coal-inlet section and the existing (oil-firing) 
boiler in retrofits for conversion to the use of PC o r  CWM. The 
slagging operation will remove about 90% of the coal ash. 

F o r  the third application, tests have been conducted in a 

Scale-up to a 34 in. i.d. unit (50 x lob Btulhr) is being p r o -  
A 10 x lo6 Btu/hr burner is currently in operation at TRW's 

The modeling program developed by A. Solbes appears to provide 

'posed. 
Capistrano Beach facility. 

and excellent example of current work in this field and may be re- 
viewed at the March meeting of CCAWG in La Jolla. 
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APPENDIX AB-10-1 

PRECOMBUSTION EXTRACTION OF 90% OF THE SULFUR AND 95% OF THE MINERAL MATTER FROM COAL 

R. A. Meyers, W. D. Bart and L. C. McClanathan 

TRW Electronics and Defense -Energy Development Group 

The Gravimelt Process, which r e s u l t s  in near 
complete removal of sulfur and mineral matter 
from coal cons is t s  of treatment v i t h  fused 
caus t ic  t o  remove the  su l fur  and a subsequent 
s e r i e s  of water and d i l u t e  su l fu r i c  acid washes 
t o  remove t h e  remaining mineral ma t t e r .  Pre- 
liminary engineering design and economic 
studies indicate t h a t  the process w i l l  add 
approximately $30 per ton t o  the  cost  of coal.' : 
This is s igni f icant ly  lower than the  cos t  of 
scrubbing exhaust from existing burners in 
order t o  meet air  pollution regulations and is 
consistent with t h e  currently paid premium f o r  
coal which can contain as much as 1% sulfur  and 
10% ash. Major applications f o r  Gravimelt coal 
can include coa l  wa te r  and coa l  o i l  s l u r r i e s  
f o r  r e t r o f i t  bo i le r  and furnace s y s t 5 6 ,  coking 
coal fo r  steel, aluminum and s i l i con  carbide 
industries and transportation f u e l  f o r  auto- 
motive turbine engines. 

The near complete desulfurization and 
demineralization of coa l  has been demonstrated in 
the  laboratory via the  TRW proprietary Gravimelt 
Process (1). 
laboratory-tested a t  TRW under t h e  sponsorship of 
the U.S. Department of Energy (Contract No. 
DE-AC22-80PC30141) and TRU is supporting t e s t ing  
and assessing a proprietary regeneration 
method and scale up t o  l a rge  batch reactor size' t o  
provide samples fo r  po ten t ia l  Gravimelt coal users. 
The process is currently being tes ted  undek D.O.E. 
sponsorship in a 5-10 lb/hr continuous bench scale 
uni t  a t  our San Juan Capiatrano California Chemical 
T e s t  Fac i l i t y  (Contract No. DE-AC-8lPC42295). 

Subsequently, t he  process was fur ther  

The TRW Gravimelt Process (Figure 1) involves 
t h e  treatment of mine-cleaned coal with molten 
potassium and o r  sodium hydroxide t o  chenically 
extract both organic and p y r i t i c  sulfur in to  t h e  
molten alkali .  The coal m i n e r a l  content is broken 
down t o  forms mainly insoluble in wa te r  but highly 
soluble in d i l u t e  ac ids  such as su l fu r i c  acid. 
The high density of the m e l t  causes the desulfur- 
ized coal t o  f l o a t  t o  the  surface, where it is 
skimmed off .  The coa l  is then washed with water  
t o  recover t h e  a l k a l i  metals and product aulfur 
compounds. 
su l fur ic  acid where the  m i n e r a l  matter is extracted 

The coa l  is next washed with a d i l u t e  

Figure 1. Gravimelt Conceptual 
Process Flov Diagram 

in to  t h e  solution. 

The caus t ic  wash water is treated t o  recover 
the  extracted coal su l fur  as su l fu r i c  ac id  and t h e  
caus t ic  solution is reconcentrated i n  an evapor- 
a t o r  system f o r  recycle t o  t h e  reactor.  
ac id ic  wash water is neutralized with lime t o  pro- 
duce a clay, s i l i c a  and gypsum material. 

The 

TEST RESULTS 

A summary of typ ica l  results, obtained under 

A l l  of t h e  samples were 
standardized conditions, f o r  a range of U.S. coals 
is presented in Table 1. 
reduced t o  w e l l  below 1 l b  of S02/106 Btu and less 
than 0.4 l b s  of ash1106 Btu which corresponds t o  
83-93% removal of su l fur  and 95-992 removal of ash. 
When su l fur  and ash reduction due t o  cleaning a t  
t he  m i n e  is added t o  these r e su l t s ,  su l fur  reduc- 
t i o n  approaches an average of 90-952 and ash 
removal approaches 99% f o r  a l l  of t h e  samples. 
The standarized renoval r e s u l t s  shown above can be 
improved by t h e  use of longer reaction times and 
by multiple pass extractions t o  give res idua l  sul- 
f u r  and ash a t  0.12 concentrations. 

ENGImERING 

Preliminary engineering design and cost  
s tud ies  ind ica te  that t h e  t o t a l  i n s t a l l ed  cap i t a l  
cost of a 10  x 109 Btu/hr (approximately 400 ton/ 
hr input coal) Gravimelt plant can be estimated a t  
about $80,000,000 which corresponds t o  a t o t a l  
invested cap i t a l  cost  of $115,000,000. 
indicates the percentages of these cos ts  associ- 
a ted  with each process section. 

Table 2 
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TABLE 1. TRU GRAVIHELT PROCESS RESULTS* FOR U.S. COALS 

&lblybiS. d n  b # i b  wbt .1bb Sgz lbr *.h 502". LhVJl 
-1 S.2 b h . 2  ermcmt. l t u  z L  t I 

10195 7.28 21.2 
92 99 

P. K p  Yo. 9 Feed 3.93 22.85 
product 0.37 0.21 U359 0.55 , 0.20 

W. Ky. lo. ll b e d  3.51 7.26 13182 5.33 5.50 ' 

rtl.lo. 6. ?eed 3.45 ll.92 12312 5-60 9.66 

t o u b  80. 5 ?.rd - 2.17 8.29 13116 3.30 6.32 

Product 0.52 0.21 13530 0.77 0.16 a6 91 

Product 0.28 0.14 , 13518 0.40 0.10 93 99 

Product 0.25 0.41 13331 0.38 0.31 86 95 

?:tuhr;h I& 8 reed 3.12 10.68 12907 4.83 8.28 
h o d u c t  0.55 0.40 13801 0.80 0.32 83 96 

b v r r  Kittming ?*ed 5.24 13.60 m i i  8.11 10.52 
rroducr 0.64 0.39 14420 0.89 . 0.21 89 97 

* c m l  treJted Lor 30 mlam AL 310.C wicb 1:l v1 8ktum of f u r d  k O A / K O l l .  u r h d  with YCer. then 
with epueous mlfurlc bcid. rbrn virb a t e r  and dried. 

TABLE 2. GRAVIHELT PROCESS CAPITAL 
COSTS 

Reaction Section 
Solids handling and storage, fused 
caustic reactor,  f i l t r a t i o n ,  
pumps, etc. 

Slurry tanks, f i l t r a t i o n  
neutralization, storage, etc. 

25% 

Coal Recovery and Hineral Rejection 

Caustic Regenerxtion 
Regenerators, evaporator system, 
centrifuges, su l fu r i c  acid 
plant, etc. 

25% 

. 50% 

Total Instal led Capital Cost $ 80,000,000 

Total Invested Capital $115 .ooo, 000 

Total m - c a p i t a l i z e d  operating cos t s  are 
estlsated.to be approximately $46,000,000 (includes 
coal fo r  process heat, caust ic  loss ,  pover, process 
and cooling water, labor, supervision, general 
overhead, maintenance, taxes and insurance and 
operating supplies, etc.). Annual cap i t a l  charges 
of 20% of the t o t a l  plant investment o r  $23,000,000 
brings the  t o t a l  amortized operating costs  t o  near 
$70,000,000 which corresponds t o  $25 per ton of 
coal product as a cost t o  be added t o  t h e  p r i ce  o f .  
coal. Since the  process is in an ear ly  stage of 
development, it is believed that t h i s  processing 
cost  has an upside potent ia l  of about 25%. Thus, 
it Ss rcconrmended t h a t  a potent ia l  pr ice  (in 1980 
dollars) of $30 per ton should be u t i l i zed  vhen 
assessing the Gravimelt Process fo r  various applic- 
8thIlS. 

' APPLICATIONS 

1) Xow sulfur  and a sh  content vill comply v i t h  t h e  
oPajority of govermnental regulations f o r  
poliution control, 

tbe low sulfur and ash content vill reduce 
boiler dovntime due t o  corrosion and erosion 
and -la a l lov  production of smaller bo i l e r s  
due t o  the elimination of s lag and ash 

as a coal  water or  coal oil s l u t r y  ingredient, 
t he  Gravimelt coal  will have the  previous two 
8dvantages and vil l  not erode o r  corrode i n  
plant  boiler equipment or furnace nozzles, 

t h e  GravimeIt coal may have use as a transpor- 
t a t i o n  f u e l  fo r  turbine and d i e se l  engines 
where engine component erosion due t o  coal ash 
is presently a l imiting factor ,  and 

coke made from Gravimelt coal could have 
prenlitrm qualities due t o  l o v  ash and sulfur .  

2) 

h d - g ,  

3) 

4) 

5 )  

BEPERWCE 

1) Keyets, R. A. and W. D. Hart, Patents Pending. 

:. 
- 

The Cravimelt coal could o f f e r  major advantages 
€or use as a boiler fue l  e i the r  in i t e  sol id  form 
o r  as a coal water or coal o i l  slurry.  
advantages are as follows: 

. 
These 
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APPENDIX AB-10-2 
' I  

TRW' S ENTRAINED SLAGGING COAL COMBUSTOR 

3 .  C. Stansel and R. B. Gerding 
TRW Energy Development Group 

' Redondo Beach, C a l i f o r n i a  

1.0 Abst ract  

For t h e  past seven years TRW has been engaged i n  t h e  development o f  an 
advanced coal combustor which can be used t o  r e t r o f i t  coal-, o i l -  and 
gas- f i  red bo i l e rs ,  furnaces and process heaters. We have conducted over  
700 t e s t s  on four  ent ra ined slagging coal combustors ranging i n  power l e v e l  
from 1 MBTU/hr t o  70 MBTU/hr. The extensive data base generated i n  these 
t e s t s  has been combined w i t h  an engineering computer program s p e c i f i c a l l y  
developed t o  p r e d i c t  combustor sca l ing,  design parameters, and performance. 
The design i s  based upon technology developed through company-sponsored 
programs us ing as a basel ine TRW's experience i n  rocket  propulsion, low NO 
burners, and Magnetohydrodynamic (MHD) coal combustors. A demonstration i 8  
planned i n  1983-84 t o  ob ta in  l i f e ,  r e l i a b i l i t y  and maintenance information. 

' I  

' .  

, b  . 

1 

2.0 In t roduc t i on  

TRW is developing th ree  r e l a t e d  coal conversion systems: 

1 . A combustor f o r  re t ro f i t / rep lacement  o f  e x i s i t i n g  coal-,  o i l -  and 
gas-f i red burners on k i  1 ns, process heaters and i n d u s t r i  a1 and 
u t i l i t y  bo i l e rs .  

2. A compact g a s i f i e r  f o r  producing f u e l  gas and h igher  grade 
chemical feedstock gas from coal. 

t 

3. A h igh temperature combustor f o r  Magnetohydrodynamic (MHD) power 
generation when coupled t o  f l u i d  f l o w / e l e c t r i c a l  conversion 
equi pment . 

This  paper overviews t h e  chronological development o f  TRW's coal  
conversion systems wh i le  r a p i d l y  focusing on t h e  r e t r o f i t  combustor device 
which t h e  company plans t o  commercially manufacture, s e l l  and serv ice  
beginning i n  1985. Combustor hardware and t e s t  r e s u l t s  a re  described 
followed by our  plans f o r  a f i e l d  demonstration program i n  1983-84. 

3.0 Coal Combustion Technology Evo lu t ion  

TRW's en t ry  i n t o  coal combustion was a na tura l  con t i nua t ion  o f  years 
o f  successful work i n  combustion research, rocket  propulsion, and low NO, 
burner development. I n  1975, we i n i t i a t e d  coal combustor design a c t i v i -  
t i e s .  Continuing i n t o  1976, we fab r i ca ted  a small scale t e s t  u n i t  (1 
MBTU/hr) and conducted bo th  atmospheric and pressurized combustion tests .  
We demonstrated t h a t  powdered coal could be f l u i d i z e d  a t  10/1 mass r a t i o  o f  
coal t o  t ranspor t  f l u i d  and successfu l ly  i n j e c t e d  i n t o  t h e  combustion 
chamber us ing an i n j e c t o r  concept der ived from our  Lunar Module Descent 

_. . 

I >  
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Engine. A 10/1 t h r o t t l i n g  r a t i o  was requ i red  i n  t h i s  engine t o  ma in ta in  
h igh  performance across t h e  e n t i r e  range o f  t h r u s t  leve ls .  The rocke t  
p ropu ls ion  concepts o f  aerobal l i s t i c a l  l y  c o n t r o l  l i n g  combustion r a t i o  and 
f u e l  p a r t i c l e  t r a j e c t o r i e s  were incorpora ted  i n t o  t h e  small sca le coal  
combustor design. Good i g n i t i o n  and s t a b l e  combustion were achieved w i t h  
s lag  be ing  c e n t r i f u g a l l y  d r i ven  t o  t h e  wa l l  by t h e  aerodynamic s w i r l i n g  
flows. 

We next  scaled t h e  combustor design t o  10-30 MBTU/hr. The s p e c i f i c  
power l e v e l  achieved f o r  t h e  f i x e d  design depended upon t h e  mass throughput 
a t  an opera t ing  pressure i n  t h e  range o f  one t o  s i x  atmospheres. A f e a s i -  
b i  1 i ty  t e s t  u n i t  was const ructed and an extens ive combustion t e s t  se r ies  
was performed i n  1977-78 us ing  preheated a i r  and coal  f low ra tes  i n  t h e  
range o f  one h a l f  t o  t w o  tons/hr.  Good combustion and acceptable s lag  
removal cond i t ions  were achieved du r ing  t h i s  company sponsored t e s t  se r ies  
i n  each o f  t h e  th ree  regimes o f  i n t e r e s t  f o r  r e t r o f i t  combustors, low BTU 
g a s i f i e r s ,  and MHD combustors. 

DOE sponsored f u r t h e r  t e s t i n g  o f  t h e  f e a s i b i l i t y  u n i t  i n  1978 i n  t h e  
MHD app l i ca t i on  regime; i .e., h igh  a i r  preheat and/or oxygen enrichment, 
t h ree  t o  s i x  atmosphere combustor pressures, potassium carbonate seeding t o  
enhance gas e l e c t r i c a l  c o n d u c t i v i t y  and e x i t  gas temperatures i n  excess o f  
40OOOF. A f t e r  these tes ts ,  t h e  combustor was loaned t o  Argonne Nat ional  
Laboratory f o r  heat 'recovery/seed recovery experiments. Based on t h e  
f e a s i b i l i t y  u n i t  t e s t  resu l t s ,  t h e  combustor was scaled t o  70 MBTU/hr. A 
t e s t  u n i t  a t  t h i s  sca le was designed and fabr icated.  Over 100 t e s t s  were 
conducted on t h i s  u n i t  a t  TRW's F o s s i l  Energy Test S i t e  du r ing  1979-80. 
These t e s t s  were performed with a i r  preheat cond i t ions  o f  llOO°F t o  37OO0F, 
combustor pressures of  3 t o  6 atms and coal  f l o w  ra tes  o f  2 t o  3.5 T/hr. A 
f i n a l  demonstration se r ies  was success fu l l y  conducted a t  6 atms and 290OOF 
a i r  preheat condi t ions,  a f t e r  which TRW was se lected as DOE'S MHD combustor 
developer. Since t h e  demonstration, we have conducted a 140 cumulat ive 
hour MHD combustor 1 i f e  t e s t  and performed in teg ra ted  combustor/channel 
t e s t i n g  us ing  t h e  70 MBTU/hr hardware. We have also completed t h e  p r e l i m i -  
nary design o f  a 170 MBTU/hr MHD f i e l d  t e s t  u n i t  and expect t o  b u i l d  and 
t e s t  t h i s  u n i t  w i t h i n  t h e  nex t  year. 

More recent ly ,  we have concentrated on t e s t i n g  a second 10 MBTU/hr 
combustor a t  t h e  one atmosphere, 400-750°F a i r  preheat cond i t ions  charac- 
t e r i s t i c  o f  e x i s t i n g  i n d u s t r i a l ,  commerical and u t i l i t y  p lants.  Dur ing 
1981-82, over  200 t e s t s  were conducted under company sponsorship w i th  good 
combustion, low NOx emission and acceptable s lagging resu l ts .  We expect t o  
complete- the design o f  a 40 MBTU/hr combustor by year end. This u n i t  w i l l  
be fab r i ca ted  and tes ted  i n  our  f a c i l i t y  du r ing  1983 t o  prov ide t h e  design 
o f  a 40 MBTU/hr combustor by year  end. This  u n i t  w i l l  be f a b r i c a t e d  and 
tes ted  i n  our  f a c i l i t y  du r ing  1983 t o  prov ide t h e  design bas is  f o r  a com- 
merc ia l  t ype  40 MBTU/hr combustor which w i l l  be used i n  an i n d u s t r i a l  
b o i l e r  p l a n t  demonstration program planned t o  begin i n  l a t e  1983. 
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4.0 Coal Combustor Description 

The design 
i s  based upon  the extensive development effort described i n  the previous 
section. The configuration consists of  a water-cooled right circular 
cylinder with a simple baffle located in the a f t  region t o  promote the 
appropriate mixing/combustion reactions and slag flow patterns; Powdered 
coal (70% through 200 mesh) i s  transported t o  the pintle i n  a dense-phase 
fluidized condition, conically injected i n t o  the combustor and then burned 
inflight in the cylindrical volume w i t h  slag imping ing  on the wall and 
being driven t o  the slag t a p  by a combination of  aerodynamic and gravity 
forces. The s l ag  i s  removed from the combustor by flowing i n t o  a water- 
f i l led slag t a n k  where slag fracture and size reduction are accomplished. 
Coal water mixtures (70% powdered coal, 30% water) have also been burned i n  
the combustor by substituting an air  atomized injector fo r  the powdered 
coal pintle previously discussed. 

The TRW Entrained Slagging Combustor is  shown i n  Figure 1. 

Generally the combustor i s  operated a t  an equivalence ratio i n  the 
range of 0.7-0.9. The resulting h o t  product gas which i s  rich i n  CO and H p  
i s  ducted t o  the heat utilization equipment interface where secondary a i r  
i s  added. Combustion of the product gas is  completed w i t h i n  the furnace 
volume of the heat utilization equipment resulting i n  a staged combustion 
process which minimizes NO formation. Sufficient temperature and heat 
f l u x  must be generated w i t t h n  the coal combustor volume t o  achieve l i q u i d  
slag flow conditions b u t  the classical h i g h  NO formation regime can be 
avoided by the combination o f  temperature and g a z  composition control. The 
product gas can be delivered t o  the heat utilization equipment either v i a  a 
deswirl section a f t  o f  the baffle as shown i n  Figure 1 or by allowing the 
swirling flows t o  continue axia l ly  i n t o  the secondary furnace volume. The 
approach t o  be used depends upon the specific application. 

The combustor o f f e r s  s ign i f icant  advantages when compared t o  
competitive retrofit  technologies including simp1 icity and compactness o f  
design, refractory free construction, h i g h l y  efficient combustion, and h i g h  
ash removal . These characteristics, combined w i t h  low NO operation, small 
particulate carryover and h i g h  turndown ratio, allow opeFational f lexibil-  
i t y  w i t h  low maintenance and h i g h  reliability. A more definitive l i s t i n g  
of  the principle characteristics o f  the combustor i s  given i n  Table 1. 

The combination o f  simplicity and compactness make the device ideal 
for retrofitting existing o i l -  and gas-fired kilns, furnaces and boilers 
w i t h i n  the available space. Note t h a t  a combustor 2'D X 4'L produces u p  t o  
20 MBTU/hr and when scaled by a factor of over twelve t o  250 MBTU/hr grows 
t o  only 7'D X 11'L. 

I 
' I  

I 
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TABLE 1 

CHARACTERISTICS OF TRW COMBUSTOR 

LOW MAINTENANCE 
I 

0 S I M P L E  CONFIGURATION CYLINDER WATER COOLED 

0 SMALL S I Z E  2 ' D  x 4 '  - 7 ' D  x 11' FITS AVAILABLE SPACE 
(20-250 M B t u / H R )  
1 MBtu/HR-FT3 

* 1" SLAG ON WALL AVOIDS F A I L U R E ,  DOWN- 
T I M E  

0 NO REFRACTORY L I N E R  

0 HIGH SLAG REMOVAL 80 - 90% M I N I M I Z E S  CARRYOVER 

0 HIGH CARBON BURNOUT >99 . 5% E F F I C I E N T  COMBUSTION 

0 LOW NOx 250 - 450 ppm STAGED COMBUSTION 

0 LOW HEAT R E J E C T I O N  5 - 8% E F F I C I E N T  SYSTEM 
OPERATION 

0 F L E X I B L E  DEVICE ADJUSTABLE A I R  AND ACCOMMODATES RANGE O F  
COAL FEED COALS 

0 T E S T  PROGRAM SHORT DURATION MANY CYCLES 

0 STATE O F  DEVELOPMENT' F E A S I B I L I T Y  SHOWN S P E C I F I C  RUN 
CONDITIONS,  SCALING 
AND LONG DURATION 
DEMO REQUIRED 

Since no refractory materials are used w i t h i n  the slagging combustor, 
refractory erosion, failure and rep1 acement downtime are avoided. The 
cotitinually generated slag on the walls o f  the combustor acts as an effec- 
tive thermal and h o t  gas barrier allowing the water-cooled walls t o  operate 
a t  a conservative temperature o f  approximately 60OOF.  Heat transferred t o  
the cooling water i s  calculated t o  be only 5-8% o f  the t o t a l  heat released 
i n  commercial combustor designs. T h i s  heat can be effectively utilized i n  
boiler feedwater circuits or  f o r  a i r  preheating, thus contributing t o  the 
overall thermodynamic efficiency o f  the heat utilization system. 

The h i g h  slag removal characteristic minimizes particulate carryover 
i n t o  heat u t i l i z a t i o n  equipment; e.g., for a 10% ash coal only about  1%-2% 
particulates would carryover. Add1 t i ona l  ly ,  the carryover materi a1 typ i -  
cally consists of  slag particles less t h a n  10-1511 which tend t o  follow the 
flue gas streamlines rather t h a n  eroding or  depositing o u t  on any internal 

- 
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structures w i t h i n  the heat u t i l i z a t i o n  equipment; e.g., convective pass 
tube bundles. The major advantage sought from the current and proposed 
t e s t  program i s  the a b i l i t y  t o  convert existing heat u t i l i z a t i o n  equipment 
designed for o i l - /gas - f i r ing  t o  coal f i r i ng  w i t h o u t  any significant 
derating of the equipment. 

Stable, well-anchored flames are produced i n  the combustor w i t h  gas 
residence times on the order of  100 milliseconds. T h i s  leads t o  efficient 
combustion w i t h  carbon burnout values i n  excess of  99.5% as measured by the 
amount o f  carbon remaining in the slag waste material. The staged combus- 
tion feature of the TRW re t rof i t  system leads t o  low NO production, i n  the 
range of  250 t o  450 ppm. values a t  
the stack outlet consistent w i t h  present o i l  fired standards (ahroximately 
250 ppm) while simultaneously o b t a i n i n g  h i g h  slag removal and carbon con- 
version values. Since b o t h  coal and a i r  flow rates are adjustable and the 
a i r  inlet  momentum can be varied by use of a movable damper valve, combus- 
tor turndown values i n  the range of two t o  four are possible. Three 
western and two eastern coals have been successfully burned i n  the 
feasibi 1 i t y  u n i t .  

We are attempting t o  demonstrate NO 

To date, our combustor tes t  program has yielded d a t a  over a wide range 
of operating conditions. The hardware has experienced numerous thermal 
cycles w i t h o u t  failure. Test durations have typically been 1 t o  2 hours i n  
length w i t h  some runs u p  t o  eight hours. We have also subjected the pintle 
t o  hundreds of hours of  simulated erosion tes t s  i n  our  laboratories. T h i s  
approach has provided da ta  on the combustor geometry/run conditions which 
are applicable t o  retrofit  applications i n  general. The basic feasibil i ty 
o f  the combustor has been shown a t  10 MBTU/hr. We are now focusing on 
specific run conditions for k i l n s ,  furnaces and boilers while a t  the same 
time scaling a t e s t  u n i t  t o  40 MBTU/hr. After confirming tes t s  a t  our 
Fossil Energy Test Site (FETS) w i t h  the larger scale hardware, we will  be 
ready t o  implement a long durat ion f ield demonstration w i t h  a commercial 40 
MBTU/hr combustor integrated w i t h  an existing industrial boiler located i n  
our Cleveland Aircraft Parts P l a n t .  The field demonstration will provide 
essential d a t a  on combustor performance, l i f e  and reliabil i ty as  well a s  
the combustor's exhaust interaction w i t h  the boiler. 

5.0 Combustion Research Activities 

A continuing combustion research program undergirds TRW's hardware 
development efforts. For example, coal devolatilization rate information 
i s  acquired i n  a special inert gas.chamber where an infrared laser i s  used 
t o  simulate combustion heat fluxes t o  the coal particles. Turbulent mix ing  
information i s  obtained using the laboratory flow visualization equipment 
shown on le f t  side o f  Figure 2. During operation, different density gases, 
some o f  which are seeded w i t h  fine particulates, are injected i n t o  the 
volume and visible low power lasers are used t o  produce images t o  s tudy the 
mix ing  effects as shown on the r i g h t  o f  Figure 2. 

Prior t o  f ina l  hardware fabrication, a fu l l  scale plastic model o f  a 
proposed combustor tes t  u n i t  i s  constructed for detailed aerodynamic flow 
visualization as shown i n  Figure 3. Heated a i r  enters the model through 
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t h e  ho r i zon ta l  wrapped duct  on t h e  l e f t  s i de  o f  t h e  f igure .  Entrance 
Reynolds numbers a re  thus simulated. F ine  p a r t i c u l a t e s  a r e  i n j e c t e d  
through t h e  p i n t l e  a t  t h e  r i g h t  end o f  t h e  combustor model and h igh  speed 
photographs are  taken t o  e s t a b l i s h  p a r t i c l e  t r a j e c t o r i e s  and d i s t r i b u t i o n ,  
as w e l l  as t h e  na ture  o f  t h e  i n t e r n a l  s w i r l i n g  f lows and t h e i r  s e n s i t i v i -  
t i e s  t o  model geometry changes. Key model pressures are  measured and 
recorded v i a  pressure t ransducers and t h e  Manometer bank, shown i n  t h e  
background. Using t h i s  approach, much i n s i g h t  i n t o  combustor geometry 
op t im iza t i on  can be obta ined be fore  actual  combustors a re  b u i l t  and ho t  
f i r i n g  t e s t s  conducted. 

I n  para1 l e 1  w i th  t h e  above 1 aboratory and engineer ing s t u d i  es, an 
a n a l y t i c a l  model has been developed and computerized. It u t i l i z e s  f i v e  
subrout ines t o  a n a l y t i c a l l y  model thermochemistry, aerodynamics, combus- 
t i o n ,  heat t r a n s f e r  and s lag  f low phenomenon. The model func t ions  i n  much 
t h e  same way as a t e s t  i s  conducted; i.e., combustor geometry, o r i e n t a t i o n ,  
pressure, coal  type and f l ow  r a t e  and o x i d i z e r  type  and f l ow  r a t e  a re  
input .  The model then computes expected gas compositions, temperatures, 
carbon burnout, pressure drop, heat t r a n s f e r  t o  coolant  and s lag  removal/ 
losses. The model i s  anchored w i t h  t e s t  da ta  f r o m  ac tua l  combustor f i r i n g s  
and used i n  combustor sca l i ng  and t e s t  p red ic t i on /ana lys i s  e f f o r t s .  It i s  
very useful as a means of  improving our  understanding o f  t h e  i n t e r n a l  
workings o f  t he  en t ra ined s lagging combustor. 

6.0 Combustor Scal ing 

The f i r s t  smal l  sca le  combustor hardware fab r i ca ted  and tes ted  i n  
1975-76 i s  shown i n  F igure  4. Coal i n j e c t i o n  experiments were f i r s t  con- 
ducted t o  e s t a b l i s h  f l u i d i z a t i o n ,  f l o w  and i n j e c t i o n  parameters. Combus- 
t i o n  chamber components were fab r i ca ted  and i n i t i  a1 c o a l - f i r e d  combustion 
t e s t s  us ing  bo th  s w i r l i n g  and tangen t ia l  preheated a i r  i n j e c t i o n  were 
performed a t  atmospheric and pressur ized condi t ions.  We achieved accept- 
ab le  mix ing  and combustion cond i t ions  w i t h  s lag  being cen t r i f uged  t o  t h e  
chamber wal l .  

The next hardware designed and fab r i ca ted  was t h e  f e a s i b i l i t y  u n i t  
shown i n  F igure  5. This  u n i t  employed a 17" i n t e r n a l  diameter chamber 
scaled f r o m  t h e  ana lys is  and t e s t  data p rev ious ly  obta ined from t h e  small 
sca le experiment. The hardware was designed so t h a t  t h e  chamber geometry 
cou ld  be va r ied  i n  l eng th  by t h e  a d d i t i o n  or  d e l e t i o n  o f  spool sections. 
The pos i t i ons  o f  t h e  coal  p i n t l e ,  t angen t ia l  a i r  i n l e t ,  i n t e r n a l  b a f f l e  and 
s lag  t a p  wi th  i t s  accompanying s lag  tank cou ld  a lso be va r ied  from run t o  
run as appropr iate.  Each major sec t ion  was i n d i v i d u a l l y  f langed t o  accom- 
modate repos i t i on ing  and water cooled so t h a t  a x i a l  ca lo r ime t ry  i n fo rma t ion  
could be obtained. The f e a s i b i l i t y  u n i t  was designed t o  produce IO MBTU/hr 
a t  a combustor pressure o f  one atmosphere and s l i g h t l y  over  30 MBTU/hr when 
operated a t  about s i x  atmospheres. The hardware was h o r i z o n t a l l y  mounted 
w i th  t h e  s lag  tank v e r t i c a l  as shown i n  F igure  5. The hot,  s w i r l i n g  com- 
bustor  gases e x i t e d  t h e  u n i t  a x i a l l y  i n t o  a chamber' where more a i r  was 
added t o  complete combustion. A f t e r  t e s t i n g  a t  TRW, t h e  u n i t  was loaned t o  
Argonne Nat ional  Laboratory f o r  MHD heat recovery/seed recovery exper i  - 
ments. The combustor i s  s t i l l  i n  use a t  t h e i r  f a c i l i t y .  
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To accommodate l a r g e r  s ized  combustors, TRW const ructed a major new 
c a p i t a l  f a c i l i t y  i n  1978, t h e  F o s s i l  Energy Test S i t e  (FETS), a t  our 
Capistrano Test l o c a t i o n  as shown i n  F igure  6. Two t e s t  bays separated by 
a coal  storage/feed area were b u i l t .  Each bay can accommodate two combus- 
to rs .  Cool ing water i s  pumped i n  a c losed loop through t h e  combustor f l ow  
channels and then t o  t h e  coo l i ng  tower shown a t  t h e  r i g h t  o f  t h e  f i gu re .  
L i q u i d  oxygen and l i q u i d  n i t rogen  s torage vessels a re  also v i s i b l e .  Test 
c o n t r o l  and ins t rumenta t ion  func t i ons  a re  performed w i t h i n  t h e  c o n t r o l  
cen ter  b u i l d i n g  loca ted  i n  f r o n t  o f  t h e  t e s t  bays as shown i n  F igu re  6. 
The automated c o n t r o l  panel and ins t rumenta t ion  setups a re  shown i n  F igure  
7. 

The next  combustor designed and fab r i ca ted  by TRW i s  shown i n  F igu re  
8. This  u n i t  i s  24" i n  diameter and operates a t  70 MBTU/hr i n  t h e  3 t o  6 
atmospheres pressure regime associated w i t h  t h e  MHD appl i ca t i on .  The 
second stage a i r  i n j e c t o r  and s lag  tank a re  a lso shown i n  t h e  f igure .  
Primary a i r  i s  preheated t o  very h igh  temperatures and t a n g e n t i a l l y  
i n j e c t e d  i n t o  the  combustor. Powdered coal  i s  in t roduced v i a  t h e  p i n t l e  
loca ted  on t h e  combustor ax i s  and potassium carbonate seed mate r ia l  i s  
i n j e c t e d  t o  enhance t h e  e l e c t r i c a l  conduc t i v i t y  p roper t i es  o f  t h e  h igh  
temperature e x i t  gas. 

A photograph o f  t h e  i n t e r n a l  s lag  l a y e r  adhering t o  t h e  combustor 
wa l l s  a f t e r  a t e s t  i s  shown i n  F igure  9. Note t h e  p i n t l e  i n j e c t o r  l oca ted  
on ax is  and t h e  tangen t ia l  a i r  i n l e t  i n  t h e  upper l e f t  o f  t h e  p ic tu re .  The 
s lag  l a y e r  un i formly covers t h e  combustor wa l l  t o  a depth o f  3/8" t o  3/4" 
and has the  appearance o f  a b lack glassy mater ia l .  It ac ts  as an e f f i c i e n t  
thermal and ho t  gas b a r r i e r  as p rev ious l y  discussed. 

The MHD combustor i s  c u r r e n t l y  undergoing add i t i ona l  t e s t s  t o  o b t a i n  
the  design and sca l i ng  in fo rmat ion  necessary t o  f i n a l i z e  t h e  170 MBTU/hr 
combustor conf igurat ion.  

In para1 l e 1  w i th  t h e  70 MBTU/hr hardware development program discussed 
above, a second f e a s i b i l i t y  u n i t  was const ructed so TRW cou ld  concentrate 
on t h e  commercial r e t r o f i t  combustor opera t ing  regime. The combustor 
hardware was i n s t a l l e d  i n  t h e  Foss i l  Energy Test F a c i l i t y  as shown i n  
F igure  10. The combustor was e levated a t  30" t o  t h e  ho r i zon ta l  thus adding 
a g r a v i t y  vec tor  t o  a i d  s lag  flow. A deswi r l  sec t ion  was used i n  t h e  a f t  
reg ion  o f  t h e  combustor. Hot combustion gas laden w i t h  some f i n e  pa r t i cu -  
l a t e s  e x i t s  t h e  combustor a t  r i g h t  angles t o  i t s  ax i s  en te r ing  a c i r c u l a r  
duct  i n  which secondary a i r  i s  added t o  complete combustion o f  t h e  CO and 
H r i c h  gas. A water deluge and cyclone scrubber, shown ou ts ide  t h e  open 
t z s t  c e l l ,  i s  used t o  p rov ide  t h e  requ i red  p o l l u t i o n  c o n t r o l  i n  t h e  t e s t  
f a c i l i t y .  A closeup o f  t h e  f e a s i b i l i t y  t e s t  u n i t  i s  shown i n  F igure  11. 
As i n  t h e  f i r s t  f e a s i b i l i t y  u n i t ,  t h i s  combustor i s  assembled from f langed 
sect ions p rov id ing  f l e x i b i l i t y  i n  combustor l eng th  and s p e c i f i c  geometry. 
Each sec t ion  i s  i n d i v i d u a l l y  water-cooled a1 lowing a x i a l  ca lo r ime t ry  da ta  
t o  be taken du r ing  tes t i ng .  A v i t i a t o r  shown i n  t h e  f i g u r e  near t h e  t e s t  
techn ic ian  i s  used t o  preheat t h e  incoming a i r  stream. Th is  system i s  
be ing used t o  explore t h e  low preheat, low pressure opera t ing  regime 
c h a r a c t e r i s t i c  o f  r e t r o f i t  appl icat ions.  
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7.0 Test Resul ts 

Test r e s u l t s  from t h e  f i r s t  f e a s i b i l i t y  t e s t  u n i t  and t h e  70 MBTU/hr 
combustor a re  summarized i n  Table 2. Note t h e  wide range o f  ope ra t i ng  
cond i t ions  explored w i th  t h e  f i r s t  . f e a s i b i l i t y  t e s t  u n i t  as i n d i c a t e d  by 
t h e  values l i s t e d  f o r  opera t ing  pressure, a i r  preheat temperature and 
equivalence r a t i o  range. Up t o  86% o f  t h e  t o t a l  ash contained i n  mine- 
mouth coals  has been captured as slag. Coal ash contents  have va r ied  from 
5% t o  24%. Carbon burnout has cons is ten t l y  exceeded 99.5% as measured by 
q u a n t i t a t i v e  analyses o f  carbon contained i n  t h e  slag. O u t l e t  temperatures 
vary w i t h  t h e  type o f  coal  used and t h e  opera t ing  equivalence r a t i o .  Very 
h igh  values a re  des i red  f o r  t h e  MHD opera t ing  condi t ions.  Heat r e j e c t i o n  
t o  t h e  coo l i ng  water i n  these experimental devices i s  genera l l y  h igher  than 
expected i n  commercial design hardware due t o  t h e  l a r g e  number o f  j o i n t s ,  
f langes, etc. The t o t a l  number o f  t e s t s  on t h e  f i r s t  f e a s i b i l i t y  u n i t  have 
exceeded 300, lead ing  t o  extens ive thermal c y c l i n g  o f  t h e  hardware. How- 
ever, i n d i v i d u a l  t e s t s  have been o f  r e l a t i v e l y  sho r t  durat ion;  i.e., l ong  
enough t o  o b t a i n  e q u i l i b r i u m  condi t ions.  

S i m i l a r  da ta  f o r  t h e  70 MBTU/hr u n i t  i s  a lso shown i n  Table 2. Note 
t h a t  s lag  recover ies up t o  91% were ob ta ined wi th  t h e  l a r g e r  hardware w h i l e  
a t  t h e  same t ime achieving t h e  h igh  carbon burnout values accomplished w i t h  
t h e  smal ler  f e a s i b i l i t y  hardware. I n  general, bo th  a i r  preheat and exhaust 
gas temperatures are h igher  i n  t h i s  u n i t  due t o  t h e  MHD opera t ing  requ i re -  
ments. Test durat ions were s i m i l a r  t o  those used i n  t h e  f e a s i b i l i t y  t e s t  
ser ies,  except a l i f e  t e s t  was accomplished on t h e  70 MBTU/hr u n i t  where 
continuous opera t i ng  per iods o f  22 hours were ob ta ined wi th accompanying 
e x i t  gas temperatures i n  excess o f  4400OF. 

A summary of t h e  t e s t s  performed on t h e  second f e a s i b i l i t y  t e s t  u n i t  
opera t ing  a t  approximately 10 MBTU/hr us ing  powdered coal  i s  g iven i n  Table 
3. These. t e s t s  were designed t o  p rov ide  i n fo rma t ion  p r i m a r i l y  i n  t h e  
r e t r o f i t  regime. Combustor L/D r a t i o s  v a r i e d  from 1.5 t o  4; t h e  combustor 
o r i e n t a t i o n  was i n c l i n e d  30' t o  t h e  ho r i zon ta l  . Operat ing pressures were 
cons is ten t  w i th  commercially ava i l ab le  fans and t h e  a i r  preheat temperature 
was maintained i n  t h e  range achievable wi th convent ional  waste heat recov- 
e r y  systems, except f o r  some excursions designed t o  p rov ide  complete para- 
me t r i c  data. The maximum s lag  capture and carbon burnout values achieved 
were cons is ten t  w i th  t h e  f i r s t  f e a s i b i l i t y  u n i t .  The o u t l e t  temperature 
was genera l l y  i n  t h e  range o f  2300 t o  290OOF with some parametr ic 
excursions t o  h igher  values. 

< 

AB-440 



TABLE 2 

TRW COAL COMBUSTOR TEST SUMMARY 

F I R S T  
COMBUSTOR TYPE F E A S I B I L I T Y  MHD 

POWER LEVEL (MBTU/HR) 10 - 30 70 

I N S I D E  DIAMETER (INCH) 17 24 

OPERATING PRESSURE (ATM.) 1.0 - 6.0 3.2 - 6.0 
A I R  PREHEAT TEMPERATURE (OF) 800 - 2900 1100 - 2950 

EQUIVALENCE RATIO RANGE 0.4 - 1.3 0.5 - 1.2 

MAXIMUM SLAG CAPTURE (%) 86 91  

CARBON BURNOUT (%) >99.5 >99.5 

OUTLET TEMPERATURE ( O F )  2300 - 4070 3600 - 4430 

HEAT REJECTION TO COOLING WATER (%) 8 - 15 >10 

\ 

TOTAL NUMBER FIRINGS 314 173 

TOTAL RUN DURATION ON COAL (HRS) 128 191 

INDIV IDUAL RUN (HRS) 1 - 2  1 - 22 
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TABLE 3 

TRW COAL COMBUSTOR TEST SUMMARY 
Second F e a s i b i l i t y  U n i t  (10 MBTU/hr) 

DIAMETER ( I NCH) 

LENGTH ( INCH) 
o R I E NT AT I o N 

OPERATING PRESSURE (ATMS) 
A I R  PREHEAT TEMPERATURE (OF) 

EQUIVALENCE RATIO RANGE 

17 
26 - 62 
INCLINED AT 30' 

1.05 - 1.2 
500 - 1500 
0.4 - 1.2 

~~~~ ~ 

MAXIMUM SLAG CAPTURE (%) 86 
CARBON BURNOUT (%) . >99 5 

OUTLET TEMPERATURE (OF) 
HEAT REJECTION TO COOLING WATER (%) 

2300 - 3700 
8 - 15 

TOTAL NUMBER OF FIRINGS TO DATE 184 

TOTAL RUN DURATION ON COAL (HRS) 323 

INDIVIDUAL RUN (HRS) 1 - 8  

Because of growi ng i n t e r e s t  i n  making l o g i s t i c a l  improvements i n  coal 
d e l i v e r y  systems, a b r i e f  t e s t  ser ies  us ing  coal  water mix tures (CWM) was 
recen t l y  accomplished. Four tons o f  ARC 70% coal, 30% water CWM was used. 
The r e s u l t s  a re  summarized i n  Table 4. The opera t ing  cond i t ions  were 
s i m i l a r  t o  those used w i t h  powdered coal, A s p e c i a l l y  designed atomizing 
s l u r r y  i n j e c t o r  replaced t h e  powdered coal  p i n t l e  p rev ious ly  used. Atomi- 
za t i on  a i r  mass f l ow  was about 2% o f  t h e  incoming primary a i r  as i nd i ca ted  
by atomization r a t i o s  i n  t h e  range o f  -01 t o  .03. Somewhat h igher  equiva- 
lence r a t i o s  and a s t ronger  i g n i t i o n  source were requ i red  i n  t h e  CWM tes ts ,  
bu t  once ign i ted ,  t h e  flame was well-anchored and stable. Good combustion 
was achieved as evidenced by h igh  carbon burnout and s tab le  flame condi- 
t ions .  Maximum s lag  capture o f  75% was accomplished i n  t h e  l i m i t e d  t e s t  
series. It appears t h a t  comparable s lag  capture values t o  those achieved 
us ing  powdered coal  are obtainable. I n  general, t h e  CWM t e s t  r e s u l t s  were 
very encouraging and more t e s t i n g  i s  planned i n  t h e  near future, - 
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I TABLE 4 

TRW CWM COMBUSTOR TEST SUMMARY 
Second F e a s i b i l i t y  U n i t  (10 MBTU/hr) 

D IAMETER ( INCH) 17 

LENGTH ( INCH) 

ORIENTATION 
OPERATING PRESSURE (ATMS) 

A I R  PREHEAT TEMPERATURE (OF) 

EQUIVALENCE RATIO RANGE 

ATOMIZATION RATIO RANGE 

26 
30' 
1.05 - 1.2 

700 - 1900 

0.7 - 1.2 

0.01 - 0.03 

MAXIMUM SLAG CAPTURE (%) 
CARBON BURNOUT (%) 
OUTLET TEMPERATURE (OF) 

75 
>99.5 
2800 - 3700 
8 - 10 HEAT REJECTION TO COOLING WATER (%) 

~~~ 

TOTAL NUMBER OF FIRINGS TO DATE 6 
TOTAL RUN DURATION ON COAL (HRS) 

INDIVIDUAL RUN (HRS) 1 - 2  

9 

The bas ic  f e a s i b i l i t y  o f  burn ing powdered and water s l u r r i e d  mine- 
mouth coal has been establ ished by TRW a t  10 MBTU/hr. E f f i c i e n t  combustion 
and h igh  ash removal as molten s lag  have been demonstrated. We are  now 
focusing on s p e c i f i c  run cond i t ions  f o r  k i l n s ,  furnaces and bo i le rs .  I n  
para1 l e 1  , we are designing a 40 MBTU/hr engineering t e s t  u n i t  which w i l l  be 
fab r i ca ted  and tes ted  i n  1983 t o  v e r i f y  sca l i ng  and prov ide t h e  bas ic  data 
f o r  f i n a l  design and cons t ruc t ion  o f  a commercial type combustor t o  be used 
i n  a f i e l d  demonstration program, 

~ 

8.0 F i e l d  Demonstration 

TRW be l ieves  t h a t  t he  f i n a l  step p r i o r  t o  commercial izat ion invo lves  a 
f i e l d  demonstration program us ing a representat ive commercial -combustor 
i n teg ra ted  w i t h  t y p i c a l  heat u t i l i z a t i o n  equipment, We have s t ruc tu red  
such a program and are now seeking i n te res ted  sponsors t o  a s s i s t  i n  funding 
t h i s  e f f o r t .  The p a r t i c i p a n t s  w i l l  probably inc lude u t i l i t i e s ,  p o t e n t i a l  
i n d u s t r i a l  users and o the r  organizat ions i n te res ted  i n  seeing advanced coal  
combustion technology commerci a1 ized. 
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TRW's demonstration program w i l l  p rov ide  combustor l i f e ,  r e l i a b i l i t y  
and maintenance data through t h e  conduct o f  a 4000-hour long-term t e s t  
under continuous p l a n t  opera t ing  condi t ions.  It w i l l  a lso prov ide  quant i -  
t a t i v e  da ta  on the  ,performance o f  heat u t i l i z a t i o n  equipment under t h e  
i n f l uence  o f  combustor exhaust products. The program has been designed t o  
take  f u l l  advantage o f  TRW's p r i o r  development work; t h e  engineer ing 
serv ices  o f  Stone & Webster, a company w i t h  90 years experience i n  engi- 
neer ing design and const ruct ion;  and t h e  opera t i ng  steam p l a n t  i n  TRW's 
TAPCO (Thompson A i r c r a f t  Par ts  Company) f a c i l i t y  shown i n  F igu re  12. 

The i n d u s t r i a l  b o i l e r  se lected f o r  t h i s  t e s t  se r ies  was o r i g i n a l l y  
designed fo.r s toker  coal  f i r i n g  and converted t o  o i l  and gas f i r i n g  i n  
1969. Much o f  t h e  requ i red  coal  rece iv ing  and hand l ing  c a p a b i l i t y  i s  s t i l l  
i n  p lace  as shown i n  F igure  13 and w i l l  be used i n  t h e  demonstration. 

The 

0 

0 

0 

0 

0 

0 

0 

' I  demonstration w i l l  i n v o l v e  t h e  f o l l o w i n g  sequence o f  a c t i v i t i e s :  

Mod i f i ca t i ons  t o  t h e  e x i s t i n g  b o i l e r  p l a n t  which are  necessary t o  
accommodate t h e  combustor equipment i n c l u d i n g  t h e  a d d i t i o n  o f  
coal  crushing/gr ind ing,  coo l i ng  water, a i r  preheating, stack gas 
p a r t i c u l a t e  removal, and s lag  d isposal  systems. 

Design and f a b r i c a t i o n  o f  a 40 MBTU/hr commercial t ype  coal  
combustor system cons is t i ng  o f  an en t ra ined s lagging combustor, 
dense phase coal  feed system, s lag  removal equipment, a secondary 
b u r n e r  wh ich  i n t e r f a c e s  w i t h  t h e  b o i l e r ,  and a p p r o p r i a t e  
instrumentat ion.  

B r i e f  h o t - f i r e d  acceptance t e s t  o f  t h e  combustor system a t  FETS. 

I n t e g r a t i o n  o f  t h e  combustor system w i t h  t h e  30,000 l b / h r  Keeler 
b o i l e r  and necessary support systems a t  t h e  TAPCO b o i l e r  p l a n t  as 
shown i n  the  a r t i s t ' s  render ing o f  F igure  14. 

Short  du ra t i on  t e s t  se r ies  t o  check o u t  i n teg ra ted  combustor 
system-boi l e r  performance. 

4000-hour t e s t  conducted dur ing  a six-month pe r iod  us ing  a 
se lected low s u l f u r  coal  t o  o b t a i n  key in fo rmat ion  on d u r a b i l i t y ,  
maintenance and long-durat ion opera t ion  o f  t h e  combustor system 
and b o i l e r  when exposed t o  combustor exhaust products. The 
l a t t e r  data w i l l  be used t o  evaluate t h e  expected performance o f  
var ious  types o f  o i l - f i r e d  heat u t i l i z a t i o n  equipment when 
coupled t o  t h e  TRW combustor. 

Three-month t e s t  se r ies  us ing  coa ls  o f  p a r t i c u l a r  i n t e r e s t  t o  our  
spo nso r s  . 

This  demonstration w i l l  be fo l lowed by s p e c i f i c  f i e l d  app l i ca t i ons  i n  
customer f a c i l i t i e s  and t h e  sa le  o f  commercial coal  combustion r e t r o f i t  
systems by 1985. We w i l l  a lso f u r t h e r  sca le t h e  dev ice t o  l a r g e r  s izes  
a f t e r  t h e  technology i s  demonstrated. 
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9.0 Conclusion 

The retrof i t  of  o i l -  and gas-fired commercial heat utilization equip- 
ment with TRW combustors will result i n  a substantial fuel savings and 
provide a much more secure fuel supply. Also since the combustor hardware 
costs will be modest and most of  the existing heat u t i l i z a t i o n  equipment 
already in place could be used, the capital investment required w i l l  be 
much smal ler  t h a n  for replacement of competing coal-fired equipment. 

TRW i s  firmly committed t o  the development and commercialization of 
the coal combustor system a s  evidenced by the continuing expenditure of  
millions of dollars of i t s  own funds. We are now seeking interested organ- 
izations who will directly benefit from the application of the developed 
u n i t  t o  assist  i n  sponsoring the TAPCO Demonstration Program as a f i n a l  
step prior t o  commercialization. 
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F IGURE 1. TRW COAL COMBUSTOR 
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FIGURE 2. COMBUSTION RESEARCH 
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FIGURE 3. COMBUSTOR A I R  FLOW MODEL 
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FIGURE 4. SMALL SCALE DEVICE (1 MBTU/HR) 

FIGURE 5. FEASIBILITY UNIT (10-30 MBTU/HR) 
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FIGURE 6. FOSSIL ENERGY TEST SITE (FETS) 

! 

CONTROL PANEL INSTRU?~lE:JTATION SETUP 

FIGURE 7. FETS CONTROL/INSTRUMENTATION CENTER 
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FIGURE 8. 70 MBTU/HR COAL COMBUSTOR HARDWARE 

FIGURE 9. E Q U I L I B R I U M  SLAG LAYER 
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FIGURE 10. SECOND FEASIBILITY UNIT ON TEST STAND AT FETS 
(10 MBTU/HR) 

FIGURE 11. 10 MBTU/HR FEASIBILITY TEST UNIT 
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FIGURE 12. TAPCO BOILER FACILITY 

FIGURE 13. TAPCO COAL HANDLING/STORAGE 
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FIGURE 14. ARTIST'S RENDERING OF TRW COMBUSTOR 
INTEGRATED WITH KEELER BOILER 

$ '  

I 
I '  I , -  

I .  
t: 

AB-453  
I , .  

I_- 

, .  



AB-11 

STUDIES ON COAL UTILIZATION AT THE 
ENERGY AND ENVIRONMENTAL RESEARCH CORPORATION (EER) , 

18 MASON, IRVINE, CALIFORNIA 92714  
(January 1983)" 

EER has been involved in a broad program on coal utilization 
for some years. Funding for the current year runs at a level of 
about $ 6  x lo6, with support from EPA, EPRI, DOE, and private com- 
panies. The EER co-founders are M. A. Heap and T. Tyson, who 
serve as principal officers. The larger experimental facilities 
are located in Irvine, California, at a test site developed during 
the fifties by Philco-Ford for rocket and cannon testing. 

A. Current Programs 

EER has served as primary consultants to the EPA on a funda- 
mental combustion research program, for which support levels have 
recently been reduced from about $4 x 10 /year to $1 x 10 /year. 
These studies have included work on kinetic models for reaction 
processes involving fuel-derived nitrogen in flames, dry additives 
for SO2 control, characterization of sorbents for SO2 removal under 
conditions of high heating rates, and downstream reburning with 
fuel injection to achieve NOx and SO2 control. Successful correla- 
tions have been derived f o r  the -volatile materials and nitrogen 
contents of fuels with total NOx concentrations remaining in the 
exhaust flows. 

Bartlesville/DOE is supporting experimental studies on coal 

6 6 

utilization in a diesel engine. A high-intensity cyclone combustor 
is under development, with primary burning occurring in the suspen- 
sion phase. A fundamental program on coal-particle ignition and com- 
bustion of particles in jets is supported by NSF. The EPRI program 
on coal-quality control and its effects on utility-boiler 

x 
Prepared by S. S. Penner 
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performance has recently included funding for EER. A DOE program 
is in progress on retrofitting gas-fired burners for the use of 
pulverized coals. There are also current studies on fuels eval- 
uations, programs with boiler manufactures on second generation 
NOx control (to about 0.3 lb/106 Btu) , and the design (for Bechtel 
Corp.) of a dry-scrubber bag house with sorbent injection for SO2 

control. 

an especially challenging area. 
dictions can be made on the basis of small-scale tests, quantita- 
tive predictions for new coal types are not yet feasible and 
development of the needed understanding represents a special chal- 
lenge. Fundamental work to characterize the chemical compositions 
and size distributions of particles reaching and then adhering to 
the boiler walls are needed in order to obtain insights into the 
governing processes. 

Studies on slagging and fouling are viewed as representing 
While qualitative performance pre- 

B. Publications 

The following is a listing of some recent publications by EER 
, 

personnel, which are available at UCSD: 

1. M. P. Heap and W. Richter, "EinfluB der Brennstoffart auf die 
Wiirmeiibertragung in Feuerungen," VDI-Berichte 423, 225-234 (1981). 

2 .  W. Richter and M. P. Heap, "The Impact of Heat Release Pattern 
and Fuel Properties on Heat Transfer in Boilers," The American 
Society of Mechanical Engineers Paper No. 81-WA/HT-27 (1981). 

VGB Kraftwerkstechnik - 62, Heft 10, 8-45;852 (1982). 

Time/Temperature History o f  Gases and Particles in the Radiant 
Furnace Zone of Pulverized Coal-Fired Steam Generators," Novem- 
ber 1982. 

3. W. Richter, "Anwendung von Berechnungsmodellen fCr Feuerraume," 

4. Energy and Environmental Research Corporation, "Evaluation of 

5. Energy and Environmental Research Corporation, "Evaluation of 
In-Furnace NOx Reduction and Sorbent Injection on NOx/SOx Emis- 
sions of U.S.-Designed Pulverized-Coal-Fired Boilers," November 
1982. 
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6. Energy and Environmental Research Corporation, "Development of 
Limestone-Injected, Internally Staged Low-NOx/SOx Retrofit Coal 
Burners , November 198 2. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Energy and Environmental Research Corporation, "Prototype Eval- 
uation of Second-Generation Low NOx Burner Performance and Sul- 
fur Capture Performance," December 1982. 

J. E. Broadwell, P. E. Dimotakis, T. J. Tyson, C. J. Kau, and 
W. R. Seeker, "The Structure of Turbulent Diffusion Flames and 
Nitric Oxide Formation," Energy and Environmental Research Cor- 
poration, 1982. 

S. L. Chen, W. C. Clark, M. P. Heap, D. W. Pershing, and W. R. 
Seeker, "NOx Reduction by Reburning with Gas and Coal-Bench 
Scale Studies," Energy and Environmental Research Corporation,l982. 

W. R. Seeker, W. D. Clark and G. S. Samuelson, "The Influence 
of Scale and Fuel Properties on Fuel-Oil Atomizer Performance," . 
Energy and Environmental Research Corporation, 1982. 

S. L. Chen, M. P. Heap, and D. W. Pershing, "Bench-Scale Emis- 
sions Testings of Non-U.S. Coals: Influence of Particle Size 
and Thermal Environment," Energy and Environmental Research 
Corporation, 1982. 

G. England,M. Heap, Y. Kwan, R. Payne, and D. Pershing, "Development 
of a Low NOx Burner for Enhanced Oil Recovery," paper presented 
at the Joint Symposium on Stationary Combustion NOx Control (1982). 

J. H. Pohl, S. L. Chen, M. P. Heap, and D. W. Pershing, "Correla- 
tion of NOx Emissions with Basic Physical and Chemical Character- 
istics of Coal," Energy and Environmental Research Corporation,l982. 

P. L. Case, 14. P. Heap, R. Payne, and D. W. Pershing, "Limb 
Testing: The Use of Dry Sorbents to Reduce Sulfur Oxide Emis- 
sions from Pulverized-Coal Flames Under Low-NOx Conditions," 
Energy and Environmental Research Corporation, 1982. 

B. Folsom, A. Abele, J. Reese, and J. Vatsky, "NOx Emissions 
Control with the Distributed Mixing Burner - Part I. Field 
Evaluation of an Industrial Size Boiler"; B. FolsDm, R. Payne, 
A. Abele,and P. Nelson, "Part 11. Thermal Environment and Heat 
Release Capacity Scaling," Energy and Environmental Research 
Corporation, 1982. 

16. S. L. Chen, D. W. Pershing, and M. P. Heap, "Bench-Scale Eval- 
uation of Non-U.S. Coals for NOx Formation Under Excess Air and 
Staged Combustion Conditions," Energy and Environmental Research 
Corporation, Report No. IERL-RTP-1367, December 1981. 

17. 14. P. Heap, B. A .  Folsom, and R. Payne, "Effects of Coal Quality 
on Power Plant Performance and Costs," Energy and Environmental 
Research Corporation Monthly Progress Report No. 1, November 1982. 
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C. Research and Facility Descriptions 

We have available at UCSD the 1982 EER report on "Research, 
Development, Applications." Also, it is expected that M. A. Heap 
will describe the EER programs at a future meeting of CCAWG. 

' 
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CCAWG MEETING AT EPRI* 
(Tuesday, February 1, 1983) 

.The following CCAWG members participated in an excellent 
overview of EPRI programs arranged by K. Yeager: S. B. Alpert, 
J. M. Bee?, C. R. Bozzuto, I. Glassman, A. K. Oppenheim, S. S. 
Penner, L. D. Smoot, R. E. Sommerlad, C. L. Wagoner, I. Wender, 
and K. Yeager. The meeting was also attended by ex officio mem- 
bers J. F. Kaufmann and R. E. Roberts and by EPRI speakers (see 
Table AB-12-1) and others(J. Maulbetch, S. Dalton, et al). A 
copy of the meeting agenda is attached (see Table AB-12-1). 

- 

1. Overview 

Appendix AB-12-1 contains three papers that provide over- 
views of EPRI's work on coal combustion and applications. 
Yeager's paper is reprinted from the Public Utilities fortnightly 
and summarizes RGD priorities for EPRI. 
and studies are presented in the mid-1982 summary of EPRI programs 
on advanced pulverized coal power plants. 
EPRI study mission to Japan is contained in the third paper. 

The EPRI work on coal combustion systems has projected fund- 
ing of $361 x lo6 for the period 1983-87 (i.e., an average funding 
level of about $72 x 106/yr). 

and performance for which 1983 EPRI expenditures are $13 x 10 6 . 
Important availability problem areas involve blade failures and 
solid-particle erosion in the steam turbine, failure of waterwall 

K. 

Related policy issues 

A brief summary of an 

T. Armor emphasized the importance of powerplant availability 

tubes and fouling and slagging in the boilers. 
performance can be achieved through monitoring and utilization of 

Improved powerplant 

3 
Prepared by S. S. Penner. 
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Table AB-12-1 CCAWG Meeting at EPRI, Palo Alto, CA (F.ebruary 1, 
1983) 

9:oo 

9:30 

10: 30 

11: 15 

12:oo 

12:30 

1:30 

2:15 

3:  00 

4: 00  

Welcome and Introduction 

Availability and Performance Program 
- Advanced Coal Plant 
- Plant Diagnostics 
- Japanese Technical Transfer 

Retrofitting Utility Power Plants 

Environmental Control Systems 

Lunch 

- EPRI Program Overview 

for Coal 

Impact of Environmental Issues on Coal- 
Fired Power Generation 

Utility Particulate Emission Control 

Combustion Control of NO, 
- Retrofit Low NOx Burners 
- Furnace Limestone Injection 

Coal Gasification/Combined Cycle 

Adjourn 

SO~/LOW NO, 

- Coolwater Project Status 
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K. Yeager 

T. Armor 

I 

R. Manfred 

G. Preston 

K. Yeager 

M. McElroy 

M. McElroy 

S. B. Alpert 



appropriate plant diagnostics. An advanced PC design shows a 3 %  
increase in efficiency, corresponding to about a 10% decrease in 
heat rate (i.e., heat rates reduced from about 9100 Btu/kW-hr to 
8200  Btu/kW-hr). 
signed to operate under supercritical conditions. 
plants have been found to have the same availability as subcritical 
plants. 
supercritical capacity by the year 2000.  These advanced PC units 
are expected to be economically competitive with IGCC and PFBC 
plants. 

coal use. He noted that no one has as yet constructed a PC plant 
adjacent to an existing oil-fired unit and used the existing bal- 
ance of plant. Boilers originally designed for'coal use have been 
reconverted to coal use. Retrofitting of two 200-MWe oil burners 
in Australia required derating to 60% capacity, i.e., to 1 2 0  me. 
Actual derating of oil-fired burners depends on the boiler design. 
COM appears to be uneconomical; CWM production in the U.S. is grow- 
ing and is expected to reach l x lo6 TPY by 1984, which should be 
sufficient for one large utility demonstration plant. The required 
differential between oil and CWM costs must be greater than about 
$1.5/10 Btu at derating of less than 30% for CWM to represent an 
economically attractive option. Modeling of CWM tests has not been 
supported by EPRI in the past but.may now constitute an appropriate 
activity . 

mance, including the use of bag houses, regenerable FGD, combustion 
and post-combustion control of NOx, zero-discharge cooling towers, 
wet and dry coqling. EPRI does not develop improved control tech- 
nologies for the purpose of producing tighter regulatory measures. 
Major problem areas include scrubber corrosion, materials specifi- 
cations, waste disposal. It appears that all of the environmental 
control technologies could profit from research and improved under- 
standing of the fundamental processes involved. 

The next generation of powerplants is being de- 
Supercritical 

The Japanese are planning to construct 40,000 MWe of 

R. Manfred discussed retrofitting of existing boilers for 

6 

G. Preston described environmental control systems and perfor- 
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K. Yeager gave an excellent overview of problem areas in- 
He noted that, whereas total NOx volved in acid precipitation. 

levels are expected to grow to the year 2000, SO2 levels are ex- 
pected to remain level. 
can only be achieved through implementation of active remedial 
measures such as direct lime additions. 

M. McElroy discussed particulate emission controls using 

Rapid restoration of acidified lakes 

filter bag houses o r  ESP and NOx control using combustor modifica- 
tions and post-combustion clean-up. 
burner now marketed by Iditsubishi is based on principles clearly 
defined by U.S. researchers during the sixties. NOx control to 
0.2 lb/10 Btu is achievable at moderate costs (s0.13 to 0.34 
mills/kW-hr with capital costs of $5 to 12/kW). It was noted 
that EPRI has not supported a significant level of fundamental 
combustion research. 

A low-NOx, staged-combustion 

6 

Limestone injection into or above the burner region may be 
a preferred S02-removal technology in accord with the fact that 
chemical conversions are generally implemented more quickly and 
efficiently at elevated than at low temperatures, as has been 
repeatedly emphasized especially by A. K. Oppenheim. Unresolved 
clean-up issues relate to the interplay between systems design 
and SO2 removal, ESP performance, ash disposal and utilization, 
slagging and fouling, soot blowing, tube erosion, and the forma- 
tion of backpass deposits. 

The EPRI presentations were concluded by S. B. Alpert with 
an overview of the Coolwater IGCC demonstration plant. This im- 
portant facility (100 MWe net output) represents a milestone in 
advanced engineering applications on coal utilization. It could 
not have come to fruition without Alpert's dedication, knowledge 
and skill. Coolwater is being built by EPRI, Texaco, SCE, JCDC, 
and others (without DOE support). Many if not all of the participants 
concurred with Alpert's view that the U.S. will become a third- 
rate power unless we take the high risks represented by advanced 
technological implementations of the type represented by Coolwater. 
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APPENDrX ABT12- 1 

EPRI COAL COMBUSTION AND APPLICATIONS OVERVIEWS 

Along the Technical Front in 
Cod Utilization 

By KURT E. E A G E R  

Wow the electric utility industry and its suppliers respond in this decade to 
declining demund growth rates, uncertainty over petroleum availability and 

pricing, stringent environmental controls, lessened capital investment capability, 
loss of momentum for the nuclear Optiolt, decreased governmental funding of 

technology development, and increased emphasis by domestic coal suppliers 
on their international market wiU have important Consequences for the industry's 

power generation capability and structure m the next century. The following 
article desdes t echlogkd advmxes m direct coal utiliration which flectively 

address those chalkrages 

THE past decade brought new Constraints that are 
reshaping the technical approach of the U. S. utility 
industry to coal utilization. In the 1970s, increasing elec- 
trical rates, restrictive environmental controls, uncertainty 
over petroleum availability, and skyrocketing fuel costs 
caused the industry to consider a variety of new coal- 
based generating options. 
Now, in the 1980s, these constraints are compounded 

by declining demand growth rates, restricted capital 
investment capability, loss of public confidence in the 
nuclear initiative, withdrawal of government funding in 
technology development, and increased emphasis by do- 
mestic suppliers on the international market. 

Coal now provides over 50 per cent of the electricity 
generated in the United States. Its importance will con- 
tinue to grow over the remainder of this century, pro- 

Kurt E. Yeager is direcior of the 
coal combustion division of the Elec- 
tric Power Research Institute and 
responsible for its principal research 
and development program on near- 
term environmental, performance; 
and reliability issues. Earlier he  was 
director of energy R&D planning 
for the  Environmental Protection 
Agency's Office of Research. His pm- 
fessional experience has included 
the development of advanced upper 
atmospheric sampling systems. Mr. 
Yeager received an M S  degree in 
physics from the University of Cali- 
fornia and a BS degree in chemistry 
from Kenyon College. 

viding about two-thirds of the nation's energy growth. 
How the U. S. utility industry and its supppers respond 
in this decade to those constraints will have important 
consequences for the nation's power generation capabil- 
ity and structure into the next century. Certain trends 
seem clear. For example: 

Generation capacity will depend increasingly on di- 
rect coal combustion. Private sector responsibility for 
technology improvements will encourage lower-risk, 
nearer-term options. Priority will be placed on improv- 
ing the reliability and longevity of existing generating 
coal capacity to minimize investment. 

Technological advances in direct coal utilization which 
effectively address these challenges are (1) coal quality 
improvement, (2) improved pulverized coal technology, 
and (3) fluidized bed combustion (FBC). 
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Coal Quality 
Traditionally, the U. S. utility industry has not given 

high priority to quality control of its coal feedstock. 
The general decline in plant reliability and efficiency 
has, however, led to a reexamination of the entire power 
generating system from coal supply to ash disposal. The 
sensitivity of pulverized coal-fired power plant perfor- 
mance and reliability to coal quality has particularly 
emerged as a major industry concern. As a result utili- 

, ties are learning that the cheapest coal does not necessar- 
ily produce the lowest cost electricity. 

A principal facility for assessing the effects of coal 
quality on power plants is the new Electric Power Re- 
search Institute-sponsored coal cleaning test facility 



(CCTF) located at the Homer City power station of 
Pennsylvania Electric Company and New York State 
Electric and Gas Corporation. Based on commercial scale 
equipment, the CCTF has a coal handling rate of 20 
tons’per hour. Unlike other test facilities, it is not dedi- 
cated to a single cleaning process but can simulate more 
than 50 commercial cleaning plant designs. Participat- 
ing utilities and suppliers deliver 1,OOO ton coal samples 
to the CCTF for cleaning characterization. The results 
provide a reliable estimate of the commercial cleanability 
potential of the coal, the effect of cleaning on fouling 
and slagging, as well as verification of cleaning plant 
desi& and cost meeting the company’s specific needs. 

Coal Quality Assessment 
New apparatus to determine coal quality has been 

developed with the support of the Electric Power Re- 
search Institute and is being applied in full-scale utility 
tests. Called CONAC (for “continuous nuclear analysis 
of coal”), the method blends the principles of nuclear 
physics with the practicalities of coal technology. CONAC 
instrumentation is based on a technique called prompt 
neutron activation an-alysis. The technique is already 
accepted in a wide variety of industrial applications. 

nium (Cf-252) to bombard a coal stream with neutrons. 
When a neutron is captured by an atomic nucleus, gamma 
rays are emitted that have a frequency characteristic of 
the elements involved. CONAC uses radiation detectors 
to count the number of gamma rays at each characteris- 
tic frequency. The number of each is proportional to 
the abundance of the element associated with that fre- 
quency. 

CONAC‘s application range includes determining coal 
quality at the mine, coal blending, control of coal wash- 
ing and beneficiation, prediction and avoidance of slag- 
ging and fouling, heat management around a boiler, 
real time heat rate determinatron, optimal load dispatch, 
and compliance with flue gas emission limits. 

. CONAC uses a small specimen of radioactive califor- 

Coal Slurries 
Continued oil and gas cost escalation, as well as poten- 

tial supply interruption, are strong incentives for the 
conversion of oil-fired power plants to coal. EPRI has 
conducted studies examining the technical and economic 
considerations in the several options for achieving this 
conversion. Based on the results, EPRI is conducting 
research to develop, demonstrate, and commercialize 
coal-water slurries (CWS) as a cost-effective, oil replace- 
ment fuel for oil-fired utility boilers. 

Coal slurries may substantially lower the cost of con- 
version. The advantage of these slurries over pulverized 
coal is that they can be transported, stored, and handled 
with less extensive changes to existing oil-firing facilities. 

EPRI, therefore, is focusing its future projects on the 
rapid development and demonstration of CWS. Various 
coal feedstocks, coal treatment processes, grinding meth- 
ods, and stabilizing processes are being studied so that 
selection and use guidelines can be prepared for the 
broad range of utility conditions. Combustion tests have 
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been performed in small furnaces and development proj- 
ects are under way to demonstrate stablc and reliable 
combustion in larger boilers. Utility scale dcnionstra- 
tion of CWS combustion is planned by EI’RI for 1984-85. 

Improved Pulverized Coal Technology 
In the next twenty years. the utility industry will lie 

faced with maintaining the’ integrity of power gcnera- 
tion and supply with only a limited number of new 
plant additions. The difficulty of financing new plants, 
the cancellation and deferment of many nuclear orders, 
and the uncertain rate of growth of the industry place 
increasing emphasis on the availability of existing gen- 
eration. In particular, many fossil units are approaching 
the limit of their design lives (typically thirty to forty 
years) and present a challenge to utilities .in extending 
life without impacting availability. 

It is in this current climate that the techniques of 
incipient failure detection are beginning to flourish. 
Early warning of component deterioration is seen as an 
essential part of any predictive maintenance program 
for fossil plants. Conversely, the absence of such tech- 
niques leads to sudden, and often catastrophic, equip- 
ment failure causing extended outages for repair and 
replacement. Even when faced with only one day of 
additional downtime on a large unit, it is apparent that 
the capital cost of monitoring equipment is quickly 
justified. 

Diagnostic monitoring is advancing for all areas of 
the power plant: boilers, turbines, generators, fans, 
pumps, heat< exchangers, but the degree of sophistica- 
tion of the techniques is not uniform. Some monitoring 
techniques - vibration signature analysis for example 
- are well develop& and can be implemented into 
utility maintenance procedures. Others, such as boiler 
stress and condition analyzers, will require further de- 
velopment and field qualification before across-the-board 
application to aging fossil plants. 

The average station heat rate decreased continuously 
until the early 1960s. Subsequently, there was little in- 
centive to continue the effort because of the expected 
increase in nuclear power generation for base-load appli- 
cation and the availability of-Telatively inexpensive fos- 
sil fuels; also additional environmental restrictions re- 
quired flue gas treatment which had a significant adverse 
effect on heat rate. A further negative impact resulted 
from the need to cycle many large fossil plants and run 
the units at other than base load. This mode of opera- 
tion typically results in lower component efficiencies 
and increased heat rate of the units. 
EPRI believes that it is important to reverse this trend 

and has recently carried out a study on the design of 
fossil plants. As a result, a substantial improvement in 
heat rate appears possible in new fossil plants. For exist- 
ing units, EPRI is pursuing a program of on-line per- 
formance monitoring and improved instrumentation and 
testing. The cumulative effect of this effort on the close 
to 1,OOO fossil units currently in service can be a signifi- 
cant reduction in fuel usage as well as immediate eco- 
nomic benefits to the operating utilities. 
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The trend in unit availability and capacity factor sug- 
gests that reserve margins will continue to be of concern 
in the future. Improved heat rate will be one factor 
which will assist in improving system reserve margins. 

The evaluation of the benefits of higher steam condi- 
tions and innovative design concepts must include criti- 
cal consideration of their impact on unit reliability. 
Traditional opinion has suggested that supercritical steam- 
electric plants cannot .be expected to produce reliability 
levels equivalent to those of subcritical plants. Further, 
the fuel cost savings from high efficiency plants may be 
more than offset by their increased capital cost and 
reduced reliability. The EPRI studies concluded that 
this is unlikely. 

U. S. utility experience indicates there is now no statis- 
tically significant difference between once through (super- 
critical) and drum-type (subcritical) unit reliability. 
Furthermore, we find nothing inherent in the design of 
supercritical plants which should contribute to lower 
reliability. The total forced outage hours are about the 
same for once through and drum units. While, on aver- ' 
age, the first large, supercritical power plants achieved 
poorer availability during the 1960s, the plants built in 
the 1970s demonstrated results superior to those of drum 
units. In fact, for plants in the 600- to 825-megawatt- 
electric range with supercritical pressure and double 
reheat average availabilities over 80 per cent have been 
maintained in recent years. 

' 

Integrated Environmental Control 
Today, environmental regulatory requirements on coal- 

fired plants involve continuous control of air, water, 
solid waste, and thermal discharges. This has become a 
major cost factor in construction and operation, typi- 
cally 30 to 40 per cent of a coal plant's investment cost. 
The high-cost, poor reliability, and reduced operational 
flexibility resulting from the add-on, piecemeal response 
to these rapidly changing environmental control require- 
ments are changing the historical approach of user, 
designer, and supplier. 

Environmental control in the 1980s has become as 
much an integral part of the coal-fired power plant 
system as the boiler or turbine. A design strategy which 
pursues a more systematic approach to control of all 
effluent streams may offer capital savings of $100 per 
kilowatt, increase plant availability by 5 per cent, and 
improve heat rate by up to 500 kilojoules per kilowatt- 
hour. These savings occur less from new technology 
than from assigning single point responsibility for envi- 
ronmental control system design and elevating its engi- 
neering priority to a level equivalent with its economic 
importance. 

EPRI's integrated emission control pilot plant (IECPP) 
at the Arapahoe power station of Public Service Com- 
pany of Colorado in Denver has the flexibility to test a 
very wide range of possible equipment configurations. 
Initially focusing on air, water, and solid waste control 
technologies, the pilot scale program represents a cost- 
effective means to obtain critical design and operation 

information. The overall goal is to produce engineering 
design guidelines for the selection, configuration, and 
operation of integrated environmental control equip- 
ment under the operating conditions a typical utility 
might encounter. Emphasis is on the emissions control 
capability and on the interface among the various com- 
ponents and the power plant to minimize operating, 
maintenance, and cost requirements. 

The IECPP is the first coal-fired pilot system in the 
United States for investigating different integrated emis- 
sion control systems and for providing environmental 
management services to the utility industry. The equip- 
ment options provide the unique advantage of sophisti- 
cated research flexibility at a size representative of large,. 
commercial installations. 

Fluidized Bed Combustion 

The electric utility industry also is aggressively evalu- 
ating and developing technologies which may ultimately 
provide less costly and more reliable operation than 
current pulverized coal systems. These options are in- 
tended to carry utility coal utilization beyond the limits 
inherent in pulverized coal technology. The most impor- 
tant factor in commercial acceptance will be their demon- 
strated capability to be at least as reliable as pulverized 
coal-fired power plants. Accordingly, priority must be 
placed on reliability. This requires the construction and 
operation of large-scale, engineering prototype or pio- 
neer plants over a range of designs and fuels at operat- 
ing conditions whicF are representative of the using 
utility industry. 

EPRI and the dility industry are accelerating the 
development and application of fluidized bed combus- 
tion as a further evolutionuy improvement in coal utiliza- 
tion to meet the expanding needs for coal-fired power 
generation. The improvements which excite this utility 
interest include reduced sensitivity to fuel quality, thus 
permitting the use of a much broader fuel supply, from 
anthracite to municipal refuse, without suffering large 
losses in efficiency and reliability in a single boiler 
design. Less cost sensitivity to unit size in a period of 
load growth and siting restrictions may favor smaller 
FBC boilers rather than larger pulverized coal furnaces. 

A third primary advantage of FBC that may lead to 
the displacement of pulverized coal boilers is environ- 
mental performance. -Our experiments with fluidized 
combustion of coal confirm that it is possible to control 
sulfur and nitrogen oxides economically without para- 
sitic postcombustion cleanup devices. 

Atmospheric Fluidized Bed. Combustion 

The atmospheric fluidized bed combustion (AFBC) 
option shows its greatest initial advantage under low- 
grade or  highly variable fuel conditions such as lignite, 
high-sulfur and high-ash content coal, mine and clean- 
ing plant wastes, and municipal refuse. Since both pri- 
vate and federal projections indicate that a large por- 
tion of U. S. coal production growth over the rest of the 
century and beyond will occur in these low-grade fuels, 
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the AFBC market potential appears substantial. For 
example, 40 per cent of new utility generating additions 
during the 1980s will use low-rank coal. 

A cost-effective utility scale AFBC design is achievable, 
and the important hardware questions and alternatives 
are being resolved. To this end the Tennessee Valley 
Authority has implemented a 20-megawatt-electric engi- 
neering prototype at the Shawnee power station near 
Paducah, Kentucky. The prototype was built by Babcock 
and Wilcox. Operation began in May of this year and 
the EPRI-cosponsored test program will continue through 
at least 1986. This will provide the basis for 100- to 
200-megawatt commercial utility AFBC demonstrations, 
operational this decade. 

The Tennessee Valley Authority's'new 20-megawatt atmospheric 
fluidized bed combustion pilot plant located at Paducah. Ken- 
tucky, features a boiler that bums coal and limestone mixed 
together. 

Pressurized Fluid Bed Combustion 
The new and dynamic utility climate also influences 

pressurized fluid bed combustion (PFBC) development 
goals. The influence arises from the trend toward smaller 
new unit size and growing utility interest in uprating 
the capacity of existing units to bring capacity on line at 
the lowest investment cost. As a result, development 
emphasis is'being placed on turbocharged boilers which 
can provide shop-fabricated, barge transportable, steam 
generation modules. These can be rapidly field-erected 
to provide the desired uprating in unit sizes of 150 to 
250 megawatts-electric. This approach will also use coal 
to replace and increase the capacity of existing oil- or 
gas-fined plants while minimizing space and environ- 
mental control requirements. 

The primary physical difference between the turbo- 
charged boiler and the PFBC-combined cycle that has 
been previously emphasized is the reduction in gas tur- 
bine operating temperature. This substantially reduces 
the development risk and cost, and improves the reli- 
ability of the boiler system. 

Efforts are now being initiated by EPRI to design 
engineering prototypes of the turbocharged boiler based 
on results from operational pilot plants. This approach 
should permit commercial prototypes to be operational 
this decade, thus yielding important financial advan- 
tages to utilities during the current period of low-load 
growth and high-construction costs. 

Summary 
The emphasis in utility coal technology clcvelopnierit 

is on near-term resolution of the reliability. cost, and 
environmental issues limiting domestic coal utilization. 
The focus is, therefore, on improvements in conven- 
tional pulverized coal power plants and fluidized bed 
combustion of coal. New apparatus for rapid analysis of 
coal composition and heat content is being applied to 
commercial utility installations. Coal quality control has 
become increasingly important as one element in im- 
proving power plant performance and reliability, reduc- 
ing investment in new capacity, and complying with 
emission regulations. 

EDITOR'S NOTE: The foregoing article u w  udupted from u 
paper presented by the author at the 12th general meeting of 
the Internaiional Electnk Research Exchange held earlier this 
year in San Fmnaico. 
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EPRI Program on Advanced Pulverized Coal Power Plants 

1. Backaround 

Coal-fired, steam-electric power plants currently produce 
over 50% of the electric power in the United States. Due 
to the cost and scarcity of oil and the slowdown in growth 
of nuclear power generation capacity,. attention is still 
being focused on pulverized coal-fired power plants as a 
major energy resource for the nation's future. The develop- 
ment of conventional coal-fired power plants has been an evo- 
lutionary process, and from 1900 until the early 1960s there 
was a continuous trend toward lower heat rates. For the past 
twenty years, however, because there was little economic in- 
centive to continue the effort, research and development to 
increase thermal efficiency has been relatively stagnant. The 
rapid escalation in fossil fuel costs during the 1970s has 
changed this view and warranted a re-examination of the poten- 
tial for improving thermal efficiency. 

During recent years, the U. S .  utility companies have retreated 
from purchasing large power plants with high efficiency, super- 
critical pressure thermal cycles (once-through), and instead 
have chosen smaller, subcriiiL;a 1 pressure plants (drum). In 
general, the rationale for this trend was based on the percep- 
tion that drum units are more reliable and cost effective than 
supercritical units which were introduced in the early 1960s. 
Since that time, as a result of the natural design maturation 
process and increased operator experience, once-through units 
have proved as reliable as drum units. Furthermore, because of 
their inherent efficiency advantage, they are an economic choice 
for the industry. 

EPRI Engineering Studies 

In light of '.these considerations, EPRI  sponsored two independent 
engineering studies to evaluate the potential for improving the 
thermal efficiency of coal-fired, steam-electric power plants. 
The specific objectives of the two teams, each of which comprised 
a turbine-generator manufacturer, boiler manufacturer, architect- 
engineer and utility, were to" 

. .  

o Assess the technical and economic feasibility of concept to 
increase thermal efficiency. 

o Identify critical research necessary to commercialize these 
concepts and maintain or improve plant availability. 

o Develop conceptual designs for "base" (reference case) and 
"advanced" plants. 
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o Evaluate the development, construction, and operating costs 
for the advanced plants as compared to the base plant. 

o 

These studies have now been completed and have concluded that ad- 
vanced pulverized coal power plants offer significant economic 
advantages to the utility industry for new capacity additions. 
It is also apparent that much of the technology outlined for the 
advanced plant has application, on a retrofit basis, to existing 
coal plants. 

Assess the reliability of the advanced plant. 

I 

I .  

! 

.. , 

EPRI Advanced Plant Development, Phase 1 

It is the intention of EPRI to pursue the development efforts 
related to advanced plants through a series of tasks designed to 
bring new innovations into the utility industry. Phase I of this 
work will cover a detailed planning effort related to the develop- 
ment of advanced steam cycles and equipment improvements and will 
last 18 months. This Phase will also plan the orderly introduction 
of retrofittable features into existing fossil plants, so as to 
capitalize on the advanced plant development work. Phase I1 repre- 
sents the development, qualification and testing efforts related 
to the next generation of supercritical steam plants, particularly 
covering material considerations at high temperatures. The output 
from Phase 11 will include a detailed specification for an advanced 
coal plant, designed to -imprcme-heat rate approximately 10% beyond 
what is currently available. 

The objective of Phase I is to carry out  the planning necessary 
for a major development effort on advanced pulverized coal power 
plants. 
of advanced features into existing coal-fired plants so as to en- 
hance existing plant heat rate. 
retrofit features is included in this effort. 

It is an additional goal to plan the orderly introduction 

The R&D necessary to qualify these 

The 

A. 

B. 

C. 

D. 

E. 

F. 

important aspects of the approach to the planned work are: 
. -  

A review and- consolidation of past studies in the U. S., Japan, 
and Europe. 

A study on the state-of-the-art in high temperature materials. 

A survey and assessment of existing test facilities, domestic 
and foreign. 

~n assessment and recommendation of retrofittable features to 
improve existing plant heat rate, including cost/benefit 
studies. 

The development of an implementation plan for existing plant 
enhancement, including utilities, costs, milestones. 

Development work related to retrofit application. 
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